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Abstract: Lately, scientists have explored approaches to
developing fluorescent and/or bioluminescent indicators
to pinpoint cellular processes in single living cells. These
analytical methods have become a key technology for vis-
ualizing and detecting what was otherwise unseen in live
cells. The target signaling included second messengers,

protein phosphorylations, protein—protein interactions,
and protein localizations.

Keywords: cellular signaling - FRET (fluorescence reso-
nant energy transfer) - imaging agents - optical probes -
phosphorylation

1. Introduction

Binding assays are commonly used for the analysis of bioac-
tive substances. Conventional binding assays can neither dis-
criminate agonists from antagonists nor give sufficient infor-
mation on their physiological activities. Physical methods
such as NMR spectroscopy and MS cannot provide such in-
formation either. Bioassays with intact biological tissue or
whole bodies have a unique position in analysis, because
they can target bioactive substances. However, bioassays
cannot give information at the molecular level because of
their inherent “black-box” approach.

During the past 50 years, molecular biology has developed
mostly by taking advantage of physical and chemical meth-
ods of analysis, and thereby contributed to elucidate the mo-
lecular chemistry behind cellular mechanisms. If analytical
methods for bioactive substances are based not only on
binding to receptors but also on following the known molec-
ular-level processes of signal transduction in the respective
signaling pathways, reconstructed in vitro or taken in part
in vivo, they will give the physiologically relevant selectivi-
ties of the analytes in terms of cellular mechanisms at the
molecular level. This is of prime importance for screening
and targeting pharmaceutically, toxicologically, and environ-
mentally relevant bioactive substances.

[a] Prof. Dr. Y. Umezawa
Department of Chemistry
School of Science
The University of Tokyo
Hongo, Bunkyo-Ku, Tokyo 113-0033 (Japan)
Fax: (+81) 3-5841-8349
E-mail: umezawa@chem.s.u-tokyo.ac.jp
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2. Probing Cellular Signaling Pathways in
Living Cells

For nondestructive analysis of chemical processes in living
cells, organic fluorescent probe molecules have been devel-
oped for ions and small molecules such as Ca’*,'! NO™
Mg?* Bl and Zn?*.™ Furthermore, green fluorescent protein
(GFP) and its analogous proteins have been used to probe
proteins as to their structural and locational changes, upon
genetically labeling them to proteins of interest.”!

Many intracellular chemical processes and cellular-signal-
ing processes are still studied essentially by relying on de-
structive analysis involving the disruption of hundreds of
thousands of cells followed by separation, purification, and
detection of intracellular components. Therefore, methods
for direct nondestructive analysis of cellular-signaling steps
in live cells are highly required.

Intercellular-signaling substances include neurotransmit-
ters, cytokines, and hormones functioning in nervous,
immune, and endocrine systems. These substances bind
either to ion-channel, kinase, or G protein-coupled mem-
brane receptor proteins and trigger the respective down-
stream intracellular signal.

The intracellular signal can be monitored in vivo in living
cells’® by genetically encoded intracellular fluorescent and
bioluminescent probes or indicators (Figure 1). Scientists
have reported a number of such probes for visualizing cellu-
lar signaling. The probes include second messengers such as
Ca’* " cAMP/® nitric oxide (NO),” inositol 1,4,5-trisphos-
phate (IP;),'%™ cyclic guanosine 3',5'-monophosphate
(cGMP)!" and phosphatidylinositol-3,4,5-trisphosphate,™
protein  phosphorylation,'*'l  protein-protein  interac-
tions,"”! and protein localizations in organelles.’>?! Only
several representative examples are illustrated below.

These probes are of general use not only for fundamental
biological studies, but also for assay and screening of possi-
ble pharmaceutical or toxic chemicals that inhibit or facili-
tate cellular-signaling pathways.

www.chemasianj.org 305
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Figure 1. Imaging cellular signaling in single living cells. Genetically encoded fluorescent or bioluminescent
probes for each signaling process are constructed and directly expressed in target cells. Upon stimulation of
the cells with potential pharmaceuticals or possible toxic chemicals, the increase or decrease in fluorescent or
bioluminescent signals are observed, which is a measure of the extent of promotion or inhibition of cellular

signaling.

2.1 Nitric Oxide

Nitric oxide (NO) is a small uncharged free radi'cal that is
involved in diverse physiological and pathophysiological
mechanisms. NO is generated by three isoforms of NO syn-
thase (NOS): endothelial, neuronal, and inducible. When
generated in vascular endothelial cells, NO plays a key role
in vascular-tone regulation in particular. An amplifier-cou-
pled fluorescent indicator for NO was developed to visualize
the physiological nanomolar dynamics of NO in living cells
(detection limit of 0.1 nm) (Figure 2). Earlier, a cGMP fluo-
rescent indicator, CGY, was developed, which in this case is
combined with soluble guanylate cyclase (sGC) for the am-
plified detection of NO in living cells. This amplifier-coupled
fluorescent indicator was named NOA-1 and binds with a
single NO molecule to generate a large amount of cGMP in
single living cells. This boosted amount of cGMP is detected
in situ by the cGMP fluorescence resonant energy transfer
(FRET) sensor built in NOA-1. NOA-1 unbound to cGMP
does not emit FRET signals. Images of two cells expressed
with the amplifier-coupled fluorescent indicator NOA-1 for
nitric oxide are shown in Figure 3. The pseudocolor repre-
sents the cellular concentration of NO. The vascular endo-
thelial cell stably generates 1 nm of the basal NO, compared

Abstract in Japanese:
Rl EE1T, MMEERERE VRS v PRI T IRIREHRL TV 5.

ETORR, MBENLERE/ AR —T I, EST@RTO “Rak

Mol EERZDEIETD” ¥—T 7 /0P —lig>TW3.

phosphate (PIP;) regulates di-
verse cellular functions, includ-
ing cell proliferation and apop-
tosis, and plays a role in the
progression of diabetes and
However, little is

known about its production.

Fluorescent indicators for PIP;
have been developed based on FRET (Figure 4).® These
novel PIP; indicators are composed of two distinctly colored
mutants of GFP and a PIP;-binding domain. The PIP; level
was observed by dual-emission ratio imaging, thereby allow-
ing stable observation without the problem of the artifacts
described above. Furthermore, these indicators were fused
with localization sequences to direct them to the plasma
membrane or endomembranes, thus allowing localized anal-
ysis of PIP; concentrations. We used these fluorescent indi-
cators to analyze the spatiotemporal regulation of PIP; pro-
duction in single living cells. To examine PIP; dynamics, a
pleckstrin homology domain (PHD) from GRP1 (general
receptor for phosphoinositides-1) was used, which selective-

cancer.
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Figure 2. An amplifier-coupled fluorescent indicator for visualizing NO in single living cells. a) Schematic rep-
resentations of the domain structures of sGCa, sGCb, CGY, sGCa-CGY and sGCb—CGY. The amino acid se-
quence of the FLAG tag and the linker (Ln) is shown at the bottom. The heterodimer of sGCa-CGY and
sGCb-CGY was named NOA-1. b) Principle of the present NO indicator, NOA-1. sGCa-CGY and sGCb-
CGY are spontaneously associated to form a matured heterodimer, that is, NOA-1. NOA-1 binds with NO

from CFP to YFP, thus allow-
ing detection of PIP; dynamics
at the membrane (Figure 4).
We named this indicator “fllip”
(fluorescent indicator for a
lipid second messenger that
can be tailor-made). The devel-
oped fllip allows the spatio-
temporal examination of PIP;
production in single living
cells. After ligand stimulation,
PIP; levels increased to a
larger extent at the endomem-
branes (that is, the endoplas-
mic reticulum and the Golgi
bodies) than at the plasma

Definitions . L.
membrane (Figure 5). This in-

crease was found to originate
from in situ production at the
endomembranes, a process
stimulated directly by receptor
tyrosine kinases produced by
endocytosis from the plasma
membrane to the endomem-
branes. The demonstration of
PIP; production through recep-
tor endocytosis addressed a
long-standing question about

how signaling pathways down-
stream of PIP; are activated at

intracellular compartments
remote from the plasma mem-
brane.

and generates cGMP at the rate of 3000-6000 moleculesmin~'. The generated cGMP binds to the CGY
domain in NOA-1 make NOA-1 emit a FRET signal. Approximately 99.9 % of cGMP molecules thus generat-
ed diffuse and bind to NO-free NOA-1. As a result, even a single NO molecule can trigger a large number of

NOA-1 to emit FRET signals. Even if sGCa-CGY and sGCb—CGY exist as monomers, the monomers also

emit FRET signals upon binding with generated cGMP."!

ly binds PIP;, fused between cyan (CFP) and yellow (YFP)
fluorescent protein variants, through rigid a-helical linkers
consisting of repeated EAAAR sequences. Within one of
the rigid linkers, a single diglycine motif was introduced as a
hinge. We then tethered the chimeric indicator protein to
the membrane by fusing it with a membrane localization se-

Chem. Asian J. 2006, 1, 304-312
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3. Protein
Phosphorylation

Protein phosphorylation by in-
tracellular kinases plays one of the most pivotal roles in sig-
naling pathways within cells. The kinase proteins catalyze
transfer of a phosphate group from adenosine triphosphate
(ATP) and phosphorylation of the hydroxy groups of ser-
ines, threonines, and/or tyrosines on the substrate proteins.
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Figure 3. The pseudocolor represents the cellular concentration of NO.
The vascular endothelial cell stably generates 1 nm of the basal NO, com-
pared to other cells such as CHO-KI1.

Upon this phosphorylation, the substrate proteins are sub-
ject to conformational changes caused by the negative
charges of the phosphates which subsequently trigger their

Y. Umezawa

enzymatic activation and interaction with their respective
target proteins. Electrophoresis, immunocytochemistry, and
in vitro kinase assays have been used to investigate biologi-
cal issues related to the kinase proteins. However, these con-
ventional methods do not provide sufficient information
about the spatial and temporal dynamics of signal transduc-
tion based on protein phosphorylation and dephosphoryla-
tion in living cells.

To overcome the limitations of investigating kinase signal-
ing, genetically encoded fluorescent indicators have been
developed for visualizing protein phosphorylation in living
cells."! The principle of the present method is shown in
Figure 6. A substrate domain for a kinase protein of interest
is fused to a phosphorylation recognition domain by means
of a flexible linker sequence. The tandem fusion unit con-
sisting of the substrate domain, linker sequence, and phos-
phorylation recognition domain is sandwiched between two
fluorescent proteins of different colors, CFP and YFP, which
serve as the donor and acceptor fluorophores for FRET. As
a result of the phosphorylation of the substrate domain and
subsequent binding of the phosphorylated substrate domain
with the adjacent phosphorylation recognition domain,
FRET is induced between the two fluorescent units which

a) 440 nm 535 nm
\ FR Eﬁ
480 nm
Rigid a-helix
/ (EAAAR)
MLS
440 nm PI3K
Membrane —_—
b) Hind 1l Bgl 1l EcoR | Xho | (Localization)
| i
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CFP Ln1 PHD Ln2 YFP Ln3 MLS1
|:|1 | d
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Figure 4. Fluorescent indicators for PIP; in single living cells. a) Principle of fllip for visualizing PIP;. CFP and YFP, which have different colors, are mu-
tants of green fluorescence protein from Aequorea victoria with mammalian codons and additional mutation. Upon binding of PIP; with the PHD within
fllip, a flip-flop-type conformational change of fllip takes place, which changes the efficiency of FRET from CFP to YFP. b) Schematic representations of
domain structures of the present fllips. Shown at the top of each bar are the restriction sites. PHD is derived from human GRP1 (261-382) and selective-
ly binds with PIP;. PHD-R284C is a mutant PHD, in which the Arg284 is replaced with a cysteine residue so that it does not bind with PIP;. Lnl, Ln2,
and Ln3 are linkers, the amino acid sequences of which are shown at the bottom. MLS1 and MLS2 are membrane localization sequences to the plasma
membrane and the endomembranes, respectively, the amino acid sequences of which are also shown at the bottom.!"*!
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Figure 5. Response of fllip-em to PIP; at the endomembranes after
PDGF stimulation. a) Pseudocolor images of the CFP/YFP emission
ratio before (0s) and 120, 300, or 600s after addition of PDGF
(50 ngmL™"). Experiments were performed at 25°C on CHO-PDGFR
cells expressing fllip-em. b) Time course of fllip-em and fllip-pm emission
ratio after stimulation with PDGF.

causes phosphorylation-dependent changes in the fluores-
cence emission ratios of the donor and acceptor fluoro-
phores. Upon activation of the phosphatases, the phosphory-
lated substrate domain is dephosphorylated, and the FRET
signal is decreased. We named this indicator “phocus” (a
fluorescent indicator for protein phosphorylation that can
be custom-made). Not only endogenous domains such as Src
homology 2 (SH2) domains, phosphotyrosine binding (PTB)
domains, and WW domains are available as the phosphory-
lation-recognition domain within phocus, but also single-
chain antibodies (scFvs) immunized with the phosphorylated
substrate sequences of interest. Thus, the present method
has more general applicability for kinase signaling in living
cells than previously reported fluorescent indicators based
on uncontrollable conformational changes in the substrate
peptides themselves upon phosphorylation. We used suitable
substrate and phosphorylation recognition domains to devel-
op a large number of phocuses for several key protein kinas-
es, including a receptor tyrosine kinase, insulin receptor (1),
a serine/threonine protein kinase, Akt/PKB,"! and a nonre-
ceptor tyrosine kinase, c-Src. Furthermore, these phocuses
have been further tailored to visualize the local activity of
the respective protein kinases in living cells by fusing appro-
priate localization sequences/domains with each phocus."

4. Nuclear Receptor/Coactivator Interactions

A sensitive fluorescent indicator was designed to visualize,
in real time, the activities of the AR ligands in the physio-

Chem. Asian J. 2006, 1, 304-312
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Figure 6. Fluorescent indicators for protein phosphorylation in living
cells. a) Principle of phocus for visualizing protein phosphorylation. CFP
and YFP are different colored mutants of green fluorescent protein
(GFP) derived from Aequorea victorial with mammalian codons and ad-
ditional mutations. b) The CFP/YFP emission ratios are pseudocolor
images of the CFP/YFP emission ratios before (t=0s) and at 40, 80, 300,
and 600 s after the addition of 100 nM insulin, obtained from the CHO-
IR cells expressing phocus in which a nuclear export signal peptide is at-
tached next to YFP.!'¥!

logical environment of single living cells.'”? An androgen
promotes interactions between the androgen-receptor
ligand-binding domain (AR LBD) and a coactivator protein.
This results in an increase in FRET from CFP to YFP
(Figure 7). The indicator is capable of distinguishing ligands
of different potencies for the AR. The indicator is capable
of distinguishing ligands of different potencies for the AR.
The present assay is not intended to read out the binding af-
finity of a drug, but rather the efficacy of a drug as either an
antagonist or partial agonist in vivo. The permeability of a
drug into cells and the conformational changes induced in
the AR all determine its efficacy much more than a simple
binding assay. Progesterone, glucocorticoid, and peroxisome
proliferator activated receptors (PR, GR, and PPAR, re-
spectively) also belong to the NR family and play important
roles in the mediation of the actions of drugs for contracep-
tion (by PR), inflammation (by GR), and type-2 diabetes
(by PPARY). The present strategy can be used to develop
indicators for PR, GR, and PPARY for screening and char-
acterization of their ligands. The indicators would be helpful
in the development of NR-based pharmaceutical drugs
against different diseases.
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Figure 7. An androgen promotes interaction between the androgen receptor ligand binding domain (AR
LBD) and coactivator protein. This results in an increase in the fluorescence resonance energy transfer
(FRET) from cyan fluorescent protein (CFP) to yellow fluorescent protein (YFP).

5. Nucleocytoplasmic Trafficking of Functional
Proteins

Nucleocytoplasmic trafficking of functional proteins plays a
key role in regulating gene expression in response to extra-
cellular signals. A genetically encoded bioluminescent indi-
cator was developed for monitoring the nuclear trafficking
of target proteins in vitro and in vivo.?” The principle is
based on the reconstitution of split fragments of Renilla re-
niformis (Rluc) by protein splicing with a DnaE intein. A
target cytosolic protein fused to the amino-terminal half of
Rluc is expressed in mammalian cells. If the protein translo-
cates into the nucleus, the Rluc moiety meets the carboxy-
terminal half of Rluc, which is localized in the nucleus with
a fused nuclear localization signal (NLS), and full-length
Rluc is reconstituted by protein splicing (Figure 8). The bio-
luminescence is thereby emitted with coelenterazine as the
substrate. The principle of the approach is an extension of
the method developed earlier for the identification of mito-
chondrial proteins.”

The method of cell-based screening with the genetically
encoded indicator provided a quantitative measure of the
extent of nuclear translocation of AR upon stimulation with
various chemicals. Currently, high-throughput-screening
tools for protein translocation into the nucleus have mostly
depended on GFP- or its variant-tagged approach in combi-
nation with fluorescence microscopy and computer-driven
imaging systems. The systems offer only semiquantitative in-
formation, because it is difficult to sort out and distinguish
accurately the fluorescence of GFP-tagged proteins local-
ized only in the nucleus in each cell from that left in the cy-
tosol. Furthermore, precision of the observed fluorescence
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intensities from the nucleus ob-
tained with the statistical anal-
ysis is not high, because the
number of the cells that can be
examined under a fluorescence
microscope is limited. In con-
trast, the present method
allows the determination of the
subcellular localization of AR
is by the luminescence signals
generated only when the AR is
localized in the nucleus. AR
High remaining in the cytosol does
I not induce reconstitution of
split Rluc and therefore no
background luminescence is
observed.
Polychlorinated ~ biphenyls
(PCBs) and procymidone have
Low been suspected of causing neu-
rotoxic and antiandrogenic ef-
fects, respectively, and possibly
adversely influencing the hor-
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Figure 8. When AR is bound to So-dihydrotestosterone (DHT), it trans-
locates into the nucleus, and brings the N- and C-terminal halves of
DnaEs close enough to fold correctly, thereby initiating protein splicing
to link the concomitant Rluc halves with a peptide bond. The C-terminal
half of split Rluc was located beforehand in the nucleus by a fused nucle-
ar localization signal. The cells containing this reconstituted Rluc allow
one to monitor nuclear translocation of AR with its luminescence by coe-
lenterazine as the substrate.*)

monal activities of the brain. We showed the usefulness of
the split Rluc reporter for monitoring AR translocation into
the nucleus in living mice by implanting the previously men-
tioned COS-7 cells at a depth of 3 mm in the mouse brain
and measuring the emitted bioluminescence with a cooled
CCD camera; we thereby investigated the distribution of
the chemicals in the brain of living mice. As expected, 2 h
after intraperitoneal injection of PCB or procymidone, both
chemicals were found to completely inhibit the DHT-stimu-
lated translocation of AR when coelenterazine was injected
intracerebrally (Figure 9). From the results, it was concluded
that PCB and procymidone can pass through the blood-
brain barrier in 2 h to reach the brain and inhibit the AR
signal transduction in the organ.*"

Chem. Asian J. 2006, 1, 304 -312
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Figure 9. Effects of inhibitors on AR translocation into the nucleus in the
mouse brain. PCB and procymidone were found to pass through the
blood-brain barrier to reach the brain and inhibit AR signal transduction
in the organ. Experiments: 1) t=0: COS-7 cells transiently cotransfected
with pcRDn-NLS and pcDRc-AR were implanted in the brain of mice.
Soon after the implantation, 100 uL of procymidone and PCB were in-
jected intraperitoneally. 2) r=1h: DHT (100 uL) was injected intraperi-
toneally. 3) r=3 h: Coelenterazine was injected intracerebrally.

Similar genetically encoded bioluminescent probes were
developed for illuminating protein nuclear transport induced
by phosphorylation or by proteolysis.”*! A genetically encod-
ed stress indicator was also reported for the noninvasive
imaging of endogenous corticosterone in living mice.

6. Conclusions and Perspectives

To see what was unseen in live cells, fluorescent and/or bio-
luminescent optical probes have been developed extensively
as a core technology for chemistry and biology.

1. Since NO was found to be an endothelium-derived relax-
ing factor in 1987, it is now well established that NO is a
ubiquitous messenger not only for vascular homeostasis
but also for neurotransmission and immune systems. Sev-
eral organic fluorescent indicators have already been de-
veloped for the bioimaging of NO. However, these or-
ganic dyes covalently react with NO* but not with NO
radicals in the presence of dioxygen and are therefore
not reversible sensors for NO. The organic dyes easily ac-
cumulate in subcellular membranes and emit fluores-
cence signals there in an NO-independent manner. This
membrane accumulation of the dyes substantially in-
creases background signals and interferes with the detec-
tion of physiologically low concentration of NO in living
cells. It is believed that cellular NO must be present in

Chem. Asian J. 2006, 1, 304-312
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nanomolar concentrations to be physiologically impor-
tant for exerting its action. A genetically encoded fluo-
rescent indicator for NO described in Section 2.1 reversi-
bly detects NO with high sensitivity (detection limit of
0.1 nm) and allows the visualization of the nanomolar dy-
namics of NO in single living cells.

The lipid second messenger fllips described in Section 2.2
has general applicability for other lipid second messen-
gers. Fllips have two key components, the PHD and the
MLS, which can be tailor-made. Lipid second messengers
other than PIP;, such as diacylglycerol and phosphatidyl-
inositol-3-phosphate, could be selectively detected
through the use of appropriate binding domains instead
of the PHD. Furthermore, by connecting each specific
MLS, fllips could be directed not only to the plasma
membrane and endomembranes, but also to other organ-
elle membranes, such as the nuclear inner membrane
and the outer membrane of mitochondria.

A general method was described for the visualization of
protein-phosphorylation-based signal transduction in
living cells, for example, Akt, Erk and c-Src signaling
pathways. The method may be applicable to any protein
kinases of interest by changing the substrate sequence,
phosphorylation-recognition domain, and localization
domain. The use of substrate sequences selectively phos-
phorylated by kinases of interest can rule out the possi-
bility that such tailor-made indicators are also phos-
phorylated by other kinases. The indicators should be
available for continuous monitoring of protein phosphor-
ylation in tissues and organs of interest in transgenic ani-
mals expressing the present indicators. The method is ad-
vantageous not only for imaging kinase signaling in
single living cells and tissues with high spatial and tempo-
ral resolution, but also for multicell analysis aimed at
high-throughput screening of pharmaceuticals that regu-
late kinases and phosphatases.

The phenomenon of AR LBD coactivator motif interac-
tion is of prime importance to discriminate between an-
drogen agonist and antagonist ligands. High-throughput
screening of a large number of androgenlike compounds,
including medicinal drugs and environmental and indus-
trial chemicals, is possible by using the present fluores-
cent indicator. The approach described herein can be ap-
plied to develop biosensors for other hormone receptors
such as estrogen, progesterone, thyroid, glucocorticoid,
and orphan receptors.

A method was also illustrated for the quantitative analy-
sis of the extent of AR translocation with various exo-
and endogenous chemical compounds in vitro and inhibi-
tory effects of these chemical compounds on the translo-
cation of AR in the brain of living mice by using a nonin-
vasive imaging technique. This method was exemplified
only with AR translocation. The approach could well be
applied to any protein translocating from the cytosol to
the nucleus, and a rapid screening system could then be
developed to discovering novel anticancer drugs or to
test chemicals for their adverse effects.
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Abstract: The elucidation of specific
functions of protein kinase C (PKC)
subtypes in physiological processes is
an important challenge for the future
development of new drug targets. Sub-
type-selective PKC agonists and antag-
onists are useful biological tools for
this purpose. Most of the currently
used PKC modulators elicit their activi-

geous in terms of selectivity, because
the structure of the regulatory domain
is intrinsic to each PKC subtype. In
this paper, we describe the identifica-
tion of new potent and conventional
PKC-selective inhibitors that target the
regulatory domain. The inhibitors con-
tain a phorbol skeleton, a naturally oc-
curring potent and selective PKC regu-
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latory domain binder, with a perfluori-
nated alkyl group and a polyether hy-
drophilic chain on a terephthaloyl aro-
matic ring at the C12 position. Both of
these substituents are essential for the
potent inhibitory activity. Specifically,
the binding affinity between PKC and
the phorbol ester analogues was im-
proved by an electron-deficient aro-

ties through binding to the ATP bind-
ing site of PKC, which shares many
features with other kinases. PKC mod-
ulators that target the PKC regulatory
domain are considered to be advanta-

kinase C

Introduction

Almost all responses of living cells, including cell growth,
differentiation, and apoptosis, are induced by the reversible
phosphorylation of proteins. The number of protein kinases
encoded by the human genome is estimated to be 518
(1.7% of the human genome),"! and kinases either cross-
talk, cooperate, or compete with each other to determine
the fate of the cell. Clarification of the specific role of each
protein kinase, and more specifically each kinase subtype, is
essential for detailed understanding of the signal transduc-
tion pathway. This achievement should further lead to the
development of new drug targets.

Serine/threonine kinases constitute the protein kinase C
(PKC) family, which has pivotal roles in intracellular signal
transduction cascades.”)’ The PKC family comprises three
subclasses, depending on their structure and cofactor re-
quirements for activation: conventional, novel, and atypical
PKC. These subclasses have a common catalytic domain at
the C-terminal, whereas the structure of the regulatory do-
mains at the N-terminal is different. Conventional PKC, in-
cluding PKCa, BI, BII, and vy isozymes, contains two tandem
cystein-rich C1 domains (C1A and C1B) and a Ca’*-bind-
ing C2 domain in the regulatory site, and physiologically re-
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matic ring at C12. This finding cannot
be explained by the previously pro-
posed binding model and suggests a
new binding mode between phorbol
esters and PKC.

quires diacylglycerol (DAG; binding to C1A and B) and
Ca’* for its activation. Novel PKC, which includes the 9, ,
1, and O isozymes, contains only the C1 domain and lacks
the C2 domain, thus its activation does not require Ca’*
ions. The atypical € and VA isozymes contain neither func-
tional C1 nor C2 domains, and their regulatory mechanism
is not known.

To elucidate the specific function of each PKC subtype,
selective PKC agonists and antagonists are important bio-
logical tools.** Currently, however, there is only a limited
number of selective PKC agonists or antagonists available
for use. This is partly due to the fact that the PKC modula-
tors elicit their activities through binding to the ATP bind-
ing site in the catalytic domain, which shares many features
with other kinases. For example, a potent and selective PKC
inhibitor, G66976,” binds to the ATP binding site of PKC.
G066976 also potently inhibits checkpoint kinase and phos-
phorylase kinase.! On the other hand, the structure of the
kinase regulatory domain is intrinsic to each kinase and/or
subclass type. Therefore, inhibitors that target the PKC reg-
ulatory domain should be more selective."!

Phorbol esters (PEs; Figure 1) such as phorbol myristate
acetate (PMA; 1) and phorbol dibutylate (PDBu; 2) exist
abundantly in plant-derived croton oil and can be isolated in
significant amounts through relatively easy procedures.”]
PEs are extremely potent conventional PKC-selective ago-
nists that strongly bind to the CI1 regulatory domain (the
same site as DAG).® The binding affinity of PEs is at least
three orders of magnitude greater than that of DAG. Crys-
tallographic!”’ and molecular modeling” studies of PKC—PE
complexes revealed atom-level pictures of the interaction;
PEs bind strongly to PKC by a hydrogen-bond network
mainly through the 20-OH group and the 3-ketone oxygen
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Figure 1. Phorbol esters and their analogues.

atom. Those binding models did not involve any interactions
between the ester chain at the C12 position of PE and PKC.

PKC activation by PE (1 or 2) requires several indepen-
dent events.'"!l An increase in the intracellular Ca** concen-
tration triggers the redistribution of PKC from the cytosol,
where PKC is maintained in an inactive conformation, to
the cell membrane, where PKC becomes allosterically acti-
vated by interactions with PE and phosphatidyl-L-serine (L-
PS). Alternatively, interactions of PKC and PE occur first in
the cytosol, followed by translocation of the PKC-PE com-
plex to the membrane. In both cases, the activation of PKC
requires translocation to the hydrophobic environment, and
the hydrophobic ester chain at C12 of 1 and 2 has a key role
for retaining the PKC-PE complex in the membrane. Al-
though DAG is metabolized immediately through phosphor-

Abstract in Japanese:

TATAUFF—EC(PKO) (&, SESFLMM NIFRIZERIRICE S T 518D T
BELGAVAIBIUBIEERTHDS FEDHITISREIRM PKC BHEAIDR
L. PKC BT ISRDEEMBAERET HEMY T BEEDOY—FERIEIZE
DIEMY5%, T RIE PKC OLF2LM)—FASVITERMMN OB NITHEET S
XAMTHBIRILAR—ILIRTFILDOBEEBKRELT 12D TRATIVELER
IKEAR) T—T )L TS S &ITkY, PKC FAEH| () 2RIRLS352LET
TITEL TS, LMLEAD 3 0D PKC ~DIESEEILEL T A ISBEEN
HPEEICEEE>TWz, SEL 12GICEFREBUFEREEATHILCKY
RILR—ILEEBED PKC IS T AREEREARLTHIEERVLIZ, COMR
#HEICEERDOBERBILERS AL 12 B BB EIT/A—D)LAB7
ILEFILEFBEAL, ISRV I—FILEORIFENILRUEEETHIET, 3 IS
BLT25~50FMEEEEDRLEL: 7, 8 £#RAEL. ChoDEEHIE
conventional PKC 47 05 EIRMBAEFITHHZLERALMELTZ,
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ylation or hydrolysis, PEs persistently activate PKC due to
the absence of a terminating pathway in animal cells. Thus,
PEs produce malignant cell growth and are the most potent
tumor promoters known to date. Despite their tumor-pro-
moting activity, the extremely high binding affinity and se-
lectivity of PEs for the PKC C1 domain have attracted the
interest of many synthetic chemists, including our group, to
utilize this molecule as a scaffold to develop new PKC mod-
ulators.?

The proposed binding feature of PEs to PKC and the sce-
nario for PKC activation provided a basis for our previous
development of a PE-derived PKC inhibitor 3 (Figure 1).[12!
Thus, because the proposed binding motifs (ketone at C3
and OH at C20) of PE are intact, the PKC inhibitor 3 had a
binding affinity for PKC. Due to the hydrophilic polyether
chain at C12, however, the PKC-3 complex did not translo-
cate to the hydrophobic environment (see below). As a
result, 3 was a pure PKC antagonist. Despite the presence
of the proposed binding motifs, the binding affinity of 3 was
significantly lower (K;=3.2 pm) than that of naturally occur-
ring PE 1 (K;=0.01 um). The low binding affinity resulted in
the weak inhibitory activity of 3, which hampered further
evaluation of kinase selectivity and application as a biologi-
cal tool. In this paper we report that the binding affinity of
PE analogues is significantly enhanced by the introduction
of an electron-deficient aromatic group with a perfluoroal-
kyl substituent at the C12 ester. This finding led to the iden-
titification of new C1 domain-binding PKC inhibitors that
exhibit potent binding affinity, practical inhibitory activity,
and subclass selectivity.

Results and Discussion

In the course of our study to improve the binding affinity of
phorbol-derived inhibitors, we encountered unexpected re-
sults that deviated from the proposed binding model of the
PKC-PE complex;”'" the terephthalate aromatic ring of
the ester at C12 has a key role in PKC binding. Thus, com-
pounds 9 and 10, which lack the aromatic ring, exhibited
10-100 times lower binding affinity to PKCa than the weak
antagonist 3. Conversely, these initial findings suggested that
the binding affinity of phorbol analogues to PKC might be
enhanced through modifying the C12 terephthalate aromatic
ring.

Based on the initial results, we systematically tuned the
characteristics of the aromatic ring by introducing substitu-
ents onto it. To assess the electronic effect, we synthesized
compound 4, which contains a tetrafluoroterephthalate
moiety (Figure 1). This compound should have significantly
lower m-electron density than the original 3 without chang-
ing the steric factor and hydrophobicity.'! Thus, the binding
affinity of 4 (K;=0.42 um) to PKCo was approximately
10 times higher than that of the original 3 (Table 1). These
results indicated that the binding affinity of phorbol ana-
logues to PKC is enhanced by introducing an electron-defi-
cient aromatic ring at the C12 position.
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Table 1. Binding affinities and inhibitory activities of phorbol esters to
PKCo.!

PE K [uM] ICy[0M]  PE  K[uM] 1C5) [uM]

3 32403 51+04 7 0.45+0.17 0.11+0.06
4 0.42+0.77 1.5+1.0 8 0.06+£0.01 0.194+0.07
5 0.13+0.24 0.24+0.01 11 0.03+0.02 ]

6 104+0.3 1.8+1.1

[a] K; and ICy, values (IC5,=50% inhibitory concentration) were deter-

mined by at least three independent experiments, and the mean values
and error limits are shown. [b] Functioned as a full agonist.

To improve the binding affinity further, a strongly elec-
tron withdrawing perfluorobutyl group was introduced (5;
Figure 1). The binding affinity of 5§ (K;=0.13 um) was higher
than that of 4 (Table 1). The effect of fluorine substitution
on PKC binding affinity was significant; the control ana-
logue 6, with a butyl instead of a perfluorobutyl group, had
a K; value of 10 um. The observed difference in binding af-
finity of 5 and 6 of two orders of magnitude is attributed to
the electronic factor of the aromatic ring at the C12 posi-
tion, because the steric difference between butyl and per-
fluorobutyl groups is small."¥

Next, PKCo agonist activities of these phorbol derivatives
were evaluated (see Supporting Information). The previous
inhibitor 3 and fluorine-containing 4 and 5 exhibited no ago-
nist activity even at high concentrations; however, the butyl-
substituted 6 exhibited partial agonist activity, producing
about 20 % PKC activation at 10 pm concentration.™ There-
fore, the introduction of a perfluorinated alkyl group is ben-
eficial for enhancing PKC binding affinity without inducing
any PKC agonist activity. Due to this favorable feature of §
as a PKC inhibitor, the inhibitory activity of 5 (ICs5,=
0.24 um) was significantly higher than that of the previous
weak inhibitor 3 (ICs,=5.1 um) (Table 1). The potency of 5
is comparable to or even higher than widely used PKC in-
hibitors such as H7 (IC5,=6 pum)!'®! and chelerythrine chlo-
ride (IC5,=0.7 um).l"

Having identified a novel substituent effect of the per-
fluorobutyl group on the potency of PKC inhibitors, we next
investigated the effect of the perfluorinated alkyl chain
length and the terminal hydrophilic group on PKC binding
affinity and inhibitory activity by comparing the properties
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of 5,7, and 8 (Figure 1). Compound 7, a carboxylic acid ana-
logue of 5, exhibited almost comparable binding affinity
(K;=0.45 um) to 5 with slightly higher inhibitory activity
(ICsy=0.11 pm). Compound 8, which contains a perfluoro-
hexyl group on the aromatic ring and a carboxylic acid at
the ester terminal, exhibited the highest binding affinity
(K;=0.06 um) with potent inhibitory activity (ICs=
0.19 um). Indeed, 7 and 8 are the most potent PKCa inhibi-
tors containing the phorbol skeleton reported to date. The
polyether chain was also essential for the inhibitory activity;
a control compound 11 with a methyl group instead of the
polyether chain exhibited very strong PKC agonist activity
that was comparable to that of 1.

Moreover, 8 was shown to be a conventional PKC-selec-
tive inhibitor (Table 2). Evaluation of inhibitory activities of

Table 2. Kinase and subtype selectivity of inhibitor 8.
PKCa PKA PKCd
0.1940.07 N.LI >10

PKCEt
N.LP

ICs) [uM]

[a] Mean value determined from four independent experiments. [b] No
inhibition.

8 against PKA, PKC9, and PKCC demonstrated that 8 does
not inhibit PKA and PKCC at all, and only very weakly in-
hibits PKCo at high concentration (80 % activity in the pres-
ence of 10 um of 8). The selectivity of 8 was attributed to
the selectivity of natural PEs, which bind only to conven-
tional PKC with high affinity. Thus, 8 is a potent and con-
ventional PKC-selective inhibitor that might be useful as a
biological tool.

The synthesis of 8 is straightforward (Scheme 1).1%1 Ull-
mann coupling of aryl iodide 12 with perfluorohexyl
iodide,™! followed by oxidation with KMnQ,, produced ter-
ephthalic acid 13. After selective monoester formation with
14 (which was prepared as outlined in Scheme 2), coupling
of the resulting 15 with the phorbol moiety was conducted
under Yamaguchi esterification conditions to give 16. De-
protection of 16 under acidic conditions afforded 8.

Finally, to gain preliminary insight into the mechanism of
PKC inhibition by 8, a partition assay with a cell/buffer bi-
phasic system was performed.'**! This assay evaluates the

O
I 1) Cu, CF4(CF,)l CF4(CFy)s CF4(CF;)s
DMSO, 71% HO[(CH,),0], 14 OCHPh, Io) o
Me CO,H HO,C CO,H HO,C
2) KMnO, DCC, DMAP O[(CH,),0]; OCHPh,
NaOH aq., 66% CH,Cl, 40%
12 13 ’ 15
CF3(CF,)s
(0] C O (0]
20-O-Tr-phorbol
2.4 6-trichlorobenzoyl chloride R Ol(CH,),0];  OCHPh, CE3COZH
Et;N, DMAP anisole 8
THF, 45% CH.Cl,, 65%

16

Scheme 1. Synthesis of 8. DCC=dicyclohexylcarbodiimide, DMAP =4-dimethylaminopyridine, DMSO = dimethyl sulfoxide, Tr =triphenylmethyl.
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TBSCI, NaH —\
HO[CH,),0]; OH T TBSO[(CH,),0l;  OH
51% 17
NaOCI
TEMPO, NaHCO;, o)
KBr, Bu;NCl

TBSO[(CH,),0l; OH
CH,Cly, satd. NaCl [(CH:)0s

18
O
Ph,CN, 3HF-NEt,
TBSO[(CH,),0]; OCHPh, — = 14
Et,O THF
54% (2 steps) 19 69%

Scheme 2. Synthesis of 14. TBS=tert-butyldimethylsilyl, TEMPO =
2,2,6,6-tetramethylpiperidin-1-oxyl radical.

translocation ability of compounds from the aqueous buffer
phase to the hydrophobic cell membrane. Previously, 3 was
determined to exist mainly (92 %) in the buffer phase owing
to the hydrophilic polyether chain.'”! The hydrophilic prop-
erty of 3 led us to propose that 3 exhibits PKC inhibitory ac-
tivity by preventing the PKC-3 complex from translocating
to the hydrophobic environment, where PKC is transformed
to an active conformation. However, another potent PKC
agonist, which contains a hydrophobic C12 ester (1-mimic),
was distributed mainly (75 %) in the cell membrane. Contra-
ry to our expectation, the potent inhibitor 8 was also pre-
dominantly distributed in the membrane (89-99%).2" The
result of the partition assay indicated that 8 should exhibit
its PKC inhibitory activity in a hydrophobic environment.
Therefore, the new inhibitor 8 may function through a dif-
ferent mechanism to the previous hydrophilic, weak antago-
nist 3.

The results described in this paper raise two main issues
concerning the mode of PKC-PE interaction and PKC in-
hibition. First, the fact that the binding affinities of PE ana-
logues to PKC strongly depend on the characteristics of the
C12 ester moiety suggests a direct interaction between the
ester moiety and PKC. This binding mode is distinct from
the one that has been previously proposed,”!” but may be
consistent with our previous observations in photocross-link-
ing studies. Therein, PKC was labeled by a PE-derived
photoaffinity probe bearing a photosensitive group on the
C13 ester moiety. Thus, we conclude that the C13 (and C12)
esters are positioned proximal to PKC in the PKC-PE com-
plex. The second mechanistic issue raised by our studies
concerns inhibitor 8, which inactivates PKC despite its abili-
ty to translocate PKC to the hydrophobic environment. We
attribute this surprising inhibitory activity to the presence of
the polyether on the C12 ester moiety (compare the inhibi-
tory activities of 8 and 11). The strong metal-binding ability
of polyethers® may be relevant in this case. It is known
that there are Zn** ions in both the C1 A and C1B domains
of PKC, which are essential for its function.””! One of the
Zn** jons is located near the PE binding site.'”! It seems
possible, therefore, that the polyether chain of 8 may coordi-
nate to Zn>*, thus modulating the function of PKC.*"
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Conclusions

We have developed potent, conventional PKC-selective in-
hibitors 7 and 8. These compounds contain a phorbol skele-
ton with perfluorinated alkyl and hydrophilic polyether
chains on an electron-deficient aromatic ring at the C12
ester. Both of the substituents are essential for the potent
inhibitory activity. The inhibitory activity of these com-
pounds was 25- to 50-fold stronger than the previous lead
compound 3, which bears a polyether chain but not the per-
fluoroalkyl chain. To our knowledge, 7 and 8 are the first
phorbol derivatives that exhibit practical and selective PKC
inhibitory activity.” Partition studies to address the origin
of the enhanced inhibitory activity of 8 relative to 3 revealed
a contrasting difference in the cytosol/membrane distribu-
tion of these compounds. Studies to clarify the binding
mode and the inhibitory mechanism as well as the applica-
tion of 8 as a biological tool are ongoing.

Experimental Section
General

NMR spectra were recorded on a JEOL JNM-LAS500 spectrometer oper-
ating at 500 MHz for 'H and 125.65 MHz for C. Chemical shifts were
reported downfield from Si(CH;), (=0 ppm) for '"HNMR spectra. For
3C, chemical shifts were reported relative to the solvent as an internal
reference. ESI mass spectra were recorded on a Water-ZQ4000 spectrom-
eter. IR spectra were recorded on a JASCO FT/IR 410 Fourier-transform
infrared spectrophotometer. Column chromatography was performed
with silica gel Merck 60 (230-400 mesh ASTM).

Syntheses

4-Methyl-3-perfluorohexylbenzoic acid: The Ullmann coupling between
12 and perfluorohexyl iodide was conducted according to the reported
procedure.l'”) A mixture of 12 (3.0 g, 11.4 mmol), perfluorohexyl iodide
(2.74 mL, 12.6 mmol), and copper powder (3.64 g, 57.2 mmol) in DMSO
(22.9 mL) was heated at 100°C for 6 h. After dilution with CHCl;, HC]
(1m) was added, and the precipitates were filtered off through celite.
Brine was added to the filtrate, and the products were extracted with
CHCl;. The combined organic layer was dried with Na,SO,. Filtration,
evaporation, and purification by SiO, column chromatography (CH,CL/
MeOH =20:1) gave the product as a white solid (3.67 g, 71 %). IR (KBr):
P=1687 cm™'; '"HNMR (CD;OD, 500 MHz): 6=8.16 (brs, 1H), 8.13
(brd, J=81Hz, 1H), 751 (d, J=81Hz, 1H), 2.54ppm (m, 3H);
C NMR (CD;0D, 125 MHz): 6=168.0, 144.6, 144.6, 134.4, 134.3, 130.8
(m), 1281 (m), 109.8-121.1 (multipeak derived from perfluoroalkyl
chain), 20.7 ppm (m); MS (ESI): m/z: 453 [M—H]".

13: The benzoic acid synthesized above (1.0 g, 2.2 mmol) was dissolved in
NaOH (1.5m, 22mL), and KMnO, (5.22 g, 33.0 mmol) was added. The
mixture was heated at 100°C for 2 h, followed by the further addition of
KMnO, (1.7 g, 11 mmol) and stirring for 30 min. MeOH was added at
0°C, and the precipitates were filtered off through celite, after which the
excess MeOH was evaporated. HCI (1m) was added to acidify the mix-
ture, and a white precipitate emerged. The precipitate was filtered and
washed with H,O. A white solid was obtained after the resulting powder
was dried (699 mg, 66%). IR (KBr): #=2999, 1709 cm™'; 'HNMR
(CD;0D, 500 MHz) 6=8.33 (brd, J=8.0Hz, 1H), 825 (brs, 1H),
7.77 ppm (d, J=8.0 Hz, 1H); "CNMR (CD;OD, 125 MHz) 6=170.2,
167.2, 139.7 (m), 134.5, 133.9, 130.6, 130.5, 126.8, 110-120 (multipeak de-
rived from perfluoroalkyl chain); MS (ESI): m/z: 483 [M—H]".

17: Tetraethylene glycol (2.67 mL, 0.0154 mol) was added to a suspension
of NaH (60% oil dispersion, 0.65 g, 0.016 mol) in THF (30.8 mL), and
the resulting solution was stirred for 1 h at room temperature. After cool-
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ing the mixture to 0°C, TBSCI (2.32 g, 0.0154 mol) was added. The reac-
tion was continued at room temperature for 30 min, and H,O was added.
The products were extracted with EtOAc, and the combined organic
layer was washed with brine, dried with Na,SO,, and filtered. The filtrate
was evaporated and the residue was purified by SiO, column chromatog-
raphy (CH,Cl,/MeOH=25:1) to afford 17 as a colorless oil (2.44 g,
51%). IR (neat): P=3435, 2928, 2858 cm '; 'H NMR (CDCl;, 500 MHz):
0=3.72 (t, J=5.5Hz, 2H), 3.67 (t, J=4.6 Hz, 2H), 3.63-3.60 (m, 8H),
3.56 (t,/J=4.6 Hz, 2H), 3.51 (t, J=5.5Hz, 2H), 2.64 (s, 1 H), 0.85 (s, 9H),
0.02 ppm (s, 6H); *C NMR (CDCl,, 125 MHz): 6=77.2, 72.6, 72.5, 70.7,
70.6, 70.3, 62.7, 61.7, 25.9, 18.3, 5.3 ppm ; MS (ESI): m/z: 331 [M+Na]*.
18: TEMPO (4.8mg, 0.0324 mmol), a solution of KBr (34.8 mg,
0.29 mmol) and Bu/NCl (44.8mg, 0.16 mmol) in saturated NaHCO;
(6.5 mL), and a solution of NaOCl (5%, 15.7 mL) in saturated NaHCO;
(3.78 mL) and saturated NaCl (7.39 mL) were added to a solution of 17
(1.0 g, 3.24 mmol) in CH,Cl, (10.9 mL) at 0°C.”*! After 2.5 h, the reaction
mixture was diluted with CHCl;, and H,O and KHSO, (3.2 equiv) were
added. The products were extracted with CHCl;, and the combined or-
ganic layer was washed with saturated NaCl, dried with Na,SO,, and fil-
tered. The filtrate was evaporated to give the product 18 (1.1 g). This
crude mixture was used without purification in the next step.

19: Ph,CN,?" (3.15g, 16.2 mmol) in Et,0 (9.8 mL) was added to 18
(without purification, 3.24 mmol) at room temperature, and the mixture
was stirred for 15 h. AcOH was added, and the volatile compounds were
evaporated. Purification by SiO, column chromatography (EtOAc/hex-
anes =1:4) gave 19 as a colorless oil (848 mg, 54 % in 2 steps). IR (neat):
P=2927, 2857, 1759 cm™"; '"H NMR (CDCl; 500 MHz): 6=7.28-7.20 (m,
10H), 6.91 (s, 1H), 4.20 (s, 2H), 3.70-3.67 (m, 4H), 3.63-3.62 (m, 2H),
3.57 (m, 4H), 3.48 (t, J=5.5Hz, 2H), 0.83 (s, 9H), 0.00 ppm (s, 6H);
BCNMR (CDCl;, 125 MHz): §=169.6, 139.8, 128.5, 128.0, 127.1, 77.1,
72.6, 71.0, 70.7, 70.7, 70.6, 68.8, 62.7, 25.9, 18.3, 5.3 ppm; MS (ESI): m/z:
511 [M+Na]*.

14: 3HF-NEt; (2.83 mmol, 17.4 mmol) was added to a solution of 19
(848 mg, 1.74 mmol) in THF (17.4 mL) at room temperature. After 7 h,
the reaction mixture was diluted with EtOAc, and H,O was added. The
products were extracted with EtOAc, and the combined organic layer
was washed with brine, dried with Na,SO,, and filtered. The filtrate was
evaporated, and the residue was purified by SiO, column chromatogra-
phy (CH,Cl,/MeOH =10:1) to give 14 as a colorless oil (445 mg, 69%).
IR (neat): P=3388, 2874, 1751 cm™'; 'H NMR (CDCl,;, 500 MHz): 6=
7.30-7.22 (m, 10H), 6.93 (s, 1H), 4.22 (s, 2H), 3.70-3.60 (m, 10H), 3.55
(t, J=4.6 Hz, 2H), 2.49 ppm (brs, 1H); *C NMR (CDCl,;, 125 MHz): 6 =
169.5, 139.7, 128.5, 128.0, 127.1, 77.1, 72.4, 70.9, 70.6, 70.5, 70.3, 68.7,
61.7 ppm; MS (ESI): m/z: 397 [M+Na]*.

15: Compound 14 (10 mg, 0.027 mmol) in CH,Cl, (0.53 mL) was added to
13 (26 mg, 0.0534 mmol), DCC (8.3 mg, 0.0401 mmol), and DMAP
(3.3 mg, 0.027 mmol), and the mixture was stirred for 3 h. CH,Cl, and
H,O were added, and the products were extracted with CHCl;. The com-
bined organic layer was washed with saturated NH,Cl and brine, dried
with Na,SO,, and filtered. The filtrate was evaporated, and the residue
purified by preparative TLC (CH,Cl,/MeOH =9:1) to give 15 as a color-
less oil (9 mg, 40%). IR (neat): P=3424, 2923, 1726, 1613 cm™'; '"H NMR
(CD;0D, 500 MHz): 6=8.22 (brd, J=7.9 Hz, 1H), 8.17 (brs, 1H), 7.58
(d, /=79 Hz, 1H), 7.36-7.24 (m, 10H), 6.90 (s, 1H), 4.46 (t, J=4.7 Hz,
2H), 427 (s, 2H), 3.80 (t, J=4.7Hz, 2H), 3.70-3.58 ppm (m, 8H);
BCNMR (CD,0OD, 125 MHz): 6=171.4, 171.3, 166.2, 155.7 (m), 151.6
(m), 141.5, 136.3, 134.2, 130.9(m), 130.3 (m), 129.6, 129.0, 128.1, 78.8,
71.9,71.6, 71.6, 71.5, 70.1, 69.5, 65.8 ppm (peaks corresponding to the per-
fluorohexyl chain could not be seen because of heavy C—F couplings);
MS (ESI): m/z: 839 [M—H] .

16: A solution of 24,6-trichlorobenzoyl chloride (1.7 uL, 0.011 mmol)
and Et;N (3 pL, 0.0214 mmol) in THF (60 pL) was added to 15 (9 mg,
0.0107 mmol) at room temperature. After 1 h, 20-O-Tr-phorbol (3.5 mg,
0.0054 mmol)'®! in THF (50 uL) and DMAP (20 mg, 0.16 mmol) were
added. After 3 days, saturated NH,Cl was added, and the products were
extracted with EtOAc. The combined organic layers were washed with
saturated NH,Cl and brine, dried with Na,SO,, and filtered. The filtrate
was evaporated, and the residue was purified by preparative TLC (SiO,,
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hexanes/EtOAc=1:1) to give 16 (3.4 mg, 45%). IR (neat): P=3419,
2922, 1726 cm™'; '"HNMR (CDCl; 500 MHz): 6=8.29 (brs, 1H), 8.25
(brd, J=8.0 Hz, 1H), 7.59 (m, 1H), 7.50 (d, /=8.0 Hz, 1H), 7.40 (d, J=
7.5 Hz, 6H), 7.31-7.19 (m, 19H), 6.94 (s, 1H), 5.68 (d, /=10.3 Hz, 1H),
5.64 (m, 1H), 449 (t, J=49Hz, 2H), 422 (s, 2H), 3.80 (t, /=4.9 Hz,
2H), 3.70-3.62 (m, 8H), 3.50 (s, 2H), 3.25 (m, 1H), 3.15 (m, 1H), 2.48
(d, J=18.3 Hz, 1H), 2.39 (d, /J=19.5 Hz, 1H), 2.23 (m, 1H), 2.08 (s, 3H),
1.76 (m, 3H), 1.24 (s, 3H), 1.22 (s, 3H), 1.10 (d, /=5.2 Hz, 1H), 1.01 (d,
J=63Hz, 3H); "CNMR (CDCl,, 125MHz): 6=208.7, 173.8, 169.6,
166.9, 164.9, 164.4, 161.0, 160.5, 150.2, 144.0, 139.8, 133.1, 132.8, 132.0,
129.3, 128.7, 128.5, 128.1, 127.8, 127.1, 127.0, 126.6, 120.7, 86.9, 78.1, 77.6,
717.5,77.2,73.8, 71.0, 70.7, 70.7, 70.6, 69.0, 64.9, 68.8, 56.1, 42.8, 39.3, 39.1,
36.4, 29.7, 23.6, 20.8, 20.3, 16.7, 14.5, 10.1 ppm (peaks corresponding to
the perfluorohexyl chain could not be seen because of heavy C—F cou-
plings); MS (ESI): m/z: 1493 [M+H]*; HRMS (FAB): caled for
C;6H7,F150,5Cs: 1603.3634 [M+Cs]*; found: 1603.3621.

8: Trifluoroacetic acid in CH,Cl, (10 %, 0.1 mL) was added to 16 (3.4 mg,
0.0024 mmol) and anisol (5.3 mL, 0.048 mmol) at room temperature, and
the mixture was stirred for 12 h. The reaction mixture was directly sub-
jected to reverse-phase preparative TLC (MeOH/H,0=4:1) to give 8
(1.7mg, 65%). IR (neat) P=3408, 2925, 1725, 1616 cm™'; 'H NMR
(CD;OD, 500 MHz): 6=28.40 (brd, J=7.5Hz, 1H), 8.30 (brs, 1H), 7.80
(d, J=7.5Hz, 1H), 7.58 (m, 1H), 5.71 (d, /=10.3 Hz, 1H), 5.64 (m, 1H),
4.53 (m, 2H), 4.01 (s, 2H), 3.94 (m, 2H), 3.87 (t, J=4.9 Hz, 2H), 3.71-
3.65 (m, 8H), 3.30 (m, 1H), 3.17 (m, 1H), 2.50 (m, 2H), 2.33 (m, 1H),
2.08 (s, 3H), 1.74 (m, 3H), 1.25 (s, 3H), 1.22 (d, /=52 Hz, 1H), 1.17 (s,
3H), 1.04 (d, J=6.9 Hz, 3H); "CNMR (CD;OD, 125 MHz): 6=210.2,
182.1, 177.5, 174.1, 170.6, 165.6, 162.8, 160.3, 143.0, 134.7, 130.5, 129.1,
124.3, 123.5, 120.6, 85.4, 85.2, 79.9, 74.6, 71.6, 71.5, 71.5, 70.1, 68.0, 66.9,
66.2, 57.4, 44.3, 38.9, 38.5, 34.2, 33.6, 30.8, 23.9, 20.8, 17.2, 15.0, 10.2 ppm
(peaks corresponding to the perfluorohexyl chain could not be seen be-
cause of heavy C—F couplings); MS (ESI): m/z: 1062 [M—H] ; HRMS
(FAB): caled for Cy,HyFi30,5Cs: 1195.1756 [M+Cs]*; found: 1195.1781.

Biological Assay

Binding assay:?! Plastic tubes of each binding-assay mixture (100 pL)
contained Tris/HCI (50 mm, pH 7.5), CaCl, (1 mm), L-PS (100 ugmL ™),
[PH]PDBu (20 nm, 20.7 Cimmol'; NEN), DMSO (0.5%), bovine serum
albumin (BSA; 1 mgmL™'), PKCa (0.8 ugmL~'; PanVera), and PE ana-
logue (10 nM—10 um). L-PS was sonicated in Tris/HCI (50 mm, pH 7.5) at
0°C prior to use. After incubation at 30°C for 30 min, the mixture was
filtered through a glassfiber filter, which was pretreated with freshly pre-
pared polyethyleneimine (0.3%) for 1 h. The residue was washed three
times with of ice-cold DMSO (0.5%, 3 mL). The radioactivity of each
residue was counted in a scintillation vial with of scintillator (Aquasol-2,
NEN; 10 mL) by using a liquid scintillation counter. The count in the
presence of PMA (10 pum) accounted for nonspecific binding and was sub-
tracted from each of the counts to account for the specific bindings.

Activation of PKCa: PKC activity was determined by measuring the in-
corporation of *P from [y-”P]ATP into EGF-R fragment peptide (651
658; Biomol) using the reported method®! with minor modifications. The
amorphous powder of L-PS (Sigma) in triton X-100 solution (0.3%) in
Tris/HCI buffer (50 mm, pH 7.5) was vortexed for 1 min and sonicated on
ice, followed by the addition of CaCl,, dithiothreitol (DTT), and EGF-R.
Various concentrations of PE analogue in DMSO were added to this mix-
ture, after which it was vigorously vortexed. PKCa solution (25 pL) in
Tris buffer was then added. The enzyme reaction was started by the addi-
tion of a solution (25 pL) containing ATP, [y-**P]ATP, and MgCl,. The
final reaction mixture (75 uL) contained CaCl, (1 mm), MgCl, (15 mm),
DTT (2.5 mm), ATP (50 um), [y-?P]ATP (0.2 uCi), EGF-R (75 um), L-PS
(1220 mol %) dispersed in triton X-100 (0.025% w/v) in Tris/HCI buffer
(50 mm, pH 7.5), and drug (100 nM—10 pum). The reaction was conducted
for 15 min at 30°C and stopped by the addition of ice-cold trichloroacetic
acid (25%, 25 pL). The resulting precipitate was collected on binding
paper (P-81, Whatman Ltd., England) and washed twice with phosphoric
acid (75 mM, 250 mL). The residue was placed in a scintillation vial in a
solution of Aquasol-2, and P radioactivities were quantitated by a scin-
tillation counter. The count for the control assay without PMA was deter-
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mined and was subtracted from each of the counts to account for the
nonspecific kinase activities.

Inhibitory assay of PKCa: PKC activity in the presence of PMA (10 nm)
and drug (100 nM—10 pM or none) was determined as above.

Inhibitory assay of PKCd: PKCd (Calbiochem) activity in the presence
of PMA (1 um) and drug (100 nm—10 um or none) was determined in the
same way as for PKCa, except that the final reaction mixture contained
ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid
(EGTA; 100 um) instead of CaCl,. The result shown (Table 2) is repre-
sentative of at least three sets of experiments.

Inhibitory assay of PKCC: PKCC (Calbiochem) activity was determined
by measuring the incorporation of ¥P from [y-*P]ATP into peptide €
(149-164; Biomol) using the reported method.”” The reaction mixture
(100 uL) contained Tris/HCl (25 mmMm, pH7.5), peptide & (30 um),
[y-2P]ATP (50 um, 200 cpmpmol '), MgCl, (5mm), EGTA (0.5 mm),
DTT (1 mm), L-PS (2 pg), and PKCC (0.04 pg). The amorphous powder
of L-PS in Tris/HCI (25 mm, pH 7.5) was vortexed for 1 min and sonicat-
ed on ice, followed by the addition of MgCl,, EGTA, DTT, and peptide
€. Various concentrations of PE analogue in DMSO were added to this
mixture, after which it was vigorously vortexed. PKCC solution (25 pL) in
Tris buffer was then added. The enzymatic reaction was started by the
addition of a solution (25 uL) containing ATP and [y-*’P]ATP. The reac-
tion mixture was incubated at 30°C for 10 min. The reaction was stopped
with the addition of NaF (30 mm, 25 pL) and EDTA (100 mMm, pH 7.5).
The reaction mixture was then applied to binding paper (P-81, Whatman
Ltd., England) and washed twice with phosphoric acid (75 mm, 250 mL).
The residue was placed in a scintillation vial in a solution of Aquasol-2,
and PP radioactivities were quantified by a scintillation counter. As
PKCTU activity invitro shows limited dependence on the presence of
PMA, the total incorporation of *P into peptide & was taken as PKCY ac-
tivity. The result shown (Table 2) is representative of at least three sets of
experiments.

Inhibitory assay of PKA: PKA catalytic subunit (Sigma) activity was de-
termined by measuring the incorporation of *P from [y-"P]ATP into
Kemptide (65189-71-1, Sigma) using the reported method® with minor
modifications. The reaction mixture (75.5 uL) contained MOPS buffer
(50 mM, pH 6.9), Mg(OAc), (2mm), DTT (1 mm), NaCl (50 mm), BSA
(0.166 mgmL "), Kemptide (100 um), [y-*P]JATP (132 um, 200
cpmpmol '), and PKA catalytic subunit (16.6 nm). Various concentra-
tions of drug solution in DMSO (0.5 pL) were added to the mixture of
MOPS buffer (25 pL, pH 6.9), NaCl, Mg(OAc),, and DTT, after which it
was vigorously vortexed. PKA catalytic subunit solution (25uL) in
MOPS buffer containing NaCl, Mg(OAc),, DTT, and BSA, was added to
this mixture, which was then incubated for 5 min at 30°C. The reaction
was started by the addition of [y-**P]JATP solution (400 um) and was con-
tinued for 15 min at 30°C. After incubation, the reaction mixture (30 puL)
was absorbed onto binding paper (P-81, Whatman Ltd., England), and
the samples were washed four times with phosphoric acid (75 mwm, total
of 500 mL) followed by ethanol prior to drying. The residue was placed
in a scintillation vial in a solution of Aquasol-2, and *P radioactivities
were quantified by a scintillation counter. The result shown (Table 2) is
representative of at least three sets of experiments.

Partition assay: A solution of PE analogue (15 uM,10 pL) in water was
added to a suspension of Hela cells in PBS buffer (140 pL, 2x
10° cellsmL™"), and the resulting mixture was incubated for 30 min at
30°C. After centrifuging the mixture at 1000 rpm for 5 min at 4°C, 20 pL
of the supernatant was subjected to reverse-phase HPLC to quantify the
amount of drugs in the buffer phase (detection at 254 nm; mobile phase,
methanol/water (7:3 for 8, tz=19.2 min) at a flow rate of 0.5 mLmin ).
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Mechanism of Remote Conjugate Addition of Lithium Organocuprates to
Polyconjugated Carbonyl Compounds

Naohiko Yoshikai,'”! Tatsuya Yamashita,”! and Eiichi Nakamura*!* "!

Abstract: Regioselective reaction of a
lithium organocuprate (R,CuLi) and a
polyconjugated carbonyl compound af-
fords a remote-conjugate-addition
product. This reaction proceeds partic-
ularly cleanly when the conjugation is
terminated by a C—C triple bond. The
reaction pathways and the origin of the
regioselectivity of this class of transfor-
mations are explored with the aid of
density functional calculations. The
outline of the reaction pathway is as

(IIT) enolate intermediate undergoes
smooth copper migration along the
conjugated system. This process takes
place faster than reductive elimination
of intermediary o/m-allylcopper(III)
species, since the latter reaction dis-
rupts the conjugation in the substrate

Keywords: conjugate addition -
density functional calculations -
kinetic isotope effects - organocup-
rates - reaction mechanisms

and hence is not preferred. The copper
migration to the acetylenic terminal af-
fords a of/m-allenylcopper(IIl) inter-
mediate, which undergoes facile and
selective C—C bond forming reductive
elimination at the terminal carbon
atom. The present mechanistic frame-
work shows good agreement with some
pertinent experimental data, including
BCNMR chemical shifts and kinetic
isotope effects.

follows. An initially formed p-cuprio-

Introduction

Conjugate addition of a nucleophile to a Michael acceptor,
in particular, an a,f-unsaturated carbonyl compound, repre-
sents one of the most fundamental organic transforma-
tions.!"! Extension of the multiple bond in the Michael ac-
ceptor can potentially result in C—C bond formation at one
of the remote carbon atoms. In many cases, however, the re-
gioselectivity may be poor, unpredictable, or condition-de-
pendent, and the origin of the regioselectivity is often diffi-
cult to determine with certainty.>*! A remarkable exception
in this respect is the conjugate addition of a lithium organo-
cuprate (R,CuLi) to polyenynyl carbonyl compounds, where
the C—C bond formation takes place selectively or exclu-
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sively at the carbon atom that is most remote from the ac-
ceptor [Eq. (1)].¥

R,CuLi S

— LiO

Ry Ry

As this reaction is extremely regioselective and useful for
the synthesis of allene derivatives, extensive synthetic stud-
ies have been carried out by Krause and co-workers.*! The
same group also reported mechanistic studies on 1,6-addi-
tion to ethyl 6,6-dimethylhept-2-en-4-ynoate, the summary
of which is described as follows. First, the 'H/"*C NMR spec-
troscopic analysis of the reaction with (rBu),CuLi-LiCN or
Me,CuLi-LiCN showed the formation of an intermediate as-
signed to L, in which the lithium and the copper atoms inter-
act with the carbonyl oxygen and the nearby C=C double
bond, respectively (Scheme 1).°) Interestingly, no other in-
termediates relevant to the 1,6-addition product (such as V)
were observed. Second, the kinetic study with Me,CuLi-Lil
showed that the reaction is first order with respect to the in-
termediate I, and that the activation energy is 70 kJmol™
(16.7 kcalmol ™).
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Scheme 1. A proposed mechanism for 1,6-conjugate addition of lithium
organocuprate to enynoate.

On the basis of these experimental observations, a mecha-
nistic scheme that involves migration of the copper atom to
the acetylenic moiety and reductive elimination of the re-
sulting organocopper(IIl) intermediate was proposed
(Scheme 1). However, the lack of structural information
except for I has hampered the understanding of the overall
reaction pathway, the rate-determining step, and the origin
of the regioselectivity.

With our long-standing interests in organocopper reaction
mechanisms,®! we have explored the reaction pathways of
several relevant chemical models with the aid of density
functional calculations. Concomitantly with our preliminary
communication,” Mori, Uerdingen, Krause, and Morokuma
(MUKM) reported *C kinetic isotope effects (KIEs) on the
above reaction and their own theoretical study.'” While
their paper concluded that the final C—C bond formation is
the rate-determining step of the reaction, we propose herein
that the reported KIE can be reconciled better by a mecha-
nism in which the copper migration is the rate-determining
step.

Computational Models and Methods

We explored the reactivity of organocopper(III) complexes
of a generic structure A in which the lithium atoms are sol-
vated by Me,O molecules (Figure 1, 1a-d). Note that the f3-
cuprio(III) enolate such as A and the m complex such as I
must be chemically equivalent to one another (see

Abstract in Japanese:
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Figure 1. Chemical models of the key intermediates in the remote conju-
gate addition to polyconjugated carbonyl compounds.

below).®!1 Our previous studies on various model reactions
showed that solvation of the lithium atoms is necessary for
reproduction of the experimental parameters.!! We there-
fore employed Me,O to maintain tetracoordination of the
lithium atom throughout the reaction course.

For detailed study of potential surfaces, structures, and
molecular orbitals, we employed model complexes 1a—c, de-
rived from pent-2-en-4-ynal, penta-2,4-dienal, and hepta-2,4-
dien-6-ynal, respectively. For these models, we examined all
possible reaction pathways: 1,4- and 1,6-additions for 1la
and 1b, and 1,4-, 1,6-, and 1,8-additions for 1¢. For compari-
son with the experimental data for the 1,6-addition to ethyl
6,6-dimethylhept-2-en-4-ynoate,’*” we employed a more re-
alistic model 1d.

All calculations were performed with a Gaussian 03 pack-
age.'” Density functional theory (DFT) was employed by
using the B3LYP hybrid functional.l' Structures were opti-
mized with a basis set consisting of the Stuttgart—-Dresden
effective core potential (SDD) for Cul™* and 6-31G(d) or 3-
21G™ for the rest (denoted as 631SDD and 321SDD, re-
spectively). The two basis sets gave similar structures; for
example, the differences in bond lengths are less than 0.1 A.
For B3LYP/321SDD-optimized structures, single-point
energy calculations were performed at the B3LYP/631SDD
level, which gave similar energetics as the B3LYP/631SDD
optimization; the relative energies obtained by the two
methods are within 1kcalmol™ (for most cases 0.5 kcal
mol™') apart. The method and basis sets used here have
been applied to 1,4-conjugate addition and related reactions
of lithium organocuprates and are known to give reliable re-
sults."1*] Each stationary point was adequately character-
ized by normal coordinate analysis. The intrinsic reaction
coordinate (IRC) analysis!'”! was carried out at the B3LYP/
321SDD level to confirm that the stationary points are
smoothly connected to each other. For NMR chemical shift
calculations, the gauge-independent atomic orbital (GIAO)
method™ was employed in single-point calculations at the
B3LYP/63114SDD (SDD for Cu and 6-3114G(d) for the
rest) level on structures optimized at the B3LYP/321SDD
level. KIEs were calculated by the Bigeleisen—-Mayer equa-
tion with Wigner tunneling correction,!! using frequencies
corrected by 0.9614.? Localized Kohn-Sham orbitals were
obtained by the Boys localization procedure.®!]
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Results and Discussion
Reaction Pathway of Model Systems
1,6-Addition to Pent-2-en-4-ynal

We first investigated 1,4- and 1,6-addition to pent-2-en-4-
ynal starting from the model complex la. Scheme 2 and
Figure 2 present the reaction pathway and the energy dia-
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Scheme 2. Reaction pathways and potential-energy changes for 1,4- and
1,6-addition of Me,CuLi to pent-2-en-4-ynal. Potential energies (kcal
mol ', calculated at the B3LYP/631SDD level) relative to 1a are shown
in parentheses. Energy changes are shown together with arrows.
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Figure 2. Potential-energy profiles for 1,4- and 1,6-addition to pent-2-en-
4-ynal (B3LYP/631SDD). The energetically favored 1,6-pathway is shown
in red.

324

www.chemasianj.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

E. Nakamura et al.

gram, respectively. Both 2a and 4a give the same 1,4-adduct
upon quenching of the reaction with protons, while Sa gives
the 1,6-adduct. The energy diagram immediately suggests
that the kinetically and thermodynamically most favorable
pathway is the 1,6-addition pathway through an
organocopper(III) intermediate 3a. Migration of the copper
atom (la—3a) and reductive elimination of 3a at the C6
atom via TS4a gives the 1,6-adduct; copper migration is the
rate-determining step in this case. Reductive elimination of
1a and 3a at the C4 atom (via TS1a and TS3a) to give the
1,4-adduct is kinetically less favorable than the 1,6-addition.
Remarkably, the 1,6-reductive elimination of 3a requires a
much lower activation energy than the 1,4-reductive elimi-
nation of 1a. This will be discussed in detail below.

The first intermediate 1a has a structure that is essentially
the same as that formed in the 1,4-conjugate addition of
Me,Culi to an o.,p-unsaturated carbonyl compound
(Figure 3),*!" and it can undergo reductive elimination via
TS1a to give the 1,4-addition product 2a. The activation
energy (17.3 kcalmol™) is higher than that of simple 1,4-ad-
dition to an acrolein or a cyclohexenone molecule (~12-
15 kcalmol ™), because the C—C bond formation disturbs
the enyne conjugation system present in 1a./*

Alternatively, the Me,Cu moiety in 1a can migrate to the
C5—C6 triple bond (via TS2a) to form a new organocopper-
(IIT) intermediate 3a. TS2a contains an intrinsically unsta-
ble T-shaped triorganocopper(Ill) geometry (Figure 3).%
While a related process, isomerization  of
allyldimethylcopper(III), requires an activation energy as
much as 19 kcalmol~,* this copper migration is kinetically
much more facile (AE™=12.6 kcalmol ') and is thus prefer-
red over the C—C bond formation via TSla by 4.7 kcal
mol~!. The low activation energy of the copper migration
can be ascribed to coordination of the terminal acetylene
moiety in TS2a (Figure 3), judging from the moderately
short Cu—C5 distance (2.335 A) and bending of the C4—C6
acetylenic moiety (167.3°).

The intermediate 3a has a distorted square-planar geome-
try, in which the copper atom is much more strongly bonded
to the terminal C6 atom (Cu—C6: 1.977 A) than to the C4
atom (Cu—C4: 2.556 A) (Figure 3). This structural feature
indicates that the copper atom is o-bonded to the C6 atom
and m-coordinated by the C4—C5 bond, and hence 3a may
be called a o/m-allenylcopper(IIT) complex.”>*! Localized
Kohn-Sham orbitals of 3a also confirm this conjecture
(Figure 4). The dissymmetric bonding would be the result of
the intrinsic stability of a C(sp’)—metal bond (relative to a
C(sp®)—metal bond) and the electron-rich enolate substitu-
ent at the C4 atom.”

The complex 3a can undergo reductive elimination either
at the C4 atom via TS3a or at the C6 atom via TS4a
(Scheme 2); the latter pathway to the 1,6-adduct 5a (AE* =
8.8 kcalmol ™) is kinetically much more favorable than the
former to the 1,4-adduct 4a (AE*=21.4kcalmol ™). The
high activation energy for the former pathway is partially
due to the disruption of the C2—C5 conjugation (see above).
The dissymmetric bonding of 3a also indicates that the

T—0
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Figure 3. Structures of the intermediates and the transition states involved in 1,6-addition of Me,CuLi to pent-2-en-4-ynal (B3LYP/631SDD). (S) repre-
sents a Me,O molecule coordinated to a lithium atom. The values refer to bond lengths (A) and bond angles (degrees, italics).

o-bonding

n-coordination

Figure 4. Localized Kohn-Sham orbitals (contour maps and their sche-
matic representations) of o/m-allenylcopper(III) intermediate 3a
(B3LYP/631SDD). Left: o-bonding between Cu and C6; right: mt-coordi-
nation from C4=CS5 to Cu.

copper(III) atom cannot effectively recover its d electrons
by reductive elimination at the m-coordinated C4 termi-
nal.”? The activation energy for the 1,6-adduct formation is
remarkably low relative to those for reductive elimination
of structurally related organocopper(IIl) complexes (e.g. -
cuprio(IIT) enolate and n-allylcopper(I11)).'%?? This must be
due to strain release into the intrinsically linear allene: to
release the strain of the C4—C5—C6 bond (from 157.0° to

Chem Asian J. 2006, 1, 322330
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173.6°), the C4—C5 double bond of 3a becomes detached
from the copper(III) center. This gives a kinetically unstable
triorganocopper(II1) species,® which then undergoes rapid
reductive elimination. Participation of the allenyl C5—C6 =
orbital that is orthogonal to the Cu—C6 o bond in C—C bond
formation may also contribute to the low activation barri-
er.”!

1,6-Addition to Penta-2,4-dienal

Next, 1,4- and 1,6-addition to penta-2.4-dienal were investi-
gated, starting from the complex 1b. Such a reaction often
gives a mixture of 1,4- and 1,6-adducts depending on the
specific reaction conditions.”! Scheme 3 and Figure 5 show
the reaction pathway and the energy profile, respectively.
As with pent-2-en-4-ynal, the kinetically most favorable
pathway involves copper migration to the C5—C6 double
bond (1b—3b; AE*=16.2 kcalmol™!) and subsequent re-
ductive elimination at the C6 terminal (3b—5b; AE*=
13.5 kcalmol ). The activation barriers of the 1,4- and 1,6-
addition pathways are closer to each other than in the enyne
system (Figures 2 and 5).

Although the rate-determining step in this case is again
the migration of the copper atom, the activation energy is
higher than that of the enyne system (Figure2: 1la—3a;
AE*=12.6 kcalmol ). This is probably due to the weaker
interaction between the migrating Cu™ atom and the C5—
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C6 multiple bond in TS2b than in TS2a. The longer Cu—C5

distance in TS2b (2.432 A) than in TS2a (2.335 A) supports
this conjecture (Figures 3 and 6).

The reductive elimination at the olefin terminal via an
enyl [0+ mt]-type transition state (TS) (TS5b) requires an ac-
tivation energy of 13.5 kcalmol™, which is comparable to
that of 1,4-conjugate addition to acrolein or cyclohexenone,

but much higher than that of 1,6-reductive elimination at
H the acetylene terminal (TS5a, 8.8 kcalmol™). This implies
WOWB that the regioselectivity of remote conjugate addition may
3+ ° be lower for polyene systems than for polyenyne systems.
MeleUL' 1,8-Addition to Hepta-2,4-dien-6-ynal
" l " Next, we investigated 1,4-, 1,6- and 1,8-additions to a more-
eH\ /’,‘l{'e Me\ Me extended substrate, hepta-2,4-dien-6-ynal. Scheme 4 and
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Scheme 3. Reaction pathways and potential-energy changes for 1,4- and
1,6-addition of Me,CuLi to penta-2,4-dienal (B3LYP/631SDD). Potential Figure 5. Potential-energy profiles for 1,4- and 1,6-addition to penta-2,4-
energies (kcalmol™') relative to 1b are shown in parentheses. Energy dienal (B3LYP/631SDD). The energetically favored 1,6-pathway is shown
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Figure 6. Structures of the intermediates and the transition states involved in 1,6-addition of Me,CuLi to penta-2,4-dienal (B3LYP/631SDD). (S) repre-
sents a Me,O molecule coordinated to a lithium atom. The values refer to bond lengths (A) and bond angles (degrees, italics).
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Figure 7 show the reaction pathways and the energy profiles,
respectively.”® In accordance with the experiments, the 1,8-
addition pathway is kinetically the most favorable. This re-
action involves migration of the copper atom (1¢—3¢—5¢)
and reductive elimination of the resulting o/n-allenylcopper-
(IIT) complex Sc at the acetylene terminal. The rate-deter-
mining step is the first copper migration, which requires
higher activation energy (16.6 kcalmol™') than the second
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Figure 7. Potential-energy profiles for 1,4-, 1,6-, and 1,8-addition path-
ways (B3LYP/631SDD). The energetically favored 1,8-pathway is shown
in red.
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one (123 kcalmol™) due to
weaker stabilization of the
copper(III) center in TS2¢ than
in TS4c (see above). As with
the shorter homologues, reduc-
tive elimination at the internal
carbon atoms of 1¢, 3¢, and Sec,
which give 1,4- or 1,6-adducts,
is kinetically much less favora-
ble due to disruption of the
conjugation of the substrate.*!

Reaction Pathway of a
Realistic System

1,6-Addition to Ethyl 6,6-
Dimethylhept-2-en-4-ynoate

We investigated the structure
and the reaction pathway of the
model complex 1d for compari-
son with the experimental re-
sults of Krause and co-workers.
First, we  calculated the
BCNMR chemical shift values
of ethyl 6,6-dimethylhept-2-en-
4-ynoate and its copper com-
plex 1d after geometry optimi-
zation. Figure 8 shows the com-
parison of experimental and
computational results.!

The downfield shift of the C1
signal and the upfield shift of the C2 and C3 signals ob-
served in the experiments are ascribed to coordination of
the carbonyl oxygen to the lithium atom and back-donation
from the copper atom to the C2—C3 double bond, respec-
tively. Although the calculated chemical shift values of both
the substrate and 1d appeared systematically downfield by
5-10 ppm relative to the experimental values, they showed
good agreement with each other with respect to their rela-
tive chemical shift values among the three carbon atoms.
Furthermore, the calculation reproduced well the chemical
shift change upon formation of the complex. These data sup-
port the model complex 1d as a good representation of real-
ity.

Figure 9 shows the reaction pathway and the energy pro-
file of the 1,6-addition reaction. Initial copper migration
(1d—2d) takes place with an activation energy of 11.9 kcal
mol~!, which is comparable to that of the related model
system 1a (12.6 kcalmol™'; see Figure 2). On the other hand,
reductive elimination of the resulting o/m-allenylcopper(III)
complex 2d requires higher activation energy (14.0 kcal
mol ') than that of the related complexes 3a and 5S¢ (8.8
and 8.5 kcalmol ™, respectively; see Figures2 and 7). This
would be due to steric hindrance of the Bu group on the
terminal carbon atom. However, the 2.1 kcalmol™' differ-
ence between TS1d and TS2d is too small to be conclusive

6c (-42.8)
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for the rate-determining step.””! KIEs were therefore exam-
ined.

Measurement of KIE is a powerful experimental tool to
study the nature of the rate-determining step.” In combina-
tion with high-level quantum chemical calculations, it pro-
vides valuable mechanistic insight into synthetic reactions,

Me_ Me
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ST 19 7
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keal mol™ Me. Me
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including organocuprate reactions.”*” From a computation-
al point of view, KIE would be a better measure than
energy for comparison with experiments, as molecular struc-
tures, which are closely related to frequencies and thus to
KIE, are much less susceptible to the computational meth-
ods and basis sets than energies. MUKM determined the *C
KIE data for 1,6-addition of Bu,CuLi-LiCN to ethyl 6,6-di-
methylhept-2-en-4-ynoate, performed calculations with an
organocuprate model EtMeCuLi-LiCl (incoming group=
Et), and concluded that the C—C bond formation is the rate-
determining step ([Eq.(2)] and Table 1, second and third
column).!!

OEt OEt

R,Culi

2 07T N @
8~ Et,0,-65 to—-67 °C 2 6

We saw problems in this conclusion. Looking into the ex-
perimental data of MUKM, one may find that the KIE
(1.002-1.009) on the carbon atom bonded to copper (C,) is
too small for the one participating in the rate-determining
C—C bond formation. For example, the 1,4-addition of
Bu,CulL.i to cyclohexenone, where the C—C bond formation
is the rate-determining step, exhibits a KIE value of 1.011-
1.016 on this C, atom.’™! Thus, a rational conclusion drawn
from the experimental data would be that C—C bond forma-
tion is not the rate-determining step of the 1,6-addition reac-
tion. In fact, the calculated KIE (1.024) on the C, atom
based on the C—C bond-forming TS appears to be unreason-
ably larger than these experimental data. While the theoreti-
cal level of the computation (B3LYP/Ahlrichs SVP for Cu,
6-31G(d) for the rest) is similar to ours, it did not consider
coordination of solvent molecules (such as Me,O in the
present case) to lithium atoms, which affects significantly
the structures and energetics of organocuprate reactions.!'!!
In fact, the interaction between the alkyl group and the lith-
ium atom is rather strong in the absence of solvent mole-

cules, which is an unlikely sce-
+ nario in the light of the reaction
conditions.

We reinvestigated the compu-
tational KIE values with our
own chemical model (Table 1,
fourth to seventh columns). The
KIE values calculated for the
copper migration step (1d—
TS1d) show good to excellent
agreement with experiment; the
error was within £0.005 for
every carbon atom (see col-
umns 4 and5). The calculated
KIE on the C, atom (1.008),

\(=312)  fBu
\—

reaction coordinate

Figure 9. Reaction pathway and energy diagram for 1,6-addition of Me,CuLi to ethyl 6,6-dimethylhept-2-en-4-

ynoate (B3LYP/631SDD).
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the most important factor in
the present case, falls within the
experimental  data  (1.002-

Chem Asian J. 2006, 1, 322 -330





Mechanism of Remote Conjugate Addition

Table 1. Experimental and calculated >C/**C KIE values for 1,6-addition
to ethyl 6,6-dimethyl-hept-2-en-4-ynoate.

Atom MUKM!! MUKM!" TS1d TS1d TS2d TS2d
experimental®® calcd® caled caled¥ caled caled
C1 1.001-1.002 1.002 1.002 1.000 1.002 0.998
C2 1.001-1.003 1.000 1.003  0.999 0.998  0.996
C3 1.001-1.003 0.998 1.000 1.002 0.988 0.988
C4 1.005-1.009 1.002 1.005 1.010 1.008 1.014
C5 1.011-1.013 1.016 1.007 1.017 1.015 1.022
C6 1.000 1.000 1.000  1.000 1.000  1.000
C, 1.002-1.009 1.024 1.008 1.010 1.029 1.030

[a] Bu,CuLi-LiCN (Bu=C,H,CH,CH,CH;) was employed in the experi-
ments. The C6 atom was taken as an internal standard. [b] EtMeCuLi-
LiCl (Et=C,H,CHj3; without solvation to Li) was employed in the com-
putational model. Calculation was carried out by the B3LYP method
with basis sets that consist of Ahlrichs SVP (for Cu) and 6-31G(d) (for
the rest). [c] Calculated at the B3LYP/321SDD level. [d] Calculated at
the B3LYP/631SDD level.

1.009). On the other hand, the KIE values for the C—C
bond formation (1d—TS2d) are much different: larger
KIEs are obtained for the C,, C4, and C5 atoms (column 6
and 7). Expectedly, the KIE on the C, atom (1.029) is much
larger than in the experimental data. The negative KIE on
the C3 atom (0.988) also con-
siderably deviates from the ex-
perimental data (1.001-1.003).
This likely reflects the change
in its hybridization (sp® in the
reactant 1d, sp® in TS2d). On
the basis of our own KIE calcu-
lations, we conclude that the copper migration is the rate-
determining step of the 1,6-addition reaction in question.

Me/\/\/COQMe

"BuCu" =

Conclusions

In summary, we propose a general mechanistic framework
for remote conjugate addition of an organocuprate to a poly-
enynyl carbonyl compound (Scheme 5). Interaction be-
tween the substrate and the cuprate initially generates a f3-
cuprio(III) enolate intermediate A, which undergoes se-
quential copper migration via o/m-allylcopper(IIl) inter-
mediates. When the conjugation is terminated by an acety-

X

Nz
o "R

R,CuLi S
z Lio 1 R

R’ R

complexation l

X Cu'R, migration X R\ R
io” ¥ W
TN R LiO i R
A B

Scheme 5. A general mechanism for remote conjugate addition of lithium
organocuprate to polyenyne-substituted carbonyl compounds.
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lenic group, the final migration gives the crucial, strained o/
n-allenylcopper(IIl) intermediate B, the kinetic instability of
which results in rapid C—C bond formation at the terminal
carbon atom. C—C bond formation at the internal carbon
atoms is generally disfavored as it disturbs the conjugation
system.

The present study also explains why the regioselectivity of
conjugate addition to polyenyl carbonyl compounds tends to
be less reliable. Unlike those in the enyne reaction, the
copper intermediates formed from a polyene substrate such
as 3b lack a decisive structural feature and may undergo C—
C bond formation at any possible carbon atom depending
on substrates and reaction conditions.”!

The present and previous studies on the Lewis acid effect
on the reactivity of an organocopper(IIl) complex provide
insight into experimental observations that are confusing.[**!
For example, the contrasting selectivities of Bu,CuLi and
BuCu-BF; (Yamamoto reagent) in the reaction with methyl
sorbate may be rationalized as follows [Eq. (3)].FY Whereas
Bu,CulL.i follows our general rule of remote addition, BF;
accelerates decomposition of the initial copper(IIl) inter-
mediate so that it undergoes C—C bond formation immedi-
ately (i.e. to give the 1,4-adduct).

"BuCu" Bu Bu
- Me/\)\/cozn/le * Me)\/\/COZMe ©)
1,4-adduct 1,6-adduct
Bu,Culi: <1:>99
BuCu-BF3: 93:7
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Formation, Dynamic Behavior, and Chemical Transformation of Pt
Complexes with a Rotaxane-like Structure

Yuji Suzaki and Kohtaro Osakada*!*!

Abstract: The reaction of [Pt-
(CH,COMe)(Ph)(cod)] (cod=1,5-cy-
clooctadiene) with (ArCH,NH,CH,-
CH,COOH)*(PF;)~ (Ar=4-BuC¢H,
or 9-anthryl) in the presence of cyclic
oligoethers such as dibenzo[24]crown-8
(DB24C8) and dicyclohexano[24]-
crown-8 (DC24C8) produces
{(ce)[ArCH,NH,CH,C,H,COOPt(Ph)-
(cod)]}(PF,)~ (ce=DB24C8  or
DC24C8, Ar=4-tBuCsH, or 9-anthryl)
with interlocked structures. FABMS
and NMR spectra of a solution of
these compounds indicate that the Pt
complexes with a secondary ammoni-
um group and DB24C8 (or DC24C8)
make up the axis and cyclic compo-
nents, respectively. Temperature-de-

pendent 'H NMR spectra of a solution
of {(DB24C8)[4-BuC,H,CH,NH,CH,-
CsH,COOPt(Ph)(cod)]}* (PFs)~

({(DB24C8)[4-H]}* (PF,)") show equili-
bration with free DB24C8 and the axis
component. The addition of DB24C8
to a solution of {(DC24C8)[4-H]}*
(PF)~ causes partial exchange of the
macrocyclic component of the inter-
locked molecules, giving a mixture of
{(DC24C8)[4-H]} *(PF)~, {(DB24C8)-
[4-H]}*(PFs)~, and free macrocyclic
compounds. The reaction of 3,5-

Keywords: carboxylate ligands -
crown compounds - ligand substitu-
tion - platinum - rotaxanes

Me,C,H;COCI with {(DB24C8)[4-H]}*
(PF¢)~ affords the organic rotaxane
{(DB24C8)(4-tBuC,H,CH,NH,CH,-

CH,COOCOCH;Me,-3,5)}* (PF,)~

through C-O bond formation between
the aroyl group and the carboxylate
ligand of the axis component. The ad-
dition of 2,2"-bipyridine (bpy) to a solu-
tion of {(DB24C8)[4-H]}*(PF,)~ indu-
ces the degradation of the interlocked
structure to form a complex with trigo-
nal bipyramidal coordination, [Pt(Ph)-
(bpy)(cod)]*(PF,)~, whereas the reac-
tion of bpy with [Pt(OCOCH Me-

4)(Ph)(cod)] produces the square-
planar  complex [Pt(OCOCH,Me-
4)(Ph)(bpy)].

Introduction

Rotaxanes!"? have attracted much attention because of
their unique low-dimensional supramolecular structures,
high macrocycle mobility along their axis component, and
potential applications in molecular machines,” electronic
devices, electrically conductive polymers,>® and intelligent
drug-delivery systems.”! Although rotaxanes composed of
organic axes and rotor components are common, rotaxanes
containing transition-metal complexes in their axis compo-
nent have also had a long history® and exhibit unique prop-
erties as described below. A [2]rotaxane containing [Ru(4,4'-
Me,bpy),] (bpy=2,2"-bipyridine) as a terminal stopper of
the axis component functions as a molecular shuttle driven

[a] Dr. Y. Suzaki, Prof. K. Osakada
Chemical Resources Laboratory (Mailbox R1-3)
Tokyo Institute of Technology
4259 Nagatsuta, Midori-ku, Yokohama 226-8503 (Japan)
Fax: (+81)45-924-5224
E-mail: kosakada@res.titech.ac.jp
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by the photoexcitation of the Ru complex.”’ The electro-
chemical oxidation of aminomethylferrocenes in the pres-
ence of dibenzo[24]crown-8 (DB24C8) and a hydrogen-radi-
cal source leads to the formation of pseudorotaxanes that
contain ferrocene in their axis component.'” A cyclic com-
ponent of the rotaxane with a ferrocene-containing axis
component undergoes shuttling along the axis induced by
oxidation and reduction of the ferrocene group.®"! Transi-
tion-metal-containing rotaxanes catalyze the epoxidation of
polybutadiene.'>¥! Pt complexes serve as binders of axis
molecules in forming a molecular necklace with a cyclic oli-
gorotaxane structure.'/

Rotaxanes with a kinetically labile bond in their axis com-
ponent are expected to show dynamic behavior involving a
rapid and reversible cleavage and formation of that bond.
Takata and co-workers employed the activation of S—S
bonds, catalyzed by PhSH, in the preparation of [2]- and
[3]rotaxanes that contain an axis molecule with an S—S bond
and bulky stopper groups."” The reversible formation and
cleavage of the Pt"-N bond enable the formation of a mac-
rocycle with Pt and of a rotaxane structure with a Pt-con-
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taining macrocyclic component through the clipping proce-
dure.l" The introduction of a kinetically labile and thermo-
dynamically stable coordination bond to the axis component
could also lead to an efficient synthesis of a rotaxane with a
transition-metal center. Pd—O and Pt—O bonds of alkoxide
complexes tend to undergo facile activation.'! Pt—O
bonds of carboxylate complexes are thermodynamically
more stable than those of alkoxide complexes,'”! which are
expected to show kinetic lability owing to the mismatch of
soft Pt or Pd and hard oxygen atoms or pn—ds repulsive in-
teractions between the atoms.'*")

In this paper, we report the preparation and chemical
properties of semirotaxanes”?? that contain platinum com-
plexes with carboxylate ligands that carry dialkylammonium
moieties and crown ethers as components.

Results and Discussion

Preparation of [2]Semirotaxanes with Axis Component
Containing a Carboxylate-Platinum(II) Bond

Carboxylic acids react with [Pt(CH,COMe)(Ph)(cod)] (1;
cod=1,5-cyclooctadiene) to form carboxylate—platinum
complexes.”! This reaction is employed as the end-capping
reaction of pseudorotaxanes whose axis molecule has a car-
boxy group as the terminal group. The formation of a pseu-
dorotaxane from (4-‘BuC¢H,CH,NH,CH,C;H,COOH)*
(PF)~ ((2-H)*(PF,)") with DB24C8 has been briefly men-
tioned.”! We prepared the [2]pseudorotaxanes {(DB24C8)-
(2-H)}*(PF¢)~ and {(DB24C8)(3-H)}*(PF,;)~ in CD;CN as
shown in Equation (1).

An equimolar reaction of 1 with (2-H)*(PF,)~ in the pres-
ence of DB24C8 produces the [2]semirotaxane {(DB24C8)-
[4-H]}*(PFs)~ (4: [4-1BuC{H,CH,NHCH,C:H,COOPt(Ph)-
(cod)]), as shown in Equation (2). The '"H NMR spectrum of
the reaction mixture exhibits signals due to {(DB24C8)[4-
H]}* (PF,)~ (70%), free DB24C8 (22 %), and acetone gener-
ated by the reaction (75%) (yields by NMR spectroscopy
based on initial amount of 1). The analogous [2]semirotax-
ane {(DB24C8)[5-H]}* (PF,)~ (5: [ArCH,NHCH,C,H,COO-
Pt(Ph)(cod)], Ar=9-anthryl) was obtained in 48 % yield (by

Abstract in Japanese:
ANRFT T — EESEEEMS T, VT V=T AERRK

FFETHEREA XY U EER LI, ZOr Y XY OMST
PR A& — BRI AT AR, FREEEMVIELTRY, &
DBROMICTIRG F ORI EITR Y T L NHETH T2, —
HFTLORE—BEFEOBVRGEEFMA LIz 7 X0 0EH
RS &R Lie, BRERILS & ORIETiE, BN FHREBOI LR ¥ v
7— FASMOVBREKMEE~LERSh, LYY VUV EORIE
TiEm ¥ 39 U AEO SO ET LT,
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NMR spectroscopy) from a similar reaction with (3-H)*
(PFs)™.

The formation of {(DB24C8)[4-H]}"(PF;)~ and
{(DB24C8)[5-H]} " (PF;)~ by the above reactions were con-
firmed with FABMS and 'H NMR spectra. Figure 1 shows
FABMS spectra that contain peaks due to {(DB24C8)[4-
H]}* and {(DB24C8)[5-H]}* at m/z =1125 and 1169, respec-
tively. The peaks observed at m/z=746 in Figure 1a and
m/z="790 in Figure 1b were assigned to {(DB24C8)(2-H)}*
and {(DB24C8)(3-H)}*, respectively. These species may be
generated by the protonolysis of the Pt—O bond during mea-
surement.

Figure 2a shows a 'H NMR spectrum of the reaction mix-
ture of 1, (2-H)*(PF,)~, and DB24CS8 in a 1:1:1 molar ratio
(0.10m for each compound) in CDCl;. Signals of
{(DB24C8)[4-H]}*(PF;)~ and free DB24C8 were observed.
Signals due to {(DB24C8)[4-H]}*(PF,)~ were assigned on
the basis of '"H-'H and 'H-"*C{'H} COSY spectra. CH, hy-
drogen signals of DB24C8, as the cyclic component in the
rotaxane (0=3.44, 3.73, 4.05 ppm), appear at lower frequen-
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Figure 1. FABMS  spectrum  of
b) {(DB24C8)[5-H]}* (PF,) .

a) ((DB24C8)[4-H]}*(PF,)~ and

cies than those of free DB24C8 (0=3.76, 3.86, 4.12 ppm).
Figure 2b shows a '"H NMR spectrum of [Pt(OCOCzH,Me-4)-
(Ph)(cod)] (6), prepared from the reaction of 4-methyl-
benzoic acid with 1, for comparison of the cod and phenyl
hydrogen signals. NCH, hydrogen signals at 4.49 and
4.67 ppm show splitting due to coupling with two NH, hy-
drogen nuclei,® and a broad NH, hydrogen signal is ob-
served at 7.59 ppm. These signals are close to the corre-
sponding signals of the organic [2]pseudorotaxane
{(DB24C8)(2-H)}*(PF,)~ in CD;CN (0=4.58 (NCH,), 4.81
(NCH,), 7.64ppm (NH,)) and are at higher frequencies
than those of (2-H)"(PF)~ (0=4.22 (NCH,), 4.30 (NCH,),
7.14 ppm (NH,)). The downfield shifts of the NH, and
NCH, hydrogen signals of these rotaxanes are ascribed to
N—H--O and C—H--O interactions between the ammonium
group of the axis component and the oxygen atoms of
DB24C8.»!

Figure 2¢ and d show the signals of the CH, hydrogen
nuclei of both DB24C8 in the [2]semirotaxane and free
DB24C8 and of CHj; hydrogen nuclei of the axis component,
respectively. Signals d, d', e, €, f, and f’ in Figure 2¢ were as-
signed to the CH, hydrogen nuclei shown in Equation (3).
The ratio of {(DB24C8)[4-H]}*(PF,)~ to DB24C8 was deter-
mined to be 75:25 at 20°C from a comparison of the relative
peak areas of d and e'. Heating this solution to 50°C
changed the ratio to 63:37, which became 72:28 upon cool-
ing the solution to 20°C. These results indicate that an equi-
librium exists between {(DB24C8)[4-H]}* (PF,)~ and a mix-
ture of DB24C8 and [4-H]*(PF,)", as shown in Equa-
tion (3), and that the formation of the [2]semirotaxane is
more favorable at lower temperatures. This reversible for-
mation and degradation of the [2]semirotaxane does not in-
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Figure 2. a) 'HNMR spectrum of a solution of 1, (2-H)*(PF;)~, and
DB24C8 (0.10M each) in CDCl;. The peak with the asterisk is due to
[Pt(Ph),(cod)] formed during the reaction. b) 'H NMR spectrum of 6 in
CDCl,. ¢) CH, (DB24C8) and d) CH; region of "H NMR spectra of a so-
lution of 1, (2-H)*(PF,)~, and DB24C8 (0.050 M each). The spectra were
obtained at 20°C (green), after heating to 50°C (pink), and after cooling
to 20°C (black). For assignment of signals d, d, e, ¢/, f, and ', see Experi-
mental Section.

volve threading the 4-tBuCsH, or [Pt(Ph)(cod)] groups at
the terminals of the axis component through the pore of
DB24C8, which is too small for that to happen.?*?! The re-
versible dissociation and formation of the labile platinum-—
carboxylate bond is responsible for the dynamic behavior of
the semirotaxane shown above. The solution should contain
[4-H]*(PF,)", formed by the elimination of DB24C8 from
the semirotaxane, together with {(DB24C8)[4-H]}*(PF,)~
and DB24CS8. Figure 2d shows '"H NMR signals at 1.24 ppm
due to the 4-tBu group of {(DB24C8)[4-H]}*(PF,)~ as well
as smaller signals at 1.25-1.33 ppm. Signals due to CHj; hy-
drogen nuclei also change in shape and intensity reversibly
depending on the temperature of the solution, thus indicat-
ing that the minor signals are due to [4-H]*(PF,)~ and the
species equilibrating with {(DB24C8)[4-H]}* (PF;) .
Semirotaxanes containing the Pt—carboxylate complex in
the axis component exchange their macrocyclic component
upon the addition of crown ether to the solution. Mixing 1,
(2-H) " (PF,)~, and dicyclohexano[24]crown-8 (DC24C8) in a
1:1:1 molar ratio (0.10m for each compound) in CDCI,
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forms {(DC24C8)[4-H]}*(PFs)~ in 47% yield (by NMR
spectroscopy). Figure 3a shows the CH; and CH, hydrogen
regions of the 'HNMR spectrum of {(DC24C8)[4-H]}*
(PFy)~. The broad signal at 1.30 ppm was assigned to the C-
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Figure 3. '"H NMR spectra (in CDCl;) of a) {(DC24C8)[4-H]}*(PF,)~ and
b) after addition of DB24C8 (1 equiv, 0.06 mmol).

(CH,;); hydrogen nuclei; it overlaps with the signal from [4-
H]*(PF,)~. Its higher frequency relative to that of
{(DB24C8)[4-H]}*(PF,)~ (0=1.24 ppm) is ascribed to a
magnetic anisotropic effect caused by the aromatic rings of
DB24CS of the rotaxane. The addition of DB24CS to the so-
lution ([DB24C8]/[Pt]=1:1) decreases the intensity of the
signal at 1.30 ppm and produces a peak at 1.24 ppm (Fig-
ure 3b). The latter signal is assigned to {(DB24C8)[4-H]}*
(PF¢)~ formed by the exchange of the macrocyclic compo-
nent of {(DC24C8)[4-H]}* (PF;)~ with DB24CS8.

Figure 4a and b show '"H NMR spectra of a solution of
{(DB24C8)[4-H]}* (PF;)~ and of the solution formed by the
addition of DC24C8 ([Pt]/[DC24C8]/[DB24C8]=1:1:1,
0.10M for each component) to the former, respectively. The
ratio of the peak areas of the signals of {(DC24C8)[4-H]}*
(PF,)~ and {(DB24C8)[4-H]}*(PF;) in Figure 4b is similar
to that in Figure 3b, thus indicating that these semirotaxanes
attain the equilibrium shown in Equation (4) in the solution.
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Figure 4. 'HNMR spectra (CDCl;) of a) {(DB24C8)[4-H]}*(PF,)~ and
after the addition of b) 1 equiv (0.06 mmol), c) 3 equiv (0.18 mmol), and
d) 5 equiv (0.30 mmol) of DC24CS8.

Further addition of DC24C8 to the solution increases the
amount of {(DC24C8)[4-H]}*(PF,)” relative to that of
{(DB24C8)[4-H]} " (PF,)~ (Figure 4c and d).

DC24C8
{(DB24C8)[4-H]y (PFg)

A competitive reaction of a mixture of DB24C8 and
DC24C8 with dibenzylammonium cations was conducted to
compare the relative stabilities of the two rotaxanes. A
[2]pseudorotaxane  formed from the reaction of
(PhCH,NH,CH,Ph)*(PF,)~ ((7-H)*(PF,)") and DB24C8
has been reported.”) DC24C8 also forms a [2]pseudorotax-
ane with (7-H)*(PF¢)~ in CD;CN (40 mm for each com-
pound), yielding a mixture of {(DC24C8)(7-H)}" (PF;)  and
(7-H)*(PF,)” in a 1:2 ratio [Eq. (5)]. Addition of DB24C8
(1 equiv to DC24C8) to the solution yields a mixture con-
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taining  (7-H)*(PF,)~, {(DC24C8)(7-H)}*(PF,)", and
{(DB24C8)(7-H)}*(PF;)~ in a 2:2:6 ratio. Further addition
of DB24C8 (3 equiv to DC24C8) changes the molar ratio to
0:3:97. A pseudorotaxane composed of a dialkylammonium
derivative with 4,4’-dibenzylbipyridinium and DB24C8 has
been reported to undergo exchange of the macrocyclic com-
ponent with the addition of DC24C8.*!

S
H
Qe Q.o 9
+ 0 1o}
PFs \-oc>o-)
(7-H)*(PFy) DC24C8
ro 0\
- H X
CD,CN 0 +70
o o PFs

{(DB24C8)[ 7-H]} (PFg)

Reactions of the Organoplatinum Rotaxane

The addition of 3,5-Me,C¢H;COCI to a solution of
{(DB24C8)[4-H]}* (PF;)~ causes the acylation of the carbox-
ylate ligand of the axis component to afford an organic
[2]rotaxane that contains an unsymmetrical acid anhydride
in the axis component, {(DB24C8)(8-H)}*(PF;)~ (8: 4-
tBuC¢H,CH,NHCH,C,H,COOCOCH;Me,-3,5) [Eq. (6)].
The [2]rotaxane and [PtCI(Ph)(cod)] produced were isolated
in yields of 60 and 52%, respectively. {(DB24C8)(8-H)}*
(PF,)~ was characterized by 'HNMR, B“C{'H}NMR,
NOESY, and IR spectroscopy and ESI MS. The peak in the
ESI MS spectrum at m/z =878.8 was assigned to the cationic
rotaxane {(DB24C8)(8-H)}". 'H NMR signals of NCH, hy-
drogen nuclei in the axis of {(DB24C8)(8-H)}*(PF,)~ were
observed at 4.53 and 4.82 ppm, which are at similar positions
to the corresponding signals of {(DB24C8)(2-H)}*(PF,)~
(0=4.58, 4.81 ppm). The IR C=O stretching
bands of {(DB24C8)(8-H)}*(PF,)~ (1786
and 1723 cm ™!, KBr disc) are at similar po-
sitions to those of 4-MeCH,COOCO-
C¢H;Me,-3,5 (1782 and 1713 cm™!, neat);
however, the peaks due to vibrations of the
NH, group in {(DB24C8)(8-H)}"(PF;)  are
shifted to lower wavenumbers (3154 and
3067 cm™') than those of (2-H)*(PFg)~
(3249 and 3225cm™'), thus indicating the
N—H-+O hydrogen bonds in the [2]rotax-
ane.

The addition of (py-H)*(PF,)~ (py=pyri-
dine) to a solution of {(DB24CS8)[4-H]}*
(PF,)~ forms [Pt(Ph)(py)(cod)]* (PFy)~ (9)
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and {(DB24C8)(2-H)}*(PF,) [Eq. (7)]. Complex 9 was pre-
pared independently by treating a solution of [PtI(Ph)(cod)]
in THF with AgPF, in the presence of pyridine. The addi-
tion of bpy to a solution of {(DB24C8)[4-H]}*(PF,)~ yields
the pentacoordinated platinum(II) complex [Pt(Ph)(bpy)-
(cod)]*(PFy)~ (10), DB24C8, and 2 immediately
[Eq. (8)].%%% The mechanism of this reaction will be dis-
cussed later.
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Reactions of Pt Complexes without the Semirotaxane
Structure

Complex 6 has a square-planar structure with phenyl, car-
boxylate, and cod ligands similar to the Pt-containing rotax-
anes prepared in this study. The chemical properties of 6
were compared with those of the Pt-containing rotaxanes.
Complex 6 reacts with equimolar quantities of 3,5-
Me,C¢H;COCI to afford [PtCl(Ph)(cod)] (72%) and 4-
MeC¢H,COOCOCH;Me,-3,5 (87%) [Eq. (9)].*Y The cou-
pling of the carboxylate ligand with the acyl group yields a
carboxylic anhydride in a similar manner to the reaction of
the rotaxane [Eq. (6)]. The reaction of (py-H)*(PF;)~ with
6 affords 9 and 4-methylbenzoic acid [Eq. (10)]. A similar
protonolysis of the Pt—O bond was observed in the reaction
of the rotaxane [Eq. (7)]. Although the Pt-containing rotax-
ane reacts with bpy to afford a cationic pentacoordinated Pt
complex [Eq. (8)], the reaction of bpy with 6 causes the dis-
placement of the cod ligand to yield [Pt(OCOC¢H,Me-
4)(Ph)(bpy)] (11) [Eq. (11)]. Figure 5 depicts the molecular
structure of 11; the coordination around the Pt center,
which is bonded to both phenyl and carboxylate ligands
with cis geometry, is square planar.
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Figure 5. ORTEP drawing of 11 with 50 % ellipsoidal plotting. H,O mole-
cules included in the crystal during crystallization and hydrogen atoms
are omitted for clarity.

To compare the reactivity of the carboxylate—platinum
complex and the Pt-containing rotaxane, the preparation of
the Pt complex with the secondary ammonium fragment in
the carboxylate ligand, that is, [4-H]*(PF,)~, was examined.
The reaction of 1 with (2-H)*(PF,)~, however, did not pro-
duce the carboxylate—Pt complex, but yielded a complicated
mixture of acetone (31%), 2 (24%), [Pt(Ph),(cod)] (6%),
and benzene (<2%). The reaction of (7-H)*(PF,)~ with 6
causes the part protonation of the phenyl ligand, which is
accompanied by the formation of benzene (<27 %). These
results indicate that [4-H]*(PF,)” is unstable in solution
without DB24C8. The dissociation of the carboxylate ligand
with the dialkylammonium group from Pt induces the trans-
fer of a proton from the ammonium to the carboxylate
group to yield 2. DB24C8 in {(DB24C8)[4-H]}* (PF,)~ pro-
tects the dialkylammonium group and prevents the transfer
of its proton to the carboxylate or phenyl ligand.'*¢3? As
the solution contains free DB24C8 and free axis molecules,
the ammonium groups are considered to be stabilized by an
intermolecular interaction rather than the formation of an
interlocked structure.

The 'H NMR spectrum of a mixture of DB24C8 and (12-
H)*(PF,)~ (12: 4-‘BuC,H,CH,NHCH,C,H,tBu-4) in CD,Cl,
is shown in Figure 6a. Peaks due to tBu, NCH,, and C¢H,

a)
TR
Yok :
b) *
S JL [NCHz JtBu
L ) g
CgHy
c)
catechol
*
| ! | ! | ! | ! | LI T 1
8 7 6 5 4 1.4 1.2
<~  J/ppm

Figure 6. '"H NMR spectra (CD,Cl,, RT) of a) a mixture of DB24C8 and
(12-H)*(PF,)~, b) (12-H)*(PF,)™, and ¢) DB24C8.
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hydrogen nuclei (6=1.27, 4.17,
7.09, 7.26 ppm) are at lower
frequencies than those of (12-
H)*(PF,)” (0=1.33, 4.28, 7.35,
7.53 ppm) (Figure 6b). The ar-
omatic hydrogen signals of the
mixture appear as multiplets,
whereas the corresponding
signal of DB24C8 in CD,Cl,
(Figure 6¢) is observed as a
broad signal. A broad signal
due to the NH, hydrogen
nuclei (6=7.51 ppm) is ob-
served for the mixture at a
similar position to that of
{(DB24C8)(2-H)}*(PFy)~ (6=
7.64 ppm in CD;CN) and is at
a higher frequency than that of
(2-H)*(PF¢)~ (0=7.14 ppm in
CD;CN). Because the forma-
tion of a rotaxane from
DB24C8 and (12-H)*(PF,)~ is
not plausible owing to the
bulky /Bu end groups of (12-
H)*(PF;)~, another type of
complex of these molecules is
suggested. The formation of a
complex of (12-H)*(PF,)~ and
DB24CS8 has been observed in
the gas phase.” A solution of
the mixture of these two com-
pounds in CDCIL/CD;CN
(3:1), however, did not show
NMR signals of their complex
owing to the high polarity of
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Scheme 1. Proposed mechanism of the reaction of the Pt-containing semirotaxane and complex with bpy.
a) Dissociation of {(DB24C8)[4-H]}*(PF,) . b) Coordination of bpy to A. c¢) Dissociation of B. d) Displace-
ment of the cod ligand of 6 by bpy.

the solvent. A possible structure of the complex, which ac-
counts for the results of the NMR spectroscopic experi-
ments, contains intermolecular N—H--O hydrogen bonds
and a m—m stacking of aromatic planes as shown in Equa-
tion (12).5

_ O
PFe S o’/

Scheme 1 summarizes the reactions of the Pt complex and
the Pt-containing semirotaxane with bpy. {(DB24C8)[4-H]}*
(PFs)~ partly dissociates in solution to yield a mixture of cat-
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ionic phenylplatinum (A) and a pseudorotaxane (B) (a).
The coordination of bpy to the Pt center of A leads to the
pentacoordinated Pt complex 10 (b). The carboxylate li-
gands with and without complexation with DB24C8 (c) do
not react with the 18-electron Pt complex 10. The exchange
of the cod ligand of 6 with the addition of bpy (d) probably
involves the precoordination of a pyridine group to form a
pentacoordinated intermediate that extrudes the cod ligand.
The dissociation of the carboxylate ligand of 6 is more diffi-
cult than that of {(DB24C8)[4-H]}*(PF,)~, which has a posi-
tive charge on the ligand.

Conclusions

The [2]semirotaxanes prepared in this study contain a labile
Pt—O o bond and exhibit the chemical properties summar-
ized in Scheme 2. The [2]pseudorotaxane {(DB24C8)(2-H)}*
(PF¢)~, with a carboxylic acid group at one end of the axis
component, reacts with 1 to afford the semirotaxane
{(DB24C8)[4-H]} " (PF,)~, which contains a Pt—OCOR bond
in the axis component (a). The resulting semirotaxane is sta-
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Scheme 2. The reactions of platinum complexes with a semirotaxane structure.

bilized by the N—H:-O and C—H:--O bonds between the axis
and cyclic components. The addition of (py-H)*(PF,)~ to a
solution of {(DB24C8)[4-H]}*(PF;)~ causes a facile proto-
nolysis of the Pt—O bond to form the cationic complex 9
and {(DB24C8)(2-H)}*(PFs)~ (b). The Pt—O bond in
{(DB24C8)[4-H]}* (PF)~ undergoes reversible partial disso-
ciation and re-formation in solution. The carboxylate anion
formed by partial dissociation may exist as a face-to-face
complex with DB24CS8. This reversible dissociation and the
formation of the Pt—O bond induces, with the addition of
DC24C8, an exchange of the macrocyclic molecules of the
rotaxane {(DB24C8)[4-H]}*(PF,)~ (c). The high reactivity
of the carboxylate—platinum(II) bond of {(DB24C8)[4-H]}*
(PF¢)~ enables the transformation of the semirotaxane,
whereas the phenyl ligand bonded to the Pt center behaves
as the spectator. The replacement of the {PtPh(cod)} frag-
ment of {(DB24C8)[4-H]}*(PF,)~ with the aroyl group of
3,5-Me,CH;COCI  immobilizes the rotaxane structure,
whose axis component consists of only covalent bonds (d).
The coordination of bpy to the Pt center of {(DB24C8)[4-
H]}*(PF,)~ induces the degradation of the semirotaxane to
yield the pentacoordinated platinum complex 10 (v). These
results are in contrast with those of the reaction of bpy with
6, which causes a simple displacement of cod with bpy and
forms a square-planar carboxylate—platinum complex. Thus,
the transition-metal-containing fragment in the semirotax-
ane exhibits chemical properties similar not only to those of
the discrete molecular transition-metal complexes but also
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to those unique to the metal-
containing rotaxanes. A facile
transformation of thermody-
namically stable rotaxanes
caused by the activation of the
metal-ligand bond could lead
to a basic concept of smart
supramolecular ~ systems in
future studies.

Experimental Section

General

NMR spectra ('H, “C{'H}, 'H-'H
COSY, “C{'H}-'H COSY, NOESY)
were recorded on Varian MERCU-
RY300, JEOL EX-400, and JEOL
GX-500 spectrometers. IR spectra
were recorded on a Shimadzu FT/IR-
8100 spectrometer. Elemental analyses
were carried out with a Yanaco MT-5
CHN autorecorder. FABMS was per-
formed with a JEOL JMS-700 instru-
ment  (m-nitrobenzyl alcohol as
matrix). ESIMS was performed with a
ThermoQuest Finnigan LCQ Duo in-

(D

DB24C8

strument.
LB [Py(X)(Ph)(cod)] (X=CL 1,
Ph)* {(DB24C8)(2-H)}* (PF,)~ 2!

(ArCH,NH,CH,Ar)*(PF,)~ ((7-H)*

(PFs)": Ar=Ph, (12-H)*(PF,)": Ar=
4-1BuC¢H,),”?*! and (py-H)*(PF,) ! were prepared according to the
methods in the literature. Other chemicals were commercially available.
Manipulation of the complexes was carried out under nitrogen or argon
with standard Schlenk techniques. Dried solvents were purchased from
Kanto Chemical Co., Inc. and used without further purification.

Syntheses

(2-H)*(PF,)": This was prepared by the method in the literature.**+36]
IR (KBr): P=3249 (vy_p), 3225 (vn-n)> 1705 (veoo), 843 (vpp), 559 cm™
(vp-p); 'HNMR (300 MHz, CD,CN, RT): 6=1.31 (s, 9H, CHj;), 4.22
(brs, 2H, CH,), 430 (brs, 2H, CH,), 7.14 (brs, 2H, NH,), 7.39 (d, 2H,
CeH,, Jyu=38.7Hz), 7.50 (d, 2H, C¢H,, Jyu=8.7 Hz), 7.57 (d, 2H, C¢H,,
Jun=8.4 Hz), 8.05 ppm (d, 2H, C;H,, Jyu=38.4 Hz); MS (ESI): m/z caled
for C;oH,,NO,: 298.4 [M—PF,]*; found: 298.3.

(3-H)*(PF,)": This was prepared by the method in the literature. **236]
IR (KBr): P=3654 (vy_p), 3582 (vny), 839 (vpp), 559cm™ (vpy);
'"HNMR (300 MHz, CD;CN, RT): 4.56 (2H, NCH,), 5.28 (2H, NCH,),
7.60 (m, 2H), 7.63 (d, 2H, J;z=8.4Hz), 7.68 (m, 6H), 8.08 (d, 2H,
Jun=84Hz), 816 (d, 2H, Jyy=84Hz), 817 (d, 2H, Jyy=8.7Hz),
8.74 ppm (s, 1H); MS (ESI): m/z calcd for C,3H,)NO,: 342.1 [M—PF(]*;
found: 342.0.

{(DB24C8)(2-H)}*(PFs) :  (2-H)*(PF,)~ (19mg, 0.043mmol) and
DB24C8 (6.3 mg, 0.014 mmol) were placed in an NMR tube and CD;CN
(0.7mL) was added to the mixture. '"H NMR spectroscopy showed the
formation of {(DB24C8)(2-H)}*(PF,)~. 'HNMR (300 MHz, CD;CN,
RT): 0=1.23 (s, 9H, CH;), 3.55 (s, 8H, OCH,), 3.74 (t, 8H, OCH,, Jy ;=
42 Hz), 401 (m, 8H, OCH,), 4.58 (m, 2H, NCH,), 4.81 (m, 2H, NCH,),
6.76-6.82 (8H, CsH,-DB24C8), 7.26 (4H, C¢H,), 741 (d, 2H, CsH,,
Jun=81Hz), 7.64 (brs, 2H, NH,), 7.68 ppm (d, 2H, CiH,, Jyu=
8.1 Hz); MS (ESI): m/z caled for C;3HsNO,,: 746.4 [M—PF4|*; found:
746.5.

{(DB24C8)(3-H)}*(PF¢): (3-H)"(PFs)~ (3.5mg, 0.0072 mmol) and
DB24C8 (3.3 mg, 0.0074 mmol) were placed in an NMR tube and
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{(DB24C8)(3-H)} (PF¢)

CD;CN (0.7 mL) was added to the mixture at room temperature. Al-
though a part of the axis molecule remained undissolved, '"H NMR spec-
troscopy showed the formation of {(DB24C8)(3-H)}*(PF,)". 'H NMR
(300 MHz, CD;CN, RT): 6=3.39 (m, 8H, OCH,), 3.63-3.84 (m, 16H,
OCH,), 5.40 (m, 2H, NCH,), 5.58 (m, 2H, NCH,), 6.32 (m, 8H, a or b),
6.60 (m, 8H, a or b), 7.46 (dd, 2H, Jyy=7.8, 7.8 Hz, i or j), 7.58-7.64
(4H), 7.65 (brs, 2H, NH,), 7.86 (d, 2H, Jy=8.4 Hz, 1, h, or k), 7.98 (d,
2H, Jyu=84Hz, 1, h, or k), 818 (s, 1H, g), 846 ppm (d, 2H, Jyu=
8.4 Hz, m); MS (ESI): m/z caled for CH5,NO,: 790.4 [M—PF,]*; found:
790.5.

{(DB24C8)[4-H]}*(PFs): A suspension of (2-H)*(PF,)~ (27 mg,
0.061 mmol) and DB24C8 (27 mg, 0.060 mmol) in CDCl; (0.6 mL) was
stirred for 1 h at 0°C. 1 (26 mg, 0.060 mmol) was added to the mixture,

| k feo oY ] i h
_ d\'O oj
PFs by

{(DB24C8)[4-H]} (PFg)

which was stirred for a further 12 h. The temperature was gradually
raised to room temperature during the reaction. Most of the starting ma-
terials were dissolved in the solvent. The '"H NMR spectrum of the solu-
tion with 1,2-diphenylethane as an internal standard showed the exis-
tence of {(DB24C8)[4-H]}*(PF,)~ (0.042 mmol, 70%), free DB24C8
(0.013 mmol, 22 %), acetone (0.045 mmol, 75%), and [Pt(Ph),(cod)] (2x
10~ mmol, 3%). A similar reaction with [(2-H)*(PF,)"],=[DB24C8],=
[[Pt(CH,COMe)(Ph)(cod)]],=0.05m gave a homogeneous CDCI; solu-
tion of the reaction products. The molar ratio [DB24C8]/[{(DB24C8)[4-
H]}*(PF,) "] was determined by "H NMR spectra obtained at 20°C, 50°C,
and after cooling to 20°C. 'HNMR (400 MHz, CDCl,, RT): 6=1.24 (s,
9H, CHj;), 2.22-2.68 (8H, CH,-cod), 3.44 (m, 8H, ¢ or f), 3.73 (m, 8H, ¢
or f), 4.05 (m, 8H, d), 4.49 (m, 2H, NCH,), 4.57 (brs, 2H, CH-cod (trans
to O)), 4.67 (m, 2H, NCH,), 5.92 (brs, CH-cod (trans to C)), 6.70 (m,
4H, a or b), 6.79 (m, 4H, a or b), 6.98 (m, 1H, p-Ph), 7.04 (m, 2H, m-
Ph), 7.16 (d, 2H, Jyy=8.5Hz, h or i), 7.20 (d, 2H, Jyy=8.5 Hz, h or i),
7.27*% (d, 2H, 1), 7.33 (d, 2H, 0-Ph, Jyy=7.3 Hz), 7.59 (brs, 2H, NH,),
7.75 ppm (d, 2H, m, Jy;=8.3 Hz) (peak with asterisk overlapped with
the signal of solvent (CHCl,)); “C{'"H} NMR (75.5 MHz, CDCl,, RT; se-
lected): 6=31.0 (CH;), 34.4 (C(CH,);), 51.9 (NCH,), 52.2 (NCH,), 67.8
(d), 69.9 (e or f), 70.3 (e or f), 82.3 (brs, CH-cod (trans to O)), 112.3 (a
or b), 114.7 (CH-cod (trans to C)), 121.5 (a or b), 124.5 (p-Ph), 125.3 (h
or i), 127.3 (m-Ph), 1282 (1), 128.7 (h or i), 133.5 (brs, o-Ph), 129.6 (n),
170.0 ppm (CO); MS (FAB): m/z caled for Cs;H;,NO,Pt: 1125
[M—PF,]*; found: 1125.

{(DB24C8)[5-H]}*(PF,): A suspension of (3-H)*(PF,)~ (20 mg,
0.041 mmol) and DB24C8 (18 mg, 0.040 mmol) in CDCl; (0.6 mL) was
stirred for 1 h at 0°C followed by the addition of 1 (17 mg, 0.040 mmol).
After another 12 h of stirring, a large part of the solids was dissolved in
CDCl,, although a small amount remained undissolved. The mixture was
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warmed to room temperature during the reaction. The 'H NMR spec-
trum of the resulting mixture with 1,2-diphenylethane as an internal stan-
dard showed the existence of {(DB24C8)[5-H]}*(PF;)~ (0.019 mmol,
48%), free DB24C8 (~0.018 mmol, ~45%), acetone (0.020 mmol,
50%), and [Pt(Ph),(cod)] (~4x10~* mmol, ~1%). '"H NMR (300 MHz,
CDCl,, RT): 6=2.30-2.72 (8H, CH,-cod), 3.35 (m, 8H, d, e, or f), 3.57-
3.77 (16H, d, e, or f), 4.56 (m, 2H, CH-cod, Jp ;=67 Hz), 5.33 (m, 2H,
NCH,), 5.48 (m, 2H, NCH,), 5.93 (brs, 2H, CH-cod), 6.26 (m, 4H, a or
b), 6.61 (m, 4H, a or b), 6.94-7.06 (3H, m-Ph, p-Ph), 7.26-7.36 (brs, o-
Ph), 7.39-7.46 (4H, 1, i or j), 7.58 (m, 2H, i or j), 7.77 (brs, 2H, NH,),
7.79 (d, 2H, Jyz=8.4 Hz, h or k), 7.92 (d, 2H, Jy =84 Hz, h or k), 8.06
(s, 1H, g), 8.39 ppm (d, 2H, m, Jyz=38.7 Hz) (peaks without multiplici-
ties stated overlapped severely with other peaks); MS (FAB): m/z caled
for CqHggNOPt: 1169 [M—PF4]*; found: 1169. The low solubility of
[(DB24C8)(5-H)] *[PF,]” prevented “C{'H} NMR measurements.

6: 4-MeC¢H,COOH (29 mg, 0.21 mmol) was added to a solution of 1
(87 mg, 0.20 mmol) in CHCl; (4.0 mL). The reaction mixture was stirred
for 15h at room temperature. Removal of the solvent under reduced
pressure gave a white solid whose '"H NMR spectrum (CDCl,;, diphenyl-
methane as an internal standard) indicated the presence of 6 in quantita-
tive yield. Recrystallization of the crude product from CH,Cl, and cold
Et,0 afforded 6 as a white solid, which was washed with cold Et,O and
dried in vacuo (64 mg, 0.13 mmol, 65%). 'HNMR (300 MHz, CDCl,,
RT): 6=2.28 (m, 4H, CH,), 2.31 (s, 3H, CH;), 2.62 (m, 4H, CH,), 4.54
(m, 2H, CH, Jp, =75 Hz), 5.96 (m, 2H, CH, Jp z~26 Hz), 6.91 (m, 1H,
p-Ph), 7.05 (m, 2H, m-Ph), 7.09 (d, 2H, m’-CH,, Jyy=28.1 Hz), 7.31 (m,
2H, o-Ph, Jpu~20Hz), 7.80ppm (d, 2H, o-CH,, Jyuy=8.1Hz);
BC{'H} NMR (100 MHz, CDCl,, RT): 6=21.5 (CH,), 27.7 (CH,), 31.9
(CH,), 81.7 (CH), 114.6 (CH, Jp=30Hz), 124.7, 127.7 (Jp,c=61 Hz),
128.3, 129.6, 132.9, 133.4, 140.9, 143.3, 171.5 ppm (C=0); elemental anal-
ysis: caled (%) for C,,H,,0,Pt: C 51.26, H 4.69; found: C 50.97, H 4.71.

{(DC24C8)[4-H]}* (PF;)~ and reaction with DB24C8: A suspension of (2-
H)*(PF;)~ (27 mg, 0.061 mmol) and DC24C8 (28 mg, 0.061 mmol) in
CDCl; (0.6 mL) was stirred for 1 h at 0°C followed by the addition of 1
(26 mg, 0.060 mmol). After another 12 h of stirring, a large part of the
solids was dissolved in CDCl;, although a small amount remained undis-
solved. The mixture was warmed to room temperature during the reac-
tion. The 'H NMR spectrum of the resulting mixture with 1,2-diphenyl-
ethane as an internal standard showed the existence of {(DC24C8)[4-
H]}*(PF,)~ (0.028 mmol, 47%), free DC24C8, acetone (< 0.040 mmol,
<68%), and [Pt(Ph),(cod)] (=6x10>mmol, ~3%). DB24C8 (27 mg,
0.060 mmol) was then added to the mixture. The NMR tube was stored
at room temperature. After 4 h, the '"H NMR spectrum showed the pres-
ence of {(DB24C8)[4-H]}*(PF,)~ (0.021 mmol, 37%) and free DB24C8
(~0.033 mmol, ~54%). {(DC24C8)[4-H]}*(PFs): 'HNMR (300 MHz,
CDCl;, RT): 1.12-1.85 (20H, C¢H,y), 1.31 (s, 9H, CH,), 2.30-2.45 (4H,
CH,-cod), 2.50-2.75 (4H, CH,-cod), 3.13-3.40 (brs, 8H, OCH,), 3.40-
3.72 (16H, OCH,), 4.43-4.65 (6H, CH, NCH,), 5.91 (brs, 2H, CH), 6.80—
7.55 (11H, CgH,, Ph), 7.76 (brs, 2H, NH,), 7.97 ppm (d, 2H, Jyu=
8.1 Hz, C¢H,). Peaks without multiplicities stated overlapped severely
with other peaks.

Reaction of {(DB24 C8)[4-H]}*(PF,)~ with DC24C8: A suspension of (2-
H)*(PFs)~ (27 mg, 0.061 mmol) and DB24C8 (27 mg, 0.060 mmol) in
CDCl; (0.6 mL) was stirred for 1 h at 0°C followed by the addition of 1
(26 mg, 0.060 mmol). After another 12 h of stirring, a large part of the
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solids was dissolved in CDCl;, although a small amount remained undis-
solved. The mixture was warmed to room temperature during the reac-
tion. The "H NMR spectrum of the resulting mixture with 1,2-diphenyl-
ethane as an internal standard showed the existence of {(DB24C8)[4-
H]}*(PF¢)~ (0.045 mmol, 75%) and free DB24C8 (0.016 mmol, 27 %).
'"HNMR spectra were also recorded after the addition of DB24C8
(28 mg, 0.061 mmol), DB24C8 (85 mg, 0.18 mmol), and DB24C8 (140 mg,
0.30 mmol).

{(DC24C8)(7-H)}*(PF,)~ and {(DB24C8)(7-H)}*(PF,): (7-H)*(PF,)~
(9.6 mg, 0.028 mmol) and DC24C8 (13 mg, 0.028 mmol) were placed in
an NMR tube and CD;CN (0.7 mL) was added to the mixture. '"H NMR
spectroscopy showed the formation of {(DC24C8)(7-H)}*(PF,)". The
ratio of (7-H)*(PF)~ to {(DC24C8)(7-H)}*(PF,;)~ was determined as
66:34 from the ratio of the peak areas of the 'H NMR signals of the CH,
hydrogen nuclei of the axis molecules at room temperature. DB24C8
(13 mg, 0.028 mmol) was then added to the mixture, and the 'H NMR
spectrum of the solution showed the generation of {(DB24C8)(7-H)}*
(PFs)~. The molar ratio (7-H)*(PF,) /{(DC24C8)(7-H)}*(PFs)/
{(DB24C8)(7-H)}*(PF,)~ was 2:2:6 at room temperature, which changed
to 0:3:97 by further addition of DB24C8 (38 mg, 0.085mmol).
{(DC24C8)(7-H)} *(PFy): 'HNMR (300 MHz, CD,CN, RT): 6=1.15-
1.78 (20H, Cg¢Hy), 3.25-3.33 (12H, OCH,), 3.49-3.65* (12H, OCH,),
4.60 (m, 4H, NCH,), 7.38-7.49* (6H, Ph), 7.59 (m, 4H, Ph), 7.86 ppm
(brs, 2H, NH,). The peaks with asterisks overlapped significantly with
signals of free axis (7-H)*(PF,)", those without multiplicities stated over-
lapped severely with other peaks.

{(DB24C8)(8-H)}*(PF,): A suspension of (2-H)*(PF¢)~ (27 mg,
0.061 mmol) and DB24C8 (27 mg, 0.060 mmol) in CH,Cl, (0.6 mL) was
stirred for 1 h at 0°C followed by the addition of 1 (26 mg, 0.060 mmol).

)
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{(DB24C8)[8-H]} (PFg)

After further stirring for 12 h, most of the solid was dissolved in CH,Cl,,
although a small amount remained undissolved. The mixture was
warmed to room temperature during the reaction. 3,5-Me,CsH;COCI
(12 mg, 0.070 mmol) was added to the resulting mixture, which was stir-
red for a further 2 h at room temperature to give a suspension. The solids
were removed by filtration and the filtrate was purified by preparative
gel permeation chromatography (CHCL) to give {(DB24C8)(8-H)}*™
(PF¢)~ (37 mg, 0.036 mmol, 60%), [PtCl(Ph)(cod)] (13 mg, 0.031 mmol,
52%), and DB24C8 (< 7.0 mg,<0.016 mmol, <27 %). {(DB24C8)(8-H)}*
(PF¢)™: IR (KBr): P=3154 (vx_p), 3067 (vnop), 1786 (Vo). 1723 (veoo),
841 (vp_p), 558 cm™ (vp_p); 'HNMR (300 MHz, CDCl,, RT): 6=1.25 (s,
9H, C(CHs;)s), 2.40 (s, 6H, 3,5-(CH;),C¢H3), 3.52 (m, 8H, e or £), 3.78 (m,
8H, e or f), 4.06 (m, 8H, d), 4.53 (m, 2H, NCH,), 4.82 (m, 2H, NCH,),
6.70 (m, 4H, b) , 6.83 (m, 4H, a), 7.21-7.29* (5H, h, i, r; overlapped se-
verely with other peaks), 7.44 (d, 2H, Jyuy=8Hz, 1), 7.69 (brs, 2H,
NH,), 7.72 (s, 2H, p), 7.83 ppm (d, 2H, J;y=8 Hz, m) (peak with aster-
isk overlapped significantly with signal from solvent); "*C{'H} NMR
(75.5 MHz, CDCl;, RT): 6=21.2 (3,5-(CH;),C¢H,), 31.2 (C(CH,);), 34.7
(C(CH,)3), 51.9 (NCH,), 51.9 (NCH,), 67.8 (d), 69.9 (e or f), 70.3 (e or f),
112.5 (b), 121.8 (a), 125.8 (h or i), 128.3 (1), 128.4, 128.8 (h or i), 129.3,
129.7 (1), 130.4 (m), 136.5 (r), 138.2, 138.8, 147.2 (c), 152.8, 161.8 (C=0),
162.6 ppm (C=0). One signal for an ipso carbon nucleus was not found
probably due to overlapping with the other signal. These assignments
were supported by 'H-'H COSY, 'H-"*C{'H} COSY, and NOESY spec-
troscopy in CDCl;. Geometrical contacts between the C,H, and CH,
groups in DB24C8 and between the CH; and o-CiH; groups in 3,5-
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Me,C¢H; were detected in the NOESY spectrum. MS (ESI): m/z caled
for C,Hy,NO,;: 878.4 [M—PF4]*; found: 878.8.

Reaction of (py-H)*(PF,)~ with {(DB24C8)[4-H]}*(PF,)™: A suspension
of (2-H)*(PF,)~ (27 mg, 0.061 mmol) and DB24C8 (27 mg, 0.060 mmol)
in CH,Cl, (0.6 mL) was stirred for 1 h at 0°C followed by the addition of
1 (26 mg, 0.060 mmol). After stirring for another 12 h, most of the solid
was dissolved in CH,Cl,, although a small amount remained undissolved.
The mixture was warmed to room temperature during the reaction. (py-
H)*(PF,)~ (14 mg, 0.062 mmol) was added to the resulting mixture,
which was stirred for a further 1h at room temperature followed by
evaporation of the solvent. "H NMR spectroscopic analysis of the result-
ing solids with CDCl; solvent and trichloroethylene as an internal stan-
dard showed the existence of 9 (0.047 mmol, 78 %), {(DB24C8)(2-H)}*
(PFs)~ (0.044 mmol, 73 %), and benzene (0.009 mmol, 15%).

9: AgPF; (230 mg, 0.91 mmol) was added to a solution (30 mL) of
[PtI(Ph)(cod)] (409 mg, 0.81 mmol) and pyridine (65 pL, 0.80 mmol) in
THF to induce the separation of Agl. After 1 h at room temperature, the
insoluble Agl was removed by filtration, and subsequent addition of
Et,0 (200 mL) to the filtrate caused separation of a white solid, which
was washed with Et,O and dried in vacuo to give 9 (400 mg, 0.66 mmol,
83%). '"HNMR (300 MHz, CDCl;, RT): 6=2.48-2.90 (8H, CH,), 5.15
(m, 2H, Jp y=72Hz, CH-cod (trans to N)), 5.57 (m, 2H, Jpy~30 Hz,
CH-cod (trans to C)), 6.89 (m, 1H, p-Ph), 7.02 (m, 2H, m-Ph), 7.16 (m,
2H, Jp,y=41Hz, 0-Ph), 7.51 (m, 2H, 3-py), 7.81 (m, 1H, 4-py), 8.68 ppm
(dd, 2H, 2-py, Juu=6.6, 1.7 Hz, Jp ;=43 Hz); “C{'H} NMR (100 MHz,
CD;CN, RT): 6=28.9 (Jp =17 Hz, CH,), 31.9 (Jp =22 Hz, CH,), 97.5
(Jpc=174 Hz, CH-cod (trans to N)), 116.9 (Jp =29 Hz, CH-cod (trans
to C)), 126.0 (p-Ph), 128.2 (3-py), 129.7 (Jp,c=51 Hz, m-Ph), 133.9 (o-
Ph), 141.4 (4-py), 144.4 (ipso-Ph), 151.0 ppm (2-py). These assignments
were supported by 'H-*C{'H} NMR spectroscopy. Elemental analysis:
caled (%) for CoH,,F{NPPt: C 37.76, H 3.67, N 2.32; found: C 37.52, H
3.66, N 2.22.

Reaction of bpy with {(DB24C8)[4-H]}*(PF;)". A suspension of (2-H)*
(PF¢)~ (27 mg, 0.060 mmol) and DB24C8 (27 mg, 0.060 mmol) in CDCl;
(0.6 mL) was stirred for 1 h at 0°C followed by the addition of 1 (26 mg,
0.060 mmol). After another 12 h of stirring, a large part of the solids was
dissolved in CDCl;, although a small amount remained undissolved. The
mixture was warmed to room temperature during the reaction. Addition
of bpy (9.4 mg, 0.060 mmol) to the mixture caused the smooth separation
of white solids which were filtered and washed with CHCl;. Evaporation
of the filtrate gave DB24C8, which was analyzed by "H NMR spectrosco-
py with CDCl; solvent and 1,1,2,2-tetrachloroethane as an internal stan-
dard to show quantitative recovery. 'H NMR spectroscopic analysis of
the white solid in [Dg]acetone with trichloroethylene as internal standard
showed formation of 10 (0.036 mmol, 60 % ). The white solid, which was
insoluble in [Dgacetone, was collected and analyzed by 'H NMR spec-
troscopy with [D,JMeOH as solvent to show the formation of 2 (13 mg,
0.044 mmol, 73%). 2: '"H NMR (300 MHz, [D,JMeOH, RT): 6=1.32 (s,
9H, CHj;), 4.16 (s, 2H, CH,), 4.19 (s, 2H, CH,), 7.38-7.51 (6H, CsH,;
overlapped severely with other peaks), 7.98 ppm (d, 2H, Jyy=8.2 Hz,
CsH,).

Reaction of 3,5-Me,C;H;COCl with 6: 3,5-Me,C(H;COCl (15 mg,
0.089 mmol) was added to a solution of 6 (45 mg, 0.087 mmol) in CH,Cl,
(5.0 mL), and resulting mixture was stirred for 4 h at room temperature
followed by evaporation of the solvent. The resulting white solids were
washed with hexane to give [PtCl(Ph)(cod)] (26 mg, 0.063 mmol, 72%).
The washings were analyzed by '"H NMR, "C{'"H} NMR, and IR spectros-
copy and GC-MS. The products contained 4-MeC,H,COOCOC H;Me,-
3,5 (0.076 mmol, 87 %), 4-MeC,H,COOCOC,H,Me-4 (trace), and 3,5-
Me,C¢H;COOCOCH;Me,-3,5 (trace). 4-MeC,H,COOCOCH;Me,-3,5:
IR (neat): P=1782 (vco), 1713 cm™ (vc_o); '"H NMR (300 MHz, CDCl,,
RT): 0=2.37 (m, 6H, CH;C¢H3), 2.44 (brs, 3H, CH;CH,), 7.27 (m, 1H,
p-CeHs), 7.30 (dd, 2H, Jyu=384, 0.6 Hz, CiH,), 7.73 (m, 2H, 0-C¢Hs;),
8.02 ppm (m, 2H, C¢H,); *C{'H} NMR (75.5 MHz, CDCl,, RT): 6=21.1
(CH,C¢H,), 21.8 (CH,C4H,) 126.2, 128.2, 128.8, 129.6, 130.6, 136.2, 138.6,
145.5, 162.6 (CO), 162.9 ppm (CO); GC-MS: m/z caled for C;;H;405:
268; found: 268.
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11: A solution of 6 (52 mg, 0.10 mmol) and bpy (16 mg, 0.10 mmol) in
CH,Cl, (4.0 mL) was stirred for 40 h at room temperature followed by
the addition of hexane (20 mL) to precipitate yellow solids from the reac-
tion mixture. The solids were collected by filtration and washed with
hexane (2x10 mL) and Et,0 (5 mL). Further purification of the solids by
recrystallization from CH,CL/Et,0 (2:15 v/v) gave 11 (29 mg,
0.051 mmol, 51%). 'HNMR (300 MHz, CDCl;, RT): 6=2.34 (s, 3H,
CH,), 6.94 (m, 1H, p-Ph), 7.06 (m, 2H, m-Ph), 7.13 (d, 2H, J;;3;=8.0 Hz,
C¢H,), 7.52 (ddd, 1H, Jyx=5.2, 52, 3.3 Hz, 5'-H-bpy), 7.56 (m, 2H, o-
Ph), 7.98-8.10 (5H, 3-H-bpy, 3'-H-bpy, 4-H-bpy, 4'-H-bpy, 5-H-bpy; over-
lapped severely with other peaks), 8.00 (d, 2H, Jy ;3 =8.0 Hz, C;H,), 8.81—
8.83 ppm (2H, 6-H-bpy, 6-H-bpy,); “C{'H} NMR (100 MHz, CD,Cl,,
RT): 6=21.6 (CH,), 122.8 (C3-bpy), 123.3 (C3'-bpy), 123.7 (p-Ph), 126.9
(m-Ph), 127.0 (C5-bpy), 127.5 (C5'-bpy), 128.5 (0-C¢H, or m-C¢H,), 129.7
(0-C¢H, or m-CiH,), 1333 (p-C¢H,), 137.5 (ipso-Ph), 137.8 (C4-bpy),
138.9 (C4'-bpy), 140.9, 141.2, 147.9 (Cé6-bpy), 152.4 (C6'-bpy), 154.3,
157.5, 172.1 ppm (C=0); elemental analysis: caled (%) for C,,;H,,0;N,Pt
(124+-H,0): C 49.57, H 3.81, N 4.82; found: C 49.60, H 3.50, N 4.75.
Reaction of 1 with (2-H)*(PF,)™: 1 (6.1 mg, 0.014 mmol), (2-H)*(PF,)~
(6.7 mg, 0.014 mmol), and CDCI; (0.7 mL) were placed in an NMR tube,
which was stored at room temperature. "H NMR spectra were recorded
occasionally with 1,1,2,2-tetracholoroethane as an internal standard and
showed that after 7days, the solution contained acetone (<4.3x
10~ mmol, <31%), [Pt(Ph),(cod)] (7.8x10~* mmol, 6%), and benzene
(<3.3x107%, <2%). A white solid insoluble in CDCl; was collected and
analyzed by '"H NMR spectroscopy with [D,]JMeOH as solvent to show
the formation of 2 (1.0 mg, 0.0034 mmol, 24 %).

Reaction of 6 with (7-H)*(PF,)™: 6 (7.2 mg, 0.014 mmol), (7-H)*(PF)~
(4.8 mg, 0.014 mmol), and CDCI, (0.7 mL) were placed in an NMR tube.
Part of the solids remained undissolved. The NMR tube was stored at
room temperature. "H NMR spectra were recorded occasionally with tri-
chloroethylene as an internal standard and showed that after 10 days, the
solution contained benzene (<3.8x 10~ mmol, <27 %).

Complexation of DB24C8 with (12-H)*(PF,): DB24C8 (5.4 mg,
0.012 mmol), (12-H)*(PF,)~ (5.5 mg, 0.012 mmol), and CD,Cl, (0.6 mL)
were placed in an NMR tube. Part of solids remained undissolved.
"H NMR spectroscopy showed the complexation of DB24C8 with (12-
H)*+(PF,)". '"HNMR (300 MHz, CD,Cl,, RT): 6=127 (s, 18H, CH,),
3.75 (s, 8H, OCH,), 3.82 (s, 8H, OCH,), 4.07 (s, 8H, OCH,), 4.17 (s, 4H,
NCH,), 6.84-6.94 (6H, C,H,-DB24CS8; overlapped severely with other
peaks), 7.09 (d, 4H, Jyy=82Hz, CH,), 7.26 (d, 4H, Jyy=8.2 Hz,
CgH,), 7.51 ppm (br s, NH,). (12-H)*(PF,)": '"H NMR (300 MHz, CD,Cl,,
RT): 6=1.33 (s, 18H, CH,), 4.28 (s, 4H, NCH,), 7.35 (d, 4H, Jyu=
8.5 Hz, C¢H,), 7.53 ppm (d, 4H, Ji; ;3 =8.5 Hz, C¢H,).

Crystal Structure Analysis

Crystals of 11 suitable for X-ray diffraction were obtained by recrystalli-
zation from CH,Cly/hexane and mounted in glass capillary tubes. The
data was collected to a maximum 20 value of 55.0°. A total of 720 oscilla-
tion images were collected. Data sweep was done using w scans from
—110.0 to 70.0° in 0.5° steps at y =45.0° and ¢=0.0°. The detector swing
angle was —20.32°. A second sweep was performed using o scans from
—110.0 to 70.0° in 0.5° step, at y=45.0° and ¢=90.0°. The crystal-to-de-
tector distance was 45.06 mm. Readout was performed in the 0.070-mm
pixel mode. Calculations were carried out by using the program package
Crystal Structure™ for Windows.””)

Crystal data of 11: C,,H,,N,O,Pt, M,=599.55, monoclinic, space group
P2J/n (No. 14), a=12.593(8), b=13.967(9), c=13.246(8) A, p=
95.172(7)°, V=2320(3) A%, Z=4, pea=1.918 gcm >, no. of unique reflec-
tions=5180 (/>30(l)), R=0.057, R,,=0.089. CCDC-288879 contains the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from the Cambridge Crystallographic Data Centre,
12 Union Road, Cambridge CB21EZ, UK or at www.ccdc.cam.ac.uk/data_
request/cif.
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Interpenetrating Coordination Polymers from Cu' or Ag' and Flexible
Ligands: 2D Polyrotaxanes and Interpenetrating Grids

Kayoko Kasai* and Mariko Sato!!

Abstract: The reaction of [Cu(CH;CN),]NO; or AgNO; with flexible ligands 1,4-
bis(4-pyridylmethyl)-2,3,5,6-tetrafluorobenzene (bpf) or 4,4'-bis(4-pyridylmethyl)-

2,2'3,3',5,5,6,6'-octafluorobiphenyl (bpfb) afforded two types of interpenetrating
coordination polymers. The structures of [Cu,(bpf);(NO;),], and [Ag,(bpf);-
(NOs),], are 2D polyrotaxane networks in which 1D polymeric chains are aligned

Keywords: coordination polymers -
copper interpenetration
N ligands - silver

in a grid. The structure of {[Cu(bpfb),|[NO;}, is a 2D grid polymer with two-fold

parallel interpenetration.

Introduction

The construction of coordination polymers with metal ions
and bridging ligands is a highly topical area owing to their
potential application as new functional materials."? Various
successful syntheses and structural characterizations have
been reported. The use of well-designed bridging ligands
and metal ions of various geometries has led to a number of
coordination polymers with interesting topologies. In partic-
ular, bridging ligands connected by flexible linkages such as
methylene groups have attracted much attention due to
their wide diversity of structures and topologies.”! We have
reported the preparation of a series of clathrate coordina-
tion polymers with flexible ligands whose network structures
differ significantly depending on the guest organic mole-
cules.™ It was demonstrated that the diversity of structures
and topologies among these compounds is caused by confor-
mational freedom around the methylene groups bridging the
pyridine and fluorinated aromatic rings in ligands such as
1,4-bis(4-pyridylmethyl)-2,3,5,6-tetrafluorobenzene (bpf) or
4 4'-bis(4-pyridylmethyl)-2,2',3,3',5,5,6,6'-octafluorobiphenyl
(bpfb). The reaction of the flexible fluorinated ligands with
Cd(NOs), in the presence of aromatic compounds afforded
1D cyclic chains, 2D grids, and 3D diamond networks.

[a] Dr. K. Kasai, M. Sato
Department of Science Education
Miyagi University of Education
149 Aramaki, Aoba-ku, Sendai 980-0845 (Japan)
Fax: (+81)22-214-3429
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In this series of compounds, we represented clathration
and interpenetration!™” of coordination polymers as
“hetero-recognition” and “self-recognition”, respectively. In-
terpenetration is regarded as a kind of clathration as the
space surrounded by individual coordination polymers is
filled with the polymers themselves. In other words, poly-
mers that incorporate guest aromatic compounds recognize
“nonself” molecules, whereas those involved in interpenetra-
tion recognize each other as “selves”. Herein we report the
preparation of two different types of interpenetrating 2D
polyrotaxane coordination polymers [Cu,(bpf);(NO;),], (1)
and [Ag,(bpf);(NO;),], (2) and a 2D grid with twofold par-
allel interpenetration {[Cu(bpfb),]NO,}, (3), both of which
favor “self-recognition” over “hetero-recognition”, by using
metal ions with lower coordination numbers.

Results and Discussion

The reaction of [Cu(CH;CN),JNO; or AgNO; with bpf af-
fords 2D polyrotaxane polymers 1 or 2, while the reaction
of [Cu(CH;CN),]NO; with bpfb affords 2D grid polymer 3
with two-fold parallel interpenetration. Crystals of 1 and 3
are air-stable. Single-crystal X-ray crystallographic analysis
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of 1-3 (Table 1) confirms that these are interpenetrating
polymeric structures based on tetrahedrally coordinated
metal centers.

Table 1. Crystallographic data for 1, 2, and 3.

1 2 3
Formula CyH;gCuF¢N,O; CyyH3AgFN,O; Cs,H;,CuF (N0,
M, 623.99 668.32 1186.39
Size [mm’] 0.20x0.20x0.25 0.35x0.40x0.50 0.20x0.20x0.25
Crystal system monoclinic monoclinic orthorhombic
Space group P2/n P2/n Pnna
a[A] 13.2426(8) 13.1867(9) 23.7569(14)
b [A] 13.3936(8) 13.2605(9) 34.3409(19)
c[A] 14.6684(9) 15.1625(10) 6.0656(4)
A1 100.6640(10) 99.3640(10) 90
VA7 2556.7(3) 2616.0(3) 4948.5(5)
V4 4 4 4
T [K] 173 173 173
Oeatea [gem 7] 1.621 1.697 1.592
u (Moy,) [mm™'] 0.937 0.851 0.557
Max/min trans-  0.87/0.68 0.7783/0.6942 0.9205/0.7294
mission
F(000) 1260 1332 2392
Unique reflec- 6052 6040 5912
tions
Parameters 370 370 375
Goodness-of-fit ~ 1.011 1.035 1.030
Final R, 0.0360 0.0263 0.0452
(I>20(D))
WR, (all data) 0.0958 0.0705 0.1269

Reflections col-
lected (Ry,,)
Reflections col- 4160 5114 3898
lected (I>25s(1))
Largest diff.
peak/hole [eA ]

23962, 0.0309 16263, 0.0150 30427, 0.0526

0.338/-0.370 0.535/—-0.442 0.588/—0.369

The coordination geometry of 1 is shown in Figure 1a.
The Cu' centers are all equivalent and in a trigonal pyrami-
dal N;O coordination environment consisting of three bpf
pyridine rings and a monodentate nitrate anion. The N—Cu—
N angles vary from 112.00(7)° to 120.22(7)° and the Cu—N
bond lengths from 1.9945(17) A to 2.0276(17) A. One
oxygen atom of a nitrate anion coordinates to the Cu'

Abstract in Japanese:

FMRREMLF L, 4-E 2 - U P X F)-2, 3,5, 6-
FhI oA E (bpf) HBHWII4L, 4 - R (4-
v AFNY-2,2,38,3,5,5,6,6 -

FrEINMFuE T z=/L (bpfb) &. T hTFFR (TE
F=hUn) 80 (D) W4EHE ([Cu(CH3CN) 4INOg) & BV ik

MEEER (AgNO3) & DRUS LY. ZHEOHEEBEREN S
SFDBHFE LI, [Cug(bpf)g(NOg) o], (1) & [Agy (bpf) g(N
03)0], (2) DEHEIT, —RIEBD FHIAEFRICESI LI
RIS XY ry RU—2 ThD, {[Culbpfb)oIN
O3ty (3) 1, 2O ZRTHEFRFR v bV —2 3 FATICH

HEFETOHETH D,
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Figure 1. Views of the polyrotaxane polymer 1. a) ORTEP view around
the metal center. Thermal ellipsoids are shown with 50% probability.
b) Top view of the 1D chain. Hydrogen atoms and nitrate anions are
omitted for clarity. ¢) View of the rotaxane association of 1, with atomic
labeling showing hydrogen bonding between nitrogen anions and pyri-
dine rings. Selected bond lengths [A] and angles [°]: Cul-N1 1.9945(17),
Cul—N2a 2.0276(17), Cul—N3 2.0122(18), Cul—O1 2.3019(18), N1-Cul—
N3 120.22(7), N1—-Cul—N2a 119.09(7), N3—Cul—N2a 112.00(7), N1—
Cul—01 101.70(7), N3—Cul—01 107.33(8), N2a—Cul—01 90.07(7).

center with a bond length of 2.3019(18) A at the apical posi-
tion. An individual infinite 1D chain structure, in which the
Cu' ions correspond to the 3-connected nodes, is shown in
Figure 1b. The infinite chain has two sections: one is a mac-
rocyclic [Cu,(bpf),] ring with bpf in a cis conformation
(Cu--Cu: 11.205 A); the other is a rod composed of a linear
ligand, with bpf in a trans conformation, that connects the
rings (Cu-Cu: 16.464 A). These 1D chains are aligned in a
grid in which the rods penetrate the macrocyclic rings at the
intersections. Each chain is entangled through rotaxane in-
teractions with an infinite number of other chains to gener-
ate a 2D polyrotaxane sheet (Figure 2a). A detailed view of
the rod-to-ring rotaxane interactions is shown in Figure 1c.
Although there are no m—m interactions between the aromat-
ic rings of “host” ring and “guest” rod, hydrogen bonding
occurs between one oxygen atom of a nitrate anion and the
hydrogen atoms of the pyridine rings corresponding to the
[Cu,(bpf),] ring (O2--H1A: 2.470 A, O2--HI8A: 2.550 A).
In the Ag' polyrotaxane polymer 2, which is isostructural
with 1, the N—Ag—N angles vary from 104.17(6)° to
123.93(6)° and the Ag—N bond lengths from 2.2546(16) A to
2.3148(16) A. Whereas the Ag-Ag distances of the macro-
cyclic ring and rod (11.353 and 16.985 A, respectively) are
longer than the corresponding Cu--Cu distances of 1, the hy-
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Figure 2. a) Top view of the 2D polyrotaxane sheet structure of 1.
b) View of the two-fold parallel interpenetration of 3. Hydrogen atoms
and nitrate anions are omitted for clarity.

drogen bonds connecting the ring and rod are shorter (2.355
and 2.491 A). The structures of 1 and 2 are very similar to
[Ag,(bix);(NO3),] (bix=1,4-bis(imidazol-1-ylmethyl)ben-
zene),™ except for the coordination of the nitrate anions.
Polymer 3 adopts an entirely different network structure
from that of 1 and 2. The Cu' centers are in a distorted tet-
rahedral N, coordination environment consisting of the four
pyridine rings of bpfb (Figure 3a). The N—Cu—N angles vary
from 106.79(8)° to 117.54(11)° and the Cu—N bond lengths
from 2.0408(19) A to 2.064(2) A. The extended structure is
a 2D grid with [4,4] topology in the bc plane (Figure 3b).
Each cavity, surrounded by four metal ions and four ligands
with trans conformation, is extremely twisted to form two
small, half-isolated cavities in which solvent acetonitrile
molecules are incorporated (Figure 3c). The diagonal-to-di-
agonal Cu--Cu distances are 34.34 and 12.13 A. These two
independent sheets interpenetrate in parallel (Figure 2b).
The mode of interpenetration is topologically the same
as those of the previously reported complexes
[Re;(CO)po(OH),|-(4.4bipy), (MeOH),.” [Ag(3.3-depa),]X
(3,3'-dcpa=3,3'-dicyanodiphenylacetylene, X~ =PF,", AsF;",
or SbF"),® and Zn(3-{[4-(4-pyridylethenyl)phenyl]ethenyl}-
benzoate),,”] represented as a “doubly interwoven carpet-
like structure” by Zaworotko and co-workers.” Interesting-
ly, the twisted twofold interpenetrating grid has chirality
derived from its twisted structure, as shown clearly in Fig-
ure 2b; the frameworks of the two interpenetrating sheets
are twisted in the same direction, whereas those of adjacent
sheets are in the opposite. These enantiomeric sheets are
stacked alternately with an interplane distance of 11.7 A
(Figure 3d). In spite of the parallel interpenetration, micro-
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Figure 3. Views of the 2D sheet structure of 3. a) ORTEP view around
the metal center. Thermal ellipsoids are shown with 50% probability.
b) Top view of the 2D sheet. c) Side view of extremely twisted cavity in-
corporating two acetonitrile molecules. d) Side view of stacking sheets.
Hydrogen atoms and nitrate anions are omitted for clarity. Selected bond
lengths [A] and angles [°]: Cul—-N1 2.0408(19), Cul-Nla 2.0408(19),
Cul—-N2a 2.064(2), Cul-N2 2.064(2), N1-Cul-Nla 117.54(11), N1—
Cul—-N2a 106.80(8), N1la—Cul—-N2a 107.38(8), N1-Cul—-N2 107.38(8),
Nla—Cul—N2 106.79(8), N2a—Cul—N2 110.95(11).

channels remain along the ¢ axis, incorporating acetonitrile
molecules. The disordered nitrogen anions are packed be-
tween the layers to fill the vacancies.

The magnetic susceptibility of polymers 1 and 3 was mea-
sured at 300 and 10K with a SQUID magnetometer
MPMS 58S (Quantum Design) at 1 T. It was confirmed that
these complexes are diamagnetic at both temperatures, and
this result reveals that 1 and 3 include Cu' centers.

The ability of these interpenetrating polymers to incorpo-
rate aromatic compounds was examined. Reaction mixtures
of [Cu(CH;CN),]NO; and bpf in the presence of phenyl ace-
tate, methyl benzoate, or o-, m-, or p-xylene all afforded the
2D polyrotaxane polymer 1. Reaction mixtures of [Cu-
(CH;CN),]NO; and bpfb in the presence of m- or p-xylene
afforded the interpenetrating 2D grid 3, but other aromatic
compounds formed no product. The interpenetrating poly-
mers were unable to incorporate aromatic compounds. In
contrast, polymers constructed from Cd", which favors an
octahedral geometry, and bpf/bpfb in the presence of aro-
matic compounds have shown a remarkable ability to incor-
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porate guest aromatic compounds.”! Cu' and Ag' have some
propensity to form interpenetrating frameworks rather than
clathrate ones. For Cu' and Ag', the bond angles around the
metal ions appear too great to allow clathration of aromatic
compounds, but are suitable for interpenetration.

Conclusions

We have synthesized and characterized two types of inter-
penetrating coordination polymers: 2D polyrotaxane poly-
mers and interwoven 2D grids with two-fold parallel inter-
penetration. The use of Cu' and Ag', both of which adopt a
tetrahedral geometry, led to “self-recognition” (interpene-
tration) rather than “hetero-recognition” (clathration).

Experimental Section

Preparations

Coordination polymers containing Cu' were prepared under nitrogen at-
mosphere with degassed solvents. Cu(NO;),-3H,0 and N-methylaniline
were purchased from Kanto Chemical Co. Ltd. AgNO; was purchased
from Nacalaitesque Co. Ltd. Ligands bpf and bpfb were prepared in a
similar manner to that described in the literature.*! Acetonitrile was de-
gassed by bubbling with dry nitrogen gas. Aromatic compounds were pur-
chased from Tokyo Chemical Industry Co., Ltd.

1: Copper powder (2.9 mg, 0.045 mmol) was added to a solution of Cu-
(NO;),:3H,0 (7.2 mg, 0.03 mmol) in acetonitrile (2 mL), and the mixture
was warmed to 60°C and stirred for 30 min. N-methylaniline (0.1 mL) as
an antioxidant and bpf (30 mg, 0.09 mmol) in acetonitrile (2 mL) were
then added dropwise. The mixture was allowed to stand for 24 h at room
temperature to give 1 as yellow crystals (15 mg, 40%). Elemental analy-
sis: caled (%) for Cy;H 305N, CuFg ([Cu,(bpf);(NO;),]): C 51.97, H 2.91,
N 8.98; found: C 51.98, H 3.01, N 8.90.

2: A solution of bpf (15mg, 0.045 mmol) in methanol (8.3 mL) was
added to a solution of AgNO; (5.1 mg, 0.03 mmol) in aqueous methanol
(1 mL of H,O, 7.3 mL of CH;OH) with stirring. The mixture was allowed
to stand for 24 h at room temperature to give 2 as colorless crystals
(12 mg, 60 %). Elemental analysis: calcd (%) for C,;H;sO;N,AgF, ([Ag,-
(bpf);(NO;),]): C 48.52, H 2.71, N 8.38; found: C 48.49, H 2.83, N 8.41.
3: Copper powder (2.9 mg, 0.045 mmol) was added to a solution of Cu-
(NO;),-3H,0 (7.2 mg, 0.03 mmol) in acetonitrile (2 mL), and the mixture
was warmed to 60°C and stirred for 30 min. N-methylaniline (0.1 mL)
and bpfb (58 mg, 0.12 mmol) in acetonitrile (7 mL) were then added
dropwise. The mixture was allowed to stand for 4 days at room tempera-
ture to give 3 as yellow crystals (19 mg, 27 % ). Elemental analysis: calcd
(%) for CiH,O,NsCuF,s ([Cu(bptb),]NO;-H,0): C 5221, H 2.37, N
6.34; found: C 52.31, H 2.23, N 6.43.

Examination of 1 and 3 for Clathration of Aromatic Compounds

The reaction of [Cu(CH;CN),INO;, bpf, and phenyl acetate (0.48 mL,
3.8 mmol) was carried out by the same procedure as that for 1 and 3.
After the mixture was left to stand for 24 h at room temperature, 1 was
obtained as yellow crystals. The structure was identified by preliminary
single-crystal X-ray diffraction for the determination of unit-cell parame-
ters and space group. The same reaction in the presence of methyl ben-
zoate or o-, m-, or p-xylene also gave 1, and its structure was identified
by preliminary single-crystal X-ray diffraction. When bpfb was used with
m- or p-xylene, the reaction mixture gave 3 as yellow crystals after 4 days
of standing at room temperature, and its structure was identified by pre-
liminary single-crystal X-ray diffraction for the determination of unit-cell
parameters and space group. No products were formed when phenyl ace-
tate, methyl benzoate, or o-xylene was used with bpfb.
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X-ray Crystallography

Crystal data for all the structures were collected with Moy, radiation
(A=0.71073 A) at 173 K on a Bruker SMART/CCD diffractometer with
w scans using steps of 0.3° (1.90 <26 <28.02° for 1, 2.05 <26 <27.98° for
2, and 1.19<26<28.03° for 3). An empirical absorption correction was
applied by using the SADABS program. The structures were solved by
direct methods (SIR 97 for 1 and SHELXS 97 for 2 and 3) and refined
by full-matrix least-squares against F* of all data with the SHELXL 97
package. The positions of the hydrogen atoms were generated geometri-
cally, assigned isotropic thermal parameters, and allowed to ride on their
respective parent atoms before the final cycle of least-squares refine-
ments. Crystal data and experimental details are listed in Table 1.

CCDC-256316-256318 (for 1-3, respectively) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre at
www.ccde.cam.ac.uk/data_request/cif.
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A Dodecalanthanide Wheel Supported by p-rert-Butylsulfonylcalix[4]arene

Takashi Kajiwara,*'*! Kensuke Katagiri,'” Shinya Takaishi,'”’ Masahiro Yamashita,*'*! and

Abstract: A dodecaholmium wheel of
[Hoyp(L)s(mal)4(AcO)4(H,0) 14 (1
mal=malonate) was synthesized by
using  p-tert-butylsulfonylcalix[4]arene
(H,L) as a cluster-forming ligand. The
wheel consists of three fragments of
mononuclear ~ A*  ([Ho(L)(mal)-

Nobuhiko Iki'

(mal)(Ho(L)(AcO)),*"), and C*
([Ho(H,0),]**), and an alternate ar-
rangement of these fragments (A*—
C*-B*—C*-A"—C*-B> —C*-) re-

Keywords: calixarenes - chelates -
lanthanides - macrocycles - wheels

sults in a wheel structure. The longest
and shortest diameters of the core
were estimated to be 17.7562(16) and
13.6810(13) A, respectively, and the
saddle-shaped molecule possesses a
pocketlike cavity inside.

(H,0)]*), trinuclear B*~ ([Ho(H,0),

Introduction

Nanosized metal clusters with high nuclearity are synthe-
sized with the aim of obtaining novel functionalities and
physical properties!! on the basis of recent advances in syn-
thetic methodology. The advantages of making nanosized
metal complexes are mainly due to a bottom-up construc-
tion™ that enables the fine control of structures and proper-
ties. Lanthanide complexes have attracted considerable at-
tention due to their practical properties;’! however, multinu-
clear lanthanide complexes are rare! because of the lack of
rational synthetic methods. In a previous paper, we demon-
strated a new synthetic procedure for nanosized lanthanide
wheels by step-by-step nucleation.’! Herein, we employed a
p-tert-butylsulfonylcalix[4]arene (H,L)*7 as a cluster-form-
ing ligand that behaves as a multidentate multinucleating
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ligand through many oxygen O oHO {PHO
sites’!  The  octalanthanide éét 22 ”,.550 Ag§
wheels [Lng(L),(AcO)((ROH), © S Q g
(H,0),] (Ln=Pr, Nd, Sm, Gd) )9

were formed from a mononu- 4 1B 1FBJBU
clear precursor [Ln(L)]” with HaL

assistance from acetate groups

as coligands. By using a similar

precursor, we obtained a larger

wheel complex, the dodecalanthanide wheel [Ho,,(L)¢(mal),
(AcO),(H,0),4] (1; mal=malonate), with the appropriate
adoption of coligands. Herein, we report the synthesis and
structure of the giant lanthanide wheel 1.

Results and Discussion

We synthesized 1 by the reaction of Ho(AcO);nH,0, HL,
and malonic acid (4:2:1). After several days, 1 crystallized
as pale-pink crystals in a tetragonal crystal system. The four
quarters of the molecule are crystallographically independ-
ent and are defined by a crystallographic fourfold axis par-
allel to the z axis (Figure 1). The molecule can be consid-
ered as an alternating wheel of six [Ho(L)]™ moieties (e.g.
Ho2 and Ho4) that bridge six [Ho(H,0),]** moieties (e.g.
Hol and Ho3), similar to that observed in the octalantha-
nide wheels. The presence of mal groups makes the struc-
ture more complicated. The compound involves two kinds
of mal ligands. One malonate group, which includes O27
and O28, chelates Ho4 via two oxygen atoms, each from
one of the two carboxy groups (027 and O27”), to form
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Figure 1. Crystal structure of 1. a) Top view of the molecule in which two
crystallographically independent L*~ units are depicted as white and blue
frames. Ho=green, O=red, C=gray. b) ORTEP drawing of the Ho,
core with thermal ellipsoids at 50 % probability. Oxygen atoms from phe-
noxo and sulfonyl groups and water molecules are denoted Op, Os, and
Ow, respectively. Hol and Ho4 are located on the crystallographic mirror
planes. Selected atom-atom distances [A]: Hol-Op 2.415(3), Hol—Os
2.348(3), Hol-Ow 2.329(4) and 2.343(5), Hol-0O14 2.308(3), Ho2—Op
2.147(3)-2.423(3), Ho2—013 2.478(4), Ho2—0O14 2.403(3), Ho3—Op
2.447(3) and 2.495(3), Ho3—Os 2.346(3), Ho3—Ow 2.359(3) and 2.400(4),
Ho3—016 2.300(3), Ho3—027 2.359(3), Ho3—028 2.508(3), Ho4—Op
2.180(4)-2.409(3), Ho4—Ow 2.319(5), Ho4—027 2.327(3), Hol—Ho2
3.9711(5), Ho2-Ho3 3.9379(4), Ho3—Ho4 4.0132(4), Hol—Hol*
17.7563(16), Ho4—Ho4* 13.6810(12). Symmetry transformations: '=y+'/,
Xz =yt —x 2 = x4 2, —y Lz

mononuclear [Ho(L)(mal)(H,0)]*” moieties (fragment A*";
Figure 1a, L*~ frameworks in white). The other malonate
dianion bridges two Ho™ ions (Ho2 and Ho2') via two sets
of oxygen atoms (O13/014 and O13'/014’) from both car-
boxy groups. The resulting dinuclear [(Ho(L)(AcO)),
(mal)]*" unit (Figure 1a, depicted with L*~ in blue) further
acts as a bistridentate ligand for Hol through one sulfonyl
oxygen (O1), one phenoxo oxygen (O12), and one malonate
oxygen (O14) from the one part and through O1’, O12', and
O14' from the other part of the dinuclear unit. As a result,
the trinuclear moiety [(Ho(H,O),)(mal)(Ho(L)(AcO)),]*~
(fragment B*) is formed. The remaining four Ho™ ions
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(Ho3) form cationic [Ho(H,0),]** moieties (fragment C*™).
The alternate arrangement of these fragments, A> —C’*—
B3 —C3+—A>—C3+—B3>—C3*—, results in the dodecanuclear
wheel of 1. L*" in pinched-cone conformation acts as a tetra-
dentate ligand via four phenoxo oxygen atoms to Ho2 and
Ho4, and also as a bidentate ligand to Hol and Ho3 via a
phenoxo as well as a sulfonyl oxygen atom. Octacoordina-
tion of Hol, Ho2, and Ho3 and heptacoordination of Ho4
are completed by malonate oxygen atoms and two water
molecules for Hol and Ho3, malonate and acetate oxygen
atoms for Ho2, and malonate oxygen atoms and a water
molecule for Ho4. Coordination distances fall into the
ranges of 2.147(3)-2.495(3), 2.346(3)-2.457(3), 2.300(3)-
2.508(3), and 2.319(5)-2.400(4) A for Ophenoxor  Osutfonyls
O natonate AN Ojeetares @aNA Oyypier, TESPECtively.

The oval-shaped cluster core (Figure 1b) is made up of 12
holmium(III) ions separated from each other by distances of
3.9379(4)-4.0131(4) A, and the longest and shortest diame-
ters of the core were estimated to be 17.7562(16) A for
Hol-+Hol* and 13.6810(13) A for Ho4--Ho4*, respectively.
The whole molecule has a saddlelike shape with a pocket-
like cavity (Figure 2), inside which four ethanol molecules

Figure 2. Top and side view of the space-filling diagram of 1. Ho, S, O,
and C are depicted as black, orange, red, and gray spheres, respectively.
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were included. In accordance with the van der Waals radii,
the size of the whole molecule is up to 3 x3x2 nm®.

We synthesized a dodecaholmium(IIT) wheel by adoption
of a malonate ion as a coligand. In our previous paper, we
reported the syntheses of four octalanthanide wheels of Pr,
Nd, Sm, and Gd with acetate as a coligand.”’ Although
these octalanthanide wheels seemed structurally similar to
each other, the detailed structures such as the bridging
modes of L* and the overall symmetry of the molecule
were different between Pr/Nd and Sm/Gd. This difference is
mainly due to the decrease in ionic radii of these metal ions
(1.13, 1.11, 1.08, and 1.05 A, respectively, each for octacoor-
dination). These nanosized structures were quite sensitive to
slight differences in coordination distances, which could be
owing to steric repulsion between methyl groups on acetate
ligands that were directed toward the center of the core. We
first tried to synthesize a similar octaholmium(III) wheel,
but failed because of the small ionic radius of the holmium-
(TII) ion (1.02 A). It was confirmed that the mononuclear
precursor [Ho(L)(AcOH)]™ is the major species in the reac-
tion solution,” and a rapid association/dissociation equilibri-
um would occur with additional coligands. To avoid methyl-
methyl repulsion, malonate anions were introduced, which
led to the formation of a larger wheel with a more compli-
cated sequential structure. In the process of crystallization,
the malonate acts as a u;-k’0,0";x*°0",0";x*0",0" ligand in
both A~ and B’", and especially in the latter case, it seems
to act as a linking ligand for two [Ho(L)]™ moieties to stabi-
lize the large B*~ fragment in the solid state.

Conclusions

We have synthesized a large lanthanide wheel compound of
molecular weight of up to 7900 by using p-tert-butylsulfonyl-
calix[4]arene as a cluster-forming ligand as well as malonate
ions as coligands. Nanosized wheel structures are very sensi-
tive to small changes in coordination distances of lanthanide
ions, and appropriate adoption of the coligand is essential
for the construction and control of the structures of this
type of lanthanide wheel cluster.

Experimental Section

1: Ho(AcO);nH,0 (28.8 mg, 0.08 mmol), H,L. (34.0 mg, 0.04 mmol), and
malonic acid (2.0 mg, 0.02 mmol) in EtOH/CHCI; (1:2 (v/v), 9 mL) were
heated at reflux for 15 min, after which the solvent was evaporated to
dryness. The resulting pale-pink residue was then recrystallized from
MeOH/CHCl; (1:1  (v/v), 4mL), and pale-pink blocks of
1-4CHCIl;-4EtOH-nH,0 (n=~26) were obtained over several days (yield
~10%). Crystal data for 1 (CysHz,0,,0S,4H0,,; M, =7940.02): pale-pink
prism, tetragonal, space group PA2,m, a=31.738(3), c=23.179(3) A, V=
23348(4) A%, Z=2, T=200K, p=1.289 gecm™, F(000)=8904, 1(Moy,)=
2253 mm~'. Complete hemispheres of data were collected by using ®
scans. Integrated intensities were obtained with SAINT+,®! and
SADABS®! was used for absorption correction. The structures were
solved by direct methods with SHELXS-97® and refined by least squares
on F* (SHELXL-97)® to give wR,=0.2070 (23414 unique reflections)
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and R;=0.0686 (15153 reflections with />20(I)) for 1364 parameters.
CCDC 600534 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge at www.ccdc.cam.ac.uk/
data request.cif.
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Linking Chiral Clusters with Molybdate Building Blocks: From Homochiral
Helical Supramolecular Arrays to Coordination Helices

De-Liang Long,"” Paul Kogerler,”' Louis J. Farrugia,”! and Leroy Cronin*!*!

Abstract: The synthesis of four new
oxo-centered Fe clusters (la—c, 2) of
the form [Fe"';(u;-O)(CH,=CHCOO),]
with acrylate as the bridging ligand
gives rise to potentially intrinsically

(C,H5CO,)4(H,0);]NO+4.5H,0, from
aqueous solution followed by recrystal-
lization from acetonitrile also gives rise
to spontaneous resolution to yield the
homochiral salt [Fe;(us-O)(C,H;CO,)s-

group P2,2,2;). Furthermore, the reac-
tion of 1a with hexamolybdate in ace-
tonitrile gives the helical coordination
polymer {[(Fe;(p;-O)Ls(H,0))(MoO,)-
(Fes(us-O)Le(H,0),)]-2CH;CN-H,0}.,

chiral oxo-centered {M;} trimers that
show a tendency to spontaneously re-
solve upon crystallization. For instance,
1a, [Fe™;(u;-O)(CH,=CHCOO),-
(H,0),]*", crystallizes in the chiral
space group P3, as a chloride salt.

. chemistry
Crystallization of 1b, [Fe;(us-O)-

Introduction

The control of molecular building blocks in the assembly of
coordination or polyoxometalate clusters,"! and control of
the relative orientation of the clusters in a crystalline lattice,
is of fundamental importance for the design of large and po-
tentially functional architectures.’! This is because a de-
signed approach to the networking of discrete clusters is cru-
cial for the synthesis of new materials with porosity,” novel
magnetic, chiral (including the ability to spontaneously re-
solve into chiral forms),”! and optical properties.! A high
level of control could also allow the emergence of new phys-
ics related to the ability to tune both the electronic and
magnetic properties of discrete cluster units and intercluster
interactions.*®) Nature also successfully adopts a building-
block approach to the assembly of proteins by using a li-
brary of 20 amino acids, but a fundamental extra degree of
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2 (L: H,C=CHCOO), which crystalli-
zes in the space group P2,. The nature
of the ligand geometry allows the for-
mation of atropisomers in both the dis-
crete (la-¢) and linked {Fe,} clusters
(2), which is described along with a
magnetic analysis of 1a and 2.

of 1c¢ (space

supramolecular

control is gained by employing chiral building blocks."? The
result is spectacular because folded proteins are normally
observed to adopt one major folded architecture from
countless possibilities.

Herein we report a route to form chiral cluster-based
building blocks that can be connected in chains with molyb-
date building-block linkers. To develop this strategy, we
built upon our synthetic approach to isolate novel polyoxo-
molybdate! and -tungstate!! clusters by the use of large cat-
ions that “encapsulate” and kinetically stabilize otherwise
reactive cluster anions.®' The main questions were 1) if
larger cations can be condensed with polyoxometalate
(POM) clusters (or POM-based building blocks) to form
new architectures and 2) if cations with additional function-
ality can be utilized (e.g., with electrochemical,”! optical,’®
magnetic, or chiral properties) to modify the properties of
the overall cluster network.

A simple and stable cationic system that can address
these questions is based on the well-known family of p;-oxo-
centered and carboxylate-bridged trimeric {Fes} clusters of
the type [Fe;(us-O)(u-O,CR)g]* ={Fe;OLg)*."" Historical-
ly, these species have been of great interest owing to their
magneticl'? and electronic™® proprieties since they were
characterized more than 60 years ago. Work has focused on
the intramolecular electron-transfer process of mixed-va-
lence Fe'YFe™ derivatives!"' 3 of such trimers, and a few ex-
amples of polymeric {Fe;OLg} structures have been reported

Chem. Asian J. 2006, 1, 352-357
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in which the networks are based on supramolecular interac-
tions, but very rarely with covalent bonds.¥

Results and Discussion

We opted herein to expand the structural variety of such tri-
meric clusters by introducing acrylate as a bridging ligand,
here assigned as L. Once these are coordinated to the
{Fe;O} core, the relative orientation of the six vinyl residues
is locked; they are coplanar with the chelated carboxylate
moiety owing to m-electron delocalization, with a rotation
energy barrier of about 26 kImol™' between the two possi-
ble clockwise or anticlockwise orientations."” This means
that each {Fe;OL¢}* cluster has 2°=64 possible configura-
tions in the solid state. Geometrical analysis of these config-
urations differentiates 16 distinct isomers that define nine
potential atropisomers' (a, B, v,_3, 8,4; Figure 1), seven of
which (B, v,3, 8,.4) are chiral. As such, the use of acrylate li-
gands could result in the first examples of intrinsically chiral
oxo-centered M, trimers.'” Indeed, we realized the potential
of producing such chiral cations with the synthesis of the
[Fe™(u;-0)(CH,=CHCOO)(H,0);]* cation (1), which un-
dergoes spontaneous resolution and crystallizes in the chiral
space group P3; as a chloride salt [Fe;(us-O)(C,H;CO,)q-
(H,0);]CI-7TH,O (1a). Only pure 8,* and y,* enantiomers
are found in the solid-state structure of 1a. We suggest that
this observed homochirality is related to the fact that all
three chiral cluster cations present in the asymmetric unit of
1a adopt chiral atropisomers. In contrast, the corresponding
nitrate salt [Fe;(us-O)(C,H;CO,)s(H,0);5]NO5-4.5H,0 (1b)
contains a racemic mixture of both enantiomers of the 9§,
isomer and, thus, is not formed as a homochiral compound.
However, spontaneous resolution is again observed if 1b is
recrystallized from acetonitrile to yield the homochiral salt
[Fes(13-O)(C,H;CO,)4(H,0);]NO;-CH;CN (1¢), which con-
tains an enantiomerically pure 9, isomer. This isomer is the
mirror image of the §,* enantiomer found in 1a; compound
1c crystallizes in the chiral space group P2,2,2,.

We also report the reaction of 1a with hexamolybdate in
acetonitrile to give the helical coordination polymer
{[(Fes(ka-O)Ls(H,0))(M0oO,) (Fes(ps-O)Ls(H,0),)]- 2CH;CN-
H,0},, (2; L=H,C=CHCOO), which contains enantiomeri-
cally pure §; and 9§, isomers. Compounds 1a and 1b were
obtained as red crystals upon solvent evaporation of an
aqueous solution of sodium acrylate and iron(III) chloride
or iron(IIl) nitrate, respectively (2:1). Compounds 1a, 1b,
1¢, and 2 were characterized by single-crystal X-ray crystal-
lography (Table 1), and 1a, 1b, and 2 were further charac-
terized by elemental analysis, IR and UV/Vis spectroscopy,
and magnetic measurements (data for 1a and 2 are present-
ed here).

The single-crystal X-ray crystallographic analyses reveal
that 1a comprises the typical trigonal-planar {Fe;(u;-O)}
core fragment (Figure2). Fe—(u;-O) bond lengths range
from 1.895(3) to 1.917(3) A, and Fe—Fe distances from
3.274(1) to 3.321(1) A. The asymmetric unit consists of three
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Figure 1. A schematic representation of the absolute configurations of all
16 unique isomers of the {Fe;OL,} cluster cations, a, f, y,3, 0,4 (a struc-
tural representation of the a isomer is also given, top right, for clari-
ty)."®! The rear acrylate ligands are in blue and the frontal ones in red,
Fe centers are the grey spheres, and the oxygen atoms of the ligand are
omitted so that the orientation of the vinyl group is highlighted. Colored
boxes are used to identify the actual isomers found in the presented com-
pounds. Isomers found in 1a are highlighted by brown, 1b by blue, 1¢ by
green, and 2 by orange boxes. Note that 1b contains a racemic mixture
of both the 8;* and 8, enantiomers.

independent cluster cations, each with distinct geometries
and slightly different Fe—Fe distances and Fe—O bond
lengths, which results in nine cluster cations in the unit cell
(Figure 2). Besides the central oxo ligand, every pair of iron
centers is linked by two acrylate bridges whereby the car-
boxylate planes and the Fe;O planes form dihedral angles of
41 to 54°. A water ligand coordinates to each Fe center,
positioned trans to the ps-oxo center, to complete the slight-
ly distorted octahedral coordination environment.

www.chemasianj.org 353





FULL PAPERS

L. Cronin et al.

Table 1. Crystallographic data for complexes 1a—c and 2.

axis (Figure 3; 2 crystallizes in the space group P2,).

1a 1b 1c 2 The helix consists of tetrahedral [MoO,]*~ groups
Formula CyHyCIFes0y; CigHyFesN,Op  CrsHaFeNOy, CiHpFegMoO,,  that coordinate to two types of {Fe;OLg}*. The first,
TH,0 -4.5H,0 -CH,;CN ‘H,0:(CH;CN),  “bridging” 8;-{Fe;OL¢}* trimer replaces two of its
M, [gmol '] 82548 807.00 766.99 1533.86 three H,O ligands and binds to two neighboring mo-
Crystal system  trigonal monoclinic orthorhombic  monoclinic lybdate groups (Fe-Mo: 3.681(2) and 3.730(3) A) to
Space group P3, P2,/c P222, P2, N e L
a[A] 202006(2)  12.5532(2) 12.6314(4)  13.0808(5) form the “Mo—Fe—Fe-Mo—Fe—Fe— backbone of the
b[A] 29.2906(2) 15.5922(3) 14.1659(8) 14.5819(8) helix. The second, “side-on” 8,-{Fe;OL¢}* trimer
c[A] 10.2986(1) 16.0622(3) 17.1485(10) 16.4911(9) binds to one of the two remaining uncoordinated
Bl 90 90.839(1) 90 112.543(3) oxo positions of the molybdate group, which in turn
VIAY 7561.83(10)  3143.55(10)  3068.5(3) 2905.2(3) i ¢ the three FLO Leands of the tri
s [gem ] 1612 1708 1660 1753 replaces one of the three H,O ligands of the trimer
V4 9 4 4 2
u 1.426 1.461 1.483 1.761
(Mox,) [mm™]
T[K] 100(2) 200(2) 120(2) 150(2)
No. reflections 80314 23051 13471 21017
(meas)
No. reflections 19884 6182 6011 8804
(indep)
No. reflections 19429 4991 4845 6792
(obs)
No. params 1216 459 416 749
Rl (I>20(I))  0.0338 0.0363 0.0404 0.0656
wR2 (all data)  0.0840 0.0844 0.0814 0.1666

Figure 1 shows the absolute configurations of the two dis-
crete enantiomers found in 1a (two of the three crystallo-
graphically independent cations are of the same vy,* confor-
mation). Their presence results in an interesting solid-state
structure with chiral configurations of counterion—solvent
(CI'/H,0 here) channels. Hexagonal arrangements of the
chiral {Fe;OL}* cations are supported by weak intermolec-
ular interactions; in particular, the intermolecular interac-
tions between the acrylate ligands (st--;t, CH--;t, CH--OC)
of adjacent clusters facilitates the assembly of helical ar-
rangements of both anions and solvent in the channels of
1a, which run parallel to the crystallographic c¢ axis
(Figure 2). Similar but nonchiral ion channels are also pres-
ent in the crystal lattice of the nitrate salt 1b (space group
P2,/c). Here, a racemic mixture of {Fe;OLg}" (85 isomers)
borders these channels from four sides. In contrast, only one
0, enantiomer is found in the recrystallized compound 1¢, in
which the planar {Fe;O} group is parallel to the crystallo-
graphic ab plane.

Compound 2 was assembled by linking the cations found
in 1a with [MoO,]*~ derived from (Bu,N),[Mo,O,,] in aceto-
nitrile (Figure 3). The use of a nonaqueous solvent and
(BuyN),[MosO] as a source of molybdate proved to be cru-
cial for the production of 2; reaction of an aqueous solution
of {Fe;O}-type cations with sodium molybdate quickly pro-
duced an amorphous precipitate.

The slow decomposition of the [MogO;,]>~ anion in aceto-
nitrile to [MoO,]*, the linking molybdate moiety found in
2, appears to be the rate-determining step in the crystalliza-
tion of 2. During the assembly process, water ligands coordi-
nated to {Fe;OL¢}* are removed and replaced by molybdate
oxo ligands. Compound 2 is based on helical strands of a co-
ordination polymer propagating along the crystallographic b

354

www.chemasianj.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. a) The asymmetric unit of 1a comprising three {Fe;OL;} cations.
b) This view shows how these units aggregate to form hexagonal ion-sol-
vent channels. ¢) A view of the solvent within these channels, in which
the ions and solvent form hydrogen-bonded helices. {Fe;O} units are
shown as red polyhedra, carbon and hydrogen atoms are in black and
white, respectively, and the oxygen and chloride positions are emphasized
as red and green spheres, respectively.
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Figure 3. Polyhedral plot of the helical polymer in 2 with a subsection en-
larged. Blue tetrahedra represent molybdates, red corner-sharing octahe-
dra show the bridging {Fe;} groups, red striped octahedra are the “end-
on” {Fe;} groups, and yellow polyhedra represent the end of each strand
shown.

(Fe—Mo: 3.515(7) A). This results in the helical arrangement
of the polymer strand, in which the sequence molybdate—
bridging {Fe;O} trimer-molybdate-bridging {Fe;O} trimer
defines one pitch (repeat unit) of the helix (Figure 4) and
extends it by 14.58 A along its axis. With regard to this axis,
the side-on {Fe;O} groups are oriented nearly perpendicular,
and consecutive side-on groups are positioned trans to each
other. Three of the four oxo ligands of the [MoO,] moiety
coordinate to different {Fe;OL¢}™ trimers with Mo—O bond
lengths of 1.767(9), 1.796(8) (to bridging {Fe;O}), and
1.853(7) A (to side-on {Fe;OLg}*); the remaining terminal
oxo position shows a Mo=0O double bond of length
1.675(7) A. The Fe—O(Mo) bond lengths are 1.976(8),
1.989(8), and 2.011(8) A, respectively. Whereas the Fe—O—
Mo bond angles involving the bridging {Fe;OL¢}*t groups
are widened (154.79°/161.71°), the side-on Fe—O—Mo bond
angle is lowered to 132.43°. The coordination to the molyb-

Figure 4. The metal skeleton of a section of a helical strand in 2 (Mo:
blue, Fe: red) illustrating the alternating orientation of the “end-on” d,-
{Fes} groups.

date groups barely affects the geometry of the {Fe;OL}*
moiety (Fe—(p;-O) vectors: 1.875(7) to 1.946(7) A (bridging)
and 1.883(10) to 1.958(8) A (side-on)). The solvent mole-
cules act as spacers between neighboring helical strands in
the crystal lattice with closest interhelix Fe—Fe contacts of
534 A

The magnetic properties of the monomeric {Fe;OL¢}™"
compound 1a are characterized by intramolecular antiferro-
magnetic exchange between the s=>/, Fe' centers. The spin
array of all three {Fe;OL¢} isomers in 1a was simplified to
an isosceles triangle. A least-squares fit of an isotropic Hei-
senberg model with a spin Hamiltonian H=
—(JAS18,+S185+JS,S5) to the experimental susceptibility
data (2-290 K) vyields J,/kg=—37.7 K, Jg/kg=—37.7K, and
Jclkg=—45.4 K, with a common g factor of g,,,=1.99 and a
total ground state of S=!/ (Figure 5a). These exchange
constants, two smaller and nearly identical and one larger,
are in good agreement with values reported for similar car-
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Figure 5. a) Temperature dependence of y7 for 1a at 0.1 T. m=Experimental and corrected for diamagnetic contributions, —— =best fit for Heisenberg

model for a spin triangle employing three exchange constants. b) Temperature dependence of y7 at 0.1 T. m=Helical {FeMo,} polymer 2, m =molar sus-
ceptibility data of 2 referenced to half the molecular mass of the monomer unit, effectively referring to one {Fe;} triangle per formula unit, m=discrete
{Fe;} cluster 1. Inset: Plot of magnetization versus field for 2 at 2.0 K. m=Experimental, =linear least-squares fit illustrating the linearity of M
versus B, which indicates the absence of magnetic impurities and the singlet ground state of 2.
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boxylate-based {Fe;OLg} clusters!''! and correspond to a
near-perfect isosceles Fe; triangle despite the observed
minor differences in the Fe—Fe distances. The observed de-
viation below about 7 K from the calculated T curve, which
approaches a value of 0.35 emuKmol ™!, can be attributed to
intermolecular coupling that stems from the close contact of
some vinyl groups to the terminal oxo positions of neighbor-
ing {Fe;} molecules.

Linking the {Fe;} units to the polymeric helix structure 2,
however, complicates the magnetic analysis due to the pres-
ence of three different Fe-~O—Mo—O—Fe and six different
Fe—O—Fe contacts, although the isosceles-triangular shape
of both the end-on and the helix backbone {Fe;} triangles, in
a first approximation, should reduce this to four types of
Fe—O—Fe contacts. As with 1a, the measured susceptibility
of 2 displays strong antiferromagnetic exchange coupling.
However, if the molar susceptibility is scaled to represent a
single {Fe;Mo} unit, a direct comparison with the discrete
{Fe;} compound shows similar features: y7 displays a
shoulder at around 10K (around 15K for {Fe;}) and a
nearly identical slope above 150 K (Figure 5b). In a first ap-
proximation, this finding indicates that the magnetic proper-
ties of the helix compound 2 are dominated by intratriangle
coupling similar to that of the isolated {Fe;} species 1a,
whereas the coupling between neighboring triangles via the
molybdate bridges is weaker and, therefore, causes devia-
tions in the ¥ 7 versus T curves only for lower temperatures
(<120 K).

Conclusions

The formation of a surprising chiral helix from molybdate
anions and {Fe;OLg}-type cations illustrates the potential of
stable polynuclear complexes to act as functional transfera-
ble building blocks in the construction of coordination net-
works. The observation of spontaneous resolution to yield
chiral crystalline products of isolated cluster units and heli-
cal polymers due to atropisomerism is interesting.'¥ It
would appear that rapid locking of the vinyl groups upon
crystallization can be compared to a type of conformational
funnelling from all possible configurations to the winning
outcome. If the assembly process presented herein can be
understood, and the building blocks be predictably trans-
formed, it will allow the design of materials that can reliably
undergo spontaneous resolution; this could lead to the
design of new materials with exotic optical, electronic, and
magnetic properties as well as access to complex molecular
and network structures. The terminal vinyl groups also pres-
ent a further target for coupling reactions involving 1a. We
will pursue such studies in forthcoming work along with at-
tempts to synthesize cluster receptors decorated with acry-
late, as such systems, with potentially billions of isomers,
could be utilized in a new type of supramolecular host-guest
interaction whereby the host is selected from a dynamic
conformational library based on atropisomers.
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Experimental Section
Syntheses

1a: FeCl;-6H,0 (10.8 g, 40 mmol) was dissolved in water (100 mL). A so-
lution of acrylic acid (5.6 mL, 82 mmol) and NaOCHj (4.2 g, 78 mmol) in
water (50 mL) was added with stirring. The dark-red solution was heated
to 70°C for 1h (pH~1.3). After cooling, the solution was filtered and
the filtrate was kept in an open flask for a week, after which dark-red
crystals of 1a were isolated (4.8 g, 44%). UV/Vis: A,,~354 nm (sh); IR
(KBr disc): P=3397, 1642, 1577 (v,,(COO)), 1437 (v,(COO0)), 1372, 1277,
1070, 987, 828, 670, 564 cm'(v,(Fe;0)); elemental analysis: calcd (%)
for CgH;ClFe;0,;: C 26.19, H 4.64; found: C 26.07, H 3.51 %.

1b: Fe(NO;);-9H,0 (24.1 g, 59.6 mmol) was dissolved in water (200 mL).
A solution of acrylic acid (8.4 mL, 123 mmol) and NaOCH; (6.0 g,
111 mmol) in water (10 mL) was added with stirring. The dark-red solu-
tion was kept in an open flask for a week, after which dark-red crystals
of 1b were isolated (6.4 g, 40%). UV/Vis: 1,,~350nm (sh); IR (KBr
disc): P=3430, 1641, 1570, 1438, 1383, 1276, 1069, 987, 829, 670, 618 cm™';
elemental analysis: calcd (%) for C;sHs3FesNO,35: C 26.8, H 4.1, N 1.7;
found: C 26.8, H3.9, N 1.8%.

1c: 1b (1.6 g, 2 mmol) and (Bu,N),MoO;9 (0.50 g, 0.36 mmol) were dis-
solved in CH;CN (40 mL). Upon evaporation, a few crystals of 1¢ were
formed next to a large amount of amorphous precipitate.

2: 1a (0.56 g, 0.68 mmol) and (Bu,N),[MosO,o] (0.40 g, 0.29 mmol) were
dissolved in acetonitrile (25 mL). The resulting red solution was filtered
and sealed in a vial. Red crystals appeared after 10 days (0.13 g, 25%).
UV/Vis: An~338nm (sh); IR (KBr disc): P=3425, 1643, 1575, 1437,
1372, 1274, 1069, 990, 890, 830, 778, 670, 537 cm™"; elemental analysis:
caled (%) for CyHsFesMoN,0;,: C 31.32, H 3.29, N 1.83; found: C
31.40,H3.27,N 1.94%.

X-ray Crystallographic Studies of the Complexes

Data were measured at 100-200(2) K on a Nonius KappaCCD diffrac-
tometer (A(Mog,)=0.71073 A) with a graphite monochromator. Struc-
ture solution was performed with SHELXS-97 and refinement with
SHELXL-97 through WINGX.I"! CCDC 286771-286774 contain the sup-
plementary crystallographic data for 1a, 1b, 1¢, and 2, respectively.
These data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK (fax:
(+44) 1223-336-033; email: deposit@ccdc.cam.ac.uk) or at www.ccdc.
cam.ac.uk/conts/retrieving.html.

Magnetic Studies

Magnetic susceptibility measurements were performed at 0.1 and 5.0 T
with a Quantum Design MPMS-5 SQUID magnetometer. Data were cor-
rected for diamagnetic and temperature-independent paramagnetic (TIP)
contributions  (ygirp(1a)=—478x 10" emumol ™,  ygrp(2) = —640 x
10~ emumol ). Field-dependent measurements at various low tempera-
tures confirmed the S=1/, ground state for 1a (reproducing the expected
Brillouin function) and the S=0 ground state for 2, as well as the ab-
sence of significant amounts of magnetic impurities in both samples. Fur-
ther studies on 2 will be reported later.
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A Myoglobin Functional Model Composed of a Ferrous Porphyrin and a
Cyclodextrin Dimer with an Imidazole Linker

Koji Kano,**! Hiroaki Kitagishi,'*! Takahiro Mabuchi,"”! Masahito Kodera,"”! and

Abstract: A 1:1 inclusion complex
(Fe"PImCD) of 5,10,15,20-tetrakis-
(4-sulfonatophenyl)porphinatoiron(II)

(Fe"P) and an O-methylated B-cyclo-
dextrin dimer with an imidazole linker
(ImCD) was found to bind dioxygen in
aqueous solution. The half-saturation
pressure of dioxygen (P.,*%) is 1.7 torr

Shun Hirota!!

times shorter than that of oxygenated
hemoCD. The covering of the iron(II)
center by a microscopic environment is
essential for preventing autoxidation of
oxygenated ferrous porphyrin, which is
promoted by nucleophilic attack of
H,O and/or nucleophiles such as inor-
ganic anions. Due to structural require-

ments, covering of the Fe' center of
Fe"PImCD is insufficient compared
with the case of hemoCD. As a result,
water molecules can penetrate more
easily the cleft of the O,-Fe"PImCD
complex and act as an autoxidation in-
ducer. This structure also causes poorer
selectivity against carbon monoxide

at 25°C, which is 10 times lower than
that for a previous myoglobin function-
al model (hemoCD) with a pyridine
linker. Meanwhile, the half-life of oxy-
genated Fe"PImCD is 3 h, which is 10

dextrins -

Introduction

The mimicking of the functions of hemoglobin (Hb) and
myoglobin (Mb) in aqueous solution has been a longstand-
ing problem.l'!" A picket-fence porphyrin first reported by
Collman et al. and its functionally similar compounds were
prepared as models of Mb that work in absolute organic sol-
vents such as toluene.'! Although these Mb models have
provided invaluable information on dioxygen binding to a
ferrous porphyrin (Fe"Por), the fundamental limitation is
the solvent. Most models are effective only in absolute or-
ganic solvents. A trace amount of water causes autoxidation
of the dioxygen adducts (O,~FePor). Jiang and Aida stud-
ied the effect of water on the stability of O,~Fe"Por by
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(M =1040). In contrast, the dioxygen
affinity of Fe'PImCD is much higher
than that of hemoCD because the imi-
dazole moiety is a stronger electron
donor than pyridine.

heme

using hydrophobic Fe"Por dendrimers in water-saturated
toluene.! Although a dioxygen adduct of the high-genera-
tion dendrimer is formed in water-saturated toluene, no in-
formation was derived about dioxygen binding in water be-
cause of the low solubility of the dendrimers. Similarly,
Zingg et al. prepared water-soluble Fe"Por dendrimers with
polyoxyethylene chains.®! Such dendrimers form very stable
dioxygen adducts in absolute toluene (P.,%>=0.035-
0.016 torr; P, represents the partial dioxygen pressure at
which half of the Fe"Por molecules are oxygenated), but not
in water-saturated toluene. No dioxygen adduct is formed in
water. The protoporphyrin IX moiety in Hb or Mb is locat-
ed near the surface of the protein globin.®’l However, au-
toxidation in biological systems proceeds very slowly.® It
may be important to place the Fe'' center at a microscopical-
ly hydrophobic environment from which water molecules
are strictly excluded. Tsuchida and co-workers proved this
assumption by studying dioxygen binding to hydrophobic or
amphiphilic Fe"Pors in hydrophobic environments such as
liposomal membranes or albumin in aqueous solutions.* ™"
Cyclodextrins (CDs) are unique host molecules that in-
clude various hydrophobic chemical species into their hydro-
phobic cavities in aqueous solution.>'¥ This characteristic
of CDs has been utilized to prepare enzyme models.">¥ In-
vestigations on interactions of water-soluble porphyrins with
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CDs have been carried out in connection with metalloen-
zymes.>) Komatsu et al. reported dioxygen binding to a
ferrous complex of a tetracationic picket-fence porphyrin
whose iron center was coordinated by an imidazole deriva-
tive incorporated into an o-CD cavity in DMF/H,O (3:2;
DMF = N,N-dimethylformamide)."® They showed the UV/
Vis spectra of oxygenated Fe"Por and carbon monoxide co-
ordinated Fe"Por as the only evidence for formation of the
dioxygen adduct. Our experience, however, questions the
solvent used in this study. DMF usually contains some
amine(s) as impurity, which can reduce Fe"Por to Fe'Por.
Therefore, the formation of CO-coordinated Fe'Por might
not be evidence of the dioxygen adduct as a precursor of
CO-Fe"Por in a solution containing DMF. Zhou and
Groves reported a Mb functional model composed of a
water-soluble Fe’Por and a CD with polyoxyethylene tails
and a tail containing a pyridine moiety.'” Such a system is
mysterious because the oxygenated Fe'Por is fairly stable in
spite of the fluctuant and somewhat hydrophilic nature of
the polyoxyethylene chains. Previous studies revealed that
O,-Fe"Por is easily autoxidized to a superoxide anion and
Fe"Por by water.*>® Recently, we developed a Mb (Hb)
functional model (hemoCD) composed of an O-methylated
p-cyclodextrin dimer with a pyridine linker (PyCD, Py =pyr-
idine) and 5,10,15,20-tetrakis(4-sulfonatophenyl)porphinato
iron(II) (Fe"'P) (Figure 1).2 HemoCD shows a moderate
dioxygen affinity (P.,°> =16.9 torr in phosphate buffer at
pH 7.0 and 25°C) and its dioxygen adduct (oxyhemoCD)
has a long half-life (#,,=30h). Although hemoCD is an ex-
cellent functional model of Mb (Hb) in aqueous solution, a
pyridine moiety is used as the axial ligand, whereas the imi-
dazole moiety of a histidine (His) residue acts as a proximal
base that stabilizes oxyMb or oxyHb. Imidazole is a stronger
base than pyridine; it thus participates in stronger back-
bonding from Fe' to the bound dioxygen to strengthen the
Fe—0, bond.”"*! Tt can be expected, therefore, that replace-
ment of the pyridine linker of hemoCD by an imidazole
linker would improve the ability of the model to bind dioxy-
gen in aqueous solution. Herein, we prepared an O-meth-
ylated f-CD dimer that bears an imidazole linker (ImCD,
Im =imidazole; Figure 1) and found that a 1:1 inclusion
complex of ImCD and Fe"P (Fe"PImCD) showed a higher
and lower ability to bind dioxygen and carbon monoxide, re-
spectively, in aqueous solution than the pyridine analogue.

Results and Discussion
Preparation of InCD

The synthesis of ImCD was performed according to the pro-
cedure shown in Scheme 1. The point of this synthesis is the
O-methylation of mono(2*3*-epoxy)-B-CD (EpoCD). Pre-
viously, we found that heptakis(2,3,6-tri-O-methyl)-p-cyclo-
dextrin (TMe-B3-CD) forms extremely stable 2:1 inclusion
complexes with 5,10,15,20-tetrakis(4-sulfonatophenyl)por-
phyrin (tpps) and its Fe" complex (Fe"'P) in aqueous solu-
tion.'”? Therefore, the O-methylation is essential in this
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Figure 1. Structures of hemoCD (composed of PyCD and Fe''P) and
Fe"PImCD (composed of ImCD and Fe''P).

study. Another point is the nucleophilic attack of ammonia
on EpoCD to afford NH,-CD. An amino group is selectively
attached to the 3-position of the O-methylated glucopyra-
nose.”” The following condensation with 3-(1H-imidazol-1-
yl)pentanedioic acid using HOBt (1-hydroxy-1H-benzotri-
azole) and DCC (N,N'-dicyclohexylcarbodiimide) as the
condensation agents, therefore, affords the CD dimer linked
at the 3-positions of the CD molecules. To increase the yield
of ImCD, the isolation procedure should be improved upon;
strong adsorption of polar ImCD on silica gel during purifi-
cation reduced the yield of ImCD.

Complexation of InCD with Tpps and Fe"'P

At first, complexation of free base tpps with ImCD was in-
vestigated to obtain basic information about complexation
of ImCD with porphyrins. Figure 2 shows the UV/Vis spec-
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fore, the two CD moieties of

Hol,  2OH a)NaHinDMF [Hoj ~ 2,0Ts
overnight 0.2 m NaHCO, [HOL ImCD may not be close to
) TsCI/DMF | at 60 °C for 5h each other.
@ @ Fe"P also forms a very
[OH): [OH];5 [OH],, stable 1:1 complex with ImCD
p-CD TsCD EpoCD (Fe"PImCD), as revealed by
UV/Vis spectroscopy (Support-
a) NaH in DMF at o g oiormation). At pi 7.
0°C for 1h HCOlL 2 o H,COl, 2 s H-OXO dimer.
b) CHyl at RT, 5 g""z Upon addition of ImCD, the p-
overnight _2aNH, oxo dimer with 1, at 408 nm
dissociated to the 1:1 complex
[OCH],, [OCH],, of Fe"P and ImCD with A,
Me-epoCD NH,-CD at 416 nm. The fact that inclu-
sion of Fe™P into the cavities
OH H o of ImCD completely inhibits
MCOk 2/ N-¢ 2 [OCHd the formation of the p-oxo
DCC, HOBt in DMF 3.6 EN) o dimer is important in the con-
N struction of a Mb or Hb model
{ ] [OCH., (H.COL., in aqueous solution.!"* 7

HOOC\/\/COOH
ImCD

Scheme 1. Synthetic route to ImCD. Bt=1-benzotriazolyl, DCC = N,N'-dicyclohexylcarbodiimide,

Ts=p-toluenesulfonyl.

tral changes of tpps upon addition of ImCD. These changes
clearly reached a plateau after the addition of one equiva-

The next problem is the liga-
tion of the imidazole moiety to
the iron atom of the porphyrin.
Since Fe"'P is unstable in aero-
bic solution, we used Zn'P in

lent of ImCD, thus indicating the formation of a very stable a) 24
1:1 complex of tpps and ImCD.

We have often used the pK, value of diprotonated free 20
base porphyrin to evaluate the hydrophobicity at the center
of the porphyrin sandwiched by two CD cavities."’*%! The L
intensity of the Soret band of free base tpps at 415 nm de- A

. . . 1.2
creased with decreasing pH, and a new band due to diproto-
nated tpps appeared at 433 nm together with isosbestic 08
points (Supporting Information). As shown in Table 1, the
pK, value of the tpps-ImCD complex was determined to be 0.4
0 — —
Table 1. The pK, values of diprotonated tpps in aqueous solution in the 360 420 480 540 600 660
absence and presence of CDs at 25 °C. A/nm —
CD pK., ApK, Reference CD pK. ApK, Reference
none 48 0 [24] PyCD <03 —45 [23] b) 1 1 506
B-CD 42 06  [17a] ImCD 27 21 this work 0.04 e ® o o @
TMe-p-CD 04 44  [17a] .
0.02 . *
L]

2.7, which is much larger than those of the 1:2 complex of A e
tpps and TMe-p-CD (0.4) and the 1:1 complex of tpps and * .
PyCD (<0.3), thus suggesting that the cleft formed by the - (T £
two CD moieties of the tpps—ImCD complex is wider than =002
those of tpps—-TMe-3-CD and tpps-PyCD. As a conse- 0 > 4 5 P 0

quence, the microscopic environment at the porphyrin
center of the tpps—ImCD complex may be more hydrophilic
than that of tpps-TMe-f3-CD and tpps—PyCD. The imidazole
moiety is bound to the CD cavities by amide linkages, which
are less flexible than the thioether linkages of PyCD. There-
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Figure 2. a) UV/Vis spectral changes of tpps (5x107°m) in phosphate
buffer (0.05m) at pH 7.0 and 25°C upon addition of ImCD. The inset
shows the difference spectra. b) Plot of the change in absorbance of tpps
versus [ImCD].
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place of the ferrous complex. UV/Vis spectroscopy indicated
the formation of an extremely stable 1:1 complex of Zn"P
and ImCD (Supporting Information). The pH-dependent
absorption spectra of Zn"PImCD are shown in Figure 3.

424 nm
1429 nm

pH
16F 9.92

™

400 440 480 520 560 600 640

Al nm ——

Figure 3. UV/Vis spectral changes of Zn"P (4x10°m) complexed with
ImCD (4.8x10°m) as a function of pH in aqueous NaClO, (0.1m) at
25°C. The pH values were adjusted by NaOH and HCIO,. The inset
shows the plot of log(A—A,)(A,—A) " at 424 nm versus pH for determin-
ing the pK, value of the protonated ImCD.

The pH titration curve suggests a pK, value of 5.4 that cor-
responds to dissociation of the coordination bond between
Zn" and the imidazole nitrogen atom due to protonation of
imidazole. The pK, value of 1-methylimizadole is 7.33;
the discrepancy in pK, values may be ascribed to the hiding
of the imidazole moiety in the cleft of the ImCD dimer. On
the basis of these data, it is reasonable to assume that imida-
zole coordinates to the Fe"PImCD complex in aqueous so-
lution at pH 7.0.

Dioxygen Binding

Fe""PImCD in Ar-saturated phosphate buffer at pH 7.0 was
reduced by two equivalents of Na,S,0, to prepare a stock
solution of Fe"PImCD, which was diluted by phosphate
buffer at pH 7.0 under N, atmosphere. The resulting solu-
tion showed A, at 434nm (£=2.33x10°M 'cm™)
(Figure 4). At this stage, no absorption band due to Na,S,0,
was detected. Dioxygen gas was then bubbled into the solu-
tion to afford the oxygenated Fe"PImCD. The absorption
maximum of the O, adduct of Fe™PImCD was observed at
423 nm (e=1.57x10°m'em™), which is in good agreement
with the A, value of oxyhemoCD.”” Introduction of CO
gas into the solution of O, adduct caused the spectral peak
to sharpen and enlarge (4,,=424nm, e=3.12x
10°m'em™!), thus indicating the formation of CO-coordinat-
ed Fe"PImCD. This means that the absorption spectrum of
the oxygenated sample is not due to Fe™'PImCD formed by
autoxidation. However, as the UV/Vis spectrum of
FePImCD is similar to that of O,~Fe"PImCD, further evi-
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Figure 4. UV/Vis spectra of Fe""PImCD in the deoxy form (green) as well
as the O,-coordinated (red) and CO-coordinated forms (purple) in phos-
phate buffer (0.05m) at pH 7.0 and 25°C. The method of sample prepara-
tion is given in the text.

dence should be obtained to prove the formation of O,
Fe"PImCD.

As five-coordinate Fe"PImCD is in a high-spin state (S=
2), this compound shows 'H NMR signals in the paramag-
netic region.””! As shown in Figure 5, the signals due to the

L e e e e A
% ©

¢

b)

60 40 20 0 -20
~«—— §/ppm
Figure 5. 'HNMR spectra of a)Fe"PImCD, b)O,-Fe"PImCD, and

¢) CO-Fe"PImCD in phosphate buffer (0.05m, D,0) at pD 7.0 and 25°C.
The inset shows a selected region (40-65 ppm) of spectrum a).

B protons of the pyrrole moiety of Fe"PImCD were ob-
served in the region between 45 and 65 ppm. On the other
hand, all the signals of oxygenated Fe"PImCD appeared in
the region between 0 and 10 ppm, which indicates the for-
mation of the six-coordinate diamagnetic O,~Fe"PImCD.
Similarly, signals in the diamagnetic region were also ob-
served for the CO-coordinated complex.

Resonance Raman spectroscopy is a powerful tool for
studying gaseous ligation to metal complexes.” The reso-
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nance Raman spectra of Fe"PImCD in '°0O, and O, atmos-
pheres are shown in Figure 6. The isotope effect on the
Raman peak means that the peak at 573 cm ™' for '°0, is as-
cribed to the stretching of the Fe—O, bond. The v, o, fre-

414

351

573

550

L 1 1 1 | 1 | 1 |
300 400 500 600 700
Raman shift / cm™'

Figure 6. Resonance Raman spectra of the '°O, (red) and *O, (black) ad-
ducts of Fe"PImCD and the difference spectrum (purple). Experimental
conditions: phosphate buffer (0.05m) at pH 7.0, room temperature,
413.1 nm excitation, 5 mW power.

quency for O,-Fe"PImCD is in good agreement with that
for sperm whale Mb (Table 2). On the other hand, the vg, o,
frequency for O,~Fe"PImCD is 4 cm™! higher than that for
oxyhemoCD,” which suggests that the Fe—O, bond of O,
Fe"PImCD is stronger than that of oxyhemoCD. A similar
result was obtained for the model system in toluene.”” All
spectroscopic results clearly indicate the formation of O,

Table 2. Fe—O, (Vg—0,), Fe—CO (Vg.—co), and C—O stretching frequencies
(ve—o) of myoglobin, hemoglobin, and model complexes.

Complex VEe-02 VEe-CO Veo Solvent
[em™] [em™] [em™]
Mb (sperm whale) 573121 507 194711 H,0
Mb (horse) 571125 H,0
Hb (human) 56825 5072 195121 H,O
Fe''(TpivPP)(1-Melm)t! 5710284 48911 196911 benzene
Fe''tpp(1,2-Me,Im)>I") 494 1972 benzene
Fe''tpp(Py)®) 484 1976 benzene
Fe''tpps(2-MeIm)? 489 1972 H,0
TCP-Im!! 586 470 1994 toluene
TCP-Pyl! 583 465 2008 toluene
hemoCD 5691201 4801 1987 H,O
Fe"PImCD 573 487 1982 H,O0

[a] Fe(TpivPP) = meso-50,100,15a,20a-tetrakis(o-pivalamidophenyl)por-
phyrinatoiron.  [b] tpp=5,10,15,20-Tetrakis(4-sulfonatophenyl)porphyrin
dianion. [¢c] TCP-Im and TCP-Py = iron(II) complexes of tetraphenyl-
porphyrin derivative whose 2'- and 6'-positions of the phenyl groups are
substituted by binaphthyl derivatives (Registry Number: 7439-89-6).1%%!
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Fe"PImCD with a relatively strong Fe—O, bond in aqueous
solution.

The dioxygen affinity of an O, receptor is given by P: /ZOZ,
the partial pressure of dioxygen at which half of the recep-
tor molecules forms the dioxygen adduct [Eq. (1)].

P,% = [Fe"PImCD]P®: /[0, — Fe"PImCD] (1)

From this equation, Equation (2) can be derived to deter-
mine P, experimentally:

P° = {A¢[Fe"PImCD],P% } /AA—P;,°: @)

where Ae and AA are the differences in the extinction coef-
ficients and the absorbances, respectively, between O,-
Fe"PImCD and Fe"PImCD at a certain wavelength, and
[Fe"PImCD], is the initial concentration of Fe"PImCD.
P.,% can be determined from the vertical intercept of the
straight line plot of P® versus P®/AA. The UV/Vis absorp-
tion spectra of Fe"PImCD at various P° values and the plot
of P% versus P%/AA are shown in Figure 7. The P, value

a)
0.4 434 nm
423nm |

9100 440 480 520
Alnm ——>

b) 70
60
50
40
30
20
10

0

PP2

-400  -300 —200 -100 0
P 02 / AA434 nm

Figure 7. a) UV/Vis spectral changes of Fe"PImCD in phosphate buffer
(0.05M) at pH7.0 and 25°C as a function of P° in N,. b)Plot of
POAA 34 o versus PO for determining P.,* [Eq. (2)].

of Fe"PImCD was determined to be 1.7 torr in phosphate
buffer at pH 7.0 and 25°C, that is, 10 times smaller than that
of hemoCD (Table 3). As expected, coordination of the imi-
dazole moiety to FeP caused marked enhancement of the
dioxygen affinity relative to pyridine coordination.

The dioxygen adduct of Fe"PImCD was gradually autoxi-
dized to Fe"™PImCD (Supporting Information), and the
pseudo-first-order rate constant (k) and the half-life (#:,)
of O,~Fe"PImCD in phosphate buffer at pH 7.0 and 25°C
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Table 3. Affinities for O, and CO binding in biological and model sys-
tems.

System P % [torr] P, [torr] MW Reference
Mb (sperm whale) 0.540! 0.029) 18.6 [30]

Mb (human) 0.69 0.023 30 [30]

Hb (human, R state)  0.22 1.3x107° 150 [1a]
FePiv,5CIml 0.58 22x107° 26600 [31]
Fe(PF3CUIm)'! 1.26 49x107° 26000 [21]
Fe(PF3CUPy)" 522 6.4x10™ 76000 [21]
TCP-Im! 13 1.1x1073 1180 [22]
TCP-Pyl! 9.4 1.7x1072 550 [22]
hemoCD 16.9 1.5x107° 1.1x10° [23]
Fe"PImCD 1.7 1.6x1073 1040 this work

[a] M is given by [Eq.(4)]. [b] These values were calculated from K
values reported in reference [30]. [c] FePiv;5CIm=meso-5a,100,150-
tris(o-pivalamidophenyl)-20p-{o-[5-(N-imidazolyl)valeramido]phenyl}por-
phyrinatoiron, Fe(PF3CUIm)=meso-5a,10a,15a-tris(o-pivalamidophen-
y1)-20B-{o-{[3-(N-imidazolyl)propyl]ureido}phenyl}porphyrinatoiron, Fe-
(PF3CUPy) = meso-50,100,15a-tris(o-pivalamidophenyl)-20B-{o-{[3-(3-
pyridyl)propylJureido}phenyl}porphyrinatoiron, TCP-Im and TCP-Py=
iron(II) complexes of tetraphenylporphyrin derivative whose 2'- and 6'-
positions of the phenyl groups are substituted by naphthyl derivatives
(Registry Number: 7439-89-6). The experiments of these model com-
pounds were carried out in absolute toluene.

were 0.19 h™ and 3.6 h, respectively. O,~Fe"PImCD is con-
siderably less stable than oxyhemoCD (t,, =30 h).” There
is an inconsistency in the stability of O,~Fe"PIm, namely,
the dioxygen adduct of Fe"PImCD is less stable than oxy-
hemoCD, even though its Fe"~O, bond is stronger than that
of oxyhemoCD, as suggested by the resonance Raman spec-
tra. The mechanism for autoxidation of oxyMb and oxyHb
is not well-understood."®%! Shikama demonstrated that the
water molecule acts as a nucleophile in the autoxidation of
oxyMb, in which H,O attacks the Fe"-O, bond to yield
metMb (metMb = ferric myoglobin) and O, In a previous
paper,” we verified the water-promoted autoxidation of
oxyhemoCD as that shown in Equation (3).

0, Cl)H2
| .

_|I:e||_ + H,0 —»> _Te”l_ + 0, 3)
B B

As suggested by the pK, value of the tpps—ImCD com-
plex, the cleft of Fe"PImCD is wider than that of hemoCD.
Therefore, the water molecules may penetrate the cleft of
O,-Fe"PImCD more easily than in the case of oxyhemoCD,
thus leading to faster autoxidation. The autoxidation of O,—
Fe"PImCD promoted by water molecules seems to shorten
its lifetime.

In the case of oxyhemoCD, dilution of gaseous O, by N,
causes dissociation of bound dioxygen to yield hemoCD
without change in the valency of the iron ion. This means
reversible dioxygen binding in the hemoCD system. For O,—
Fe"PImCD, however, bubbling of N, gas into the solution of
O,-Fe"PImCD led to autoxidation, and no reversibility was
observed. This result is also interpreted in terms of the
wider cleft of the O,-Fe"PImCD complex leading to faster
autoxidation.
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Carbon Monoxide Binding

Carbon monoxide is a stronger ligand than dioxygen, and
bound dioxygen is usually replaced by CO upon exposure to
an atmosphere containing CO. The O,/CO selectivity of the
system is given by M in Equation (4):

M — PI/ZOZ/PI/ZCO

4
— {[CO — Fe"PImCD]P}/{[0, — Fe"PImCD]P} @
where P, is given by Equation (5):
P,,© = {[Fe"PImCD]P}/[CO — Fe"PImCD] 5)

After the UV/Vis spectra of a solution of O,~Fe"PImCD
was recorded for determining P, the spectral changes
were taken upon exposing the solution to atmospheres with
various partial pressures of carbon monoxide in dioxygen
(Figure 8). Under such conditions, P can be represented
by Equation (6):

P = {A¢[O, — Fe"PImCD],P°}/AA' P, (6)

where A¢’ and AA’ represent the differences in the extinc-
tion coefficients and the absorbances, respectively, between
CO-Fe"PImCD and O,-Fe"PImCD at a certain wavelength,
and [O,~Fe"PImCD], is the initial concentration of O,-
Fe"PImCD. The linear relationship between P and P<°/
AA’ gave the P,“© value of 0.73 torr in the O,/CO mixed
atmosphere. The P':,“° value corresponds to the CO partial
pressure when [O,~Fe"PImCD]=[CO-Fe"PImCD]. As P%*
under these conditions was 759.27 torr, M was found to be

a) 025

T PP2ftorr
0.2 0
/\ 0.076
0.15 4.56
7.6
15.2
A 04
0.05
(o}

350 390 430 470 510 550

Alnm ——

peo

o N A~ OO
[ )

10 20 30 40 50 60 70 80
P:O/AA/424nm

Figure 8. a) UV/Vis spectral changes of O,-Fe"PImCD in phosphate
buffer (0.05m) at pH 7.0 and 25°C as a function of P° in O,. b) Plot of
PIAA’ 134 o versus P for determining P, [Eq. (6)].
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1040. Thus, P.,“° as defined by Equation (5) was calculated
from Equation (4) to be 1.6x107 torr. The P.,“° and M
values for the hemoCD system are 1.5x107° torr and 1.1x
10°, respectively.””! The present system shows significantly
poorer selectivity for CO compared with the hemoCD as
well as picket-fence porphyrin systems (Table 3).

To investigate the poor CO selectivity of the present
system, resonance Raman spectra of CO-Fe"PImCD were
measured. The results are shown in Figure 9. The assign-
ment of the resonance Raman peaks was carried out accord-

a) 350 414

300 400 500 600
Raman shift / cm™

b) 1982

L 1 1 1 | 1 ]
1700 1800 1900 2000 2100 2200

Raman shift / cm™

Figure 9. Resonance Raman spectra in the a) 300-600 cm ™' and b) 1700
2200 cm™' regions of the C"O (red) and “C"™O adducts (black) of
Fe"PImCD in phosphate buffer (0.05m) at pH 7.0 and room temperature,
and their difference spectra (purple). The sample was irradiated by laser
light of 413.1 nm at 5 mW power.

ing to isotope effects by using '>C'°O and C'®0. The differ-
ence spectra clearly indicate that the peaks at 487 and
475 cm™" arise from the stretching (vp._co) of the Fe—">C'°O
and Fe—"C"0 bonds, respectively, and that those at 1982
and 1890 cm™! are the v o stretching bands of ?C—'"°O and
BC-180, respectively, bound to Fe'P. As no Fe—C—O bend-
ing mode was detected, the CO molecule seems to take on a
linear geometry in the CO complex of Fe"PImCD.
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A negative correlation has been found between vg._co and
Veo in the complexation of natural hemoproteins and their
mutants and model ferrous complexes with carbon monox-
ide (Figure 10).2%%*3 The g, o and v, bands are known

5400
&) u]
- a
520 i Mb ( sperm whale)
/-!b (human) Fetpp (1,2-Melm)
500} o J Fetpps(EMelm)
» ° g e, Fe'ImCD
VRe-co/ €M ) : ® hemoCD
4801 - = S HBaGVITY
Fe(TpivPP)(1-Melm) Fetpp(Py) o
B TCP—Im o
460} TCP—Py
440 1 L 1 1 ]
1920 1940 1960 1980 2000 2020

Ve-o! cm™! —»

Figure 10. Plot of v, o versus ve for the CO complexes of the native,
mutated, and model systems. All data points except for the TCP-Py,
TCP-Im,”” hemoCD, and Fe"PImCD systems are quoted from refer-
ence [29]. o=Nitrogen-ligated heme systems, A =thiolate-ligated heme
systems, 0 =heme systems with weak or absent proximal ligands.

to shift to lower and higher wavenumbers, respectively, with
decreasing strength of the Fe~CO bond.[****?I The plots of
Vie_co VETSUS Vg for CO-Fe"PImCD and CO-hemoCD are
shown in Figure 10. In both cases, they appear on the right,
which suggests that the Fe’~CO bonds in CO-Fe"PImCD
and CO-hemoCD are weak. In the case of CO-hemoCD,
the P.,“° and M values are 1.5x107" torr and 1.1x10° re-
spectively. Such novel CO selectivity of hemoCD is ex-
plained by the capping effect of the two cyclodextrin moiet-
ies that cover the Fe" center of the porphyrin, leading to a
cage. There, the pair of dissociated CO and deoxyhemoCD
is equivalent to CO-bound hemoCD."**! Meanwhile, the CO
molecule dissociated from CO-Fe"PImCD may diffuse to
the aqueous bulk phase more easily than in the case of
hemoCD, because capping by the cyclodextrin moieties of
the present system is looser than that in the hemoCD
system.

Olson and co-workers®! as well as Tani, Naruta, and co-
workers?** claimed a “negative polar effect” on the desta-
bilization of CO-bound ferrous porphyrins. Back-bonding
from Fe" to CO enhances the double-bond nature of the
Fe"-CO bond and strengthens it. Meanwhile, the negative
polar environment around the bound CO depresses the
back-bonding to weaken that bond. For both CO-
Fe"PImCD and CO-hemoCD, the Fe'-CO bond is sur-
rounded by 24 OCH; and two OH groups. Therefore, the
Fe™CO bonds in CO-Fe"PImCD and CO-hemoCD are in
an extremely polar environment and are thus very weak.

The vg.co and v peaks in the resonance Raman spectra
of CO-Fe"PImCD appeared at higher and lower wavenum-
bers, respectively, than those of CO-hemoCD. Therefore,
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the Fe"™-CO bond of CO-Fe"PImCD seems to be stronger
than that of CO-hemoCD. This result is interpreted in
terms of the stronger electron-donating ability of the imida-
zole moiety than that of the pyridine and instantly supports
the cage effect on the stabilization of CO-hemoCD.

Energy-Minimized Structure of Fe"PImCD

We assumed that the difference in O,- and CO-binding be-
havior between Fe"PImCD and hemoCD is mainly ascribed
to the difference in the degree of encapsulation of Fe'P by
the two cyclodextrin moieties. To confirm that the cleft
formed by these moieties of Fe"PImCD is wider than that
of hemoCD, MM2 calculations were carried out, and an
energy-minimized structure of Fe"PImCD is shown in
Figure 11. Regardless of the initial structures, the calculated

Figure 11. Energy-minimized structures of a) Fe"PImCD and b) hemoCD
obtained from MM2 calculations using BioMedCAChe 6.0.

structures of Fe"PImCD always have wider clefts. The iron
center of Fe"PImCD is not hidden by two cyclodextrin moi-
eties, whereas Fe'"P in hemoCD is completely encapsulat-
ed.”®! As mentioned above, the more-rigid and planar
amide bonds in Fe"PImCD inhibit the spatial contiguity of
the two O-methylated cyclodextrin moieties.
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Conclusions
The present study led to the following conclusions:

1) The supramolecular complex of ImCD and Fe"P shows
functions similar to those of Mb, namely, Fe"PImCD
binds dioxygen and carbon monoxide in aqueous solu-
tion.

2) The dioxygen affinity of Fe"PImCD with imidazole as a
single axial ligand is about 10 times higher than that of
hemoCD, which has pyridine as an axial ligand.

3) The Fe"'PImCD system shows poorer selectivity against
carbon monoxide than picket-fence porphyrins and
hemoCD. The weak Fe™~CO bond of CO-Fe"PImCD is
ascribed to the negative polar effect owing to numerous
OCH; and OH groups surrounding the porphyrin center.
CO-hemoCD has the same environment, but tight en-
capsulation of CO-Fe"P by two cyclodextrin moieties in-
hibits the diffusion of dissociated CO, thus leading to
higher CO selectivity.

Experimental Section

Materials

[Fe™(tpps)] and [Zn"(tpps)] were prepared according to the procedures
described in the literature.”’*3! The synthesis of Me-epoCD was de-
scribed in a previous paper.”” 3-(1H-imidazol-1-yl)-pentanedioic acid
was synthesized according to the procedure reported in the literature.
The synthesis of InCD from Me-epoCD is described below. Other chem-
icals were purchased and used as received. Water was purified with a Mil-
lipore Simpak 1 purification pack. Pure O, and N, (both 99.999 %) gases
were purchased from Sumitomo Seika Chemicals. '*O, and *C"O
(ICON) were used for resonance Raman spectroscopic measurements.

Syntheses

NH,-CD: A solution of Me-epoCD (3.5 g, 2.5 mmol) in aqueous ammo-
nia (28%, 100 mL) was stirred at 60°C for 6 h. After the solution was
cooled to room temperature, ammonia gas was bubbled into the solution,
which was then heated again to 60°C. After the solution was stirred at
60°C for 3h, it was cooled to room temperature and extracted with
CHCI; (3x100 mL). The organic layer was dried over Na,SO,, and the
solvent was evaporated. The residue was purified by column chromatog-
raphy on silica gel with CHCl;/CH;COCH; (5:2) to give NH,-CD as a
colorless solid (2.8 g, 79%). 'HNMR (400 MHz, CDCl;): 6=5.17-5.06
(m, 7H), 3.86-3.72 (m, 7H), 3.70-3.36 (m, 85H), 3.22-3.15 ppm (m, 7H);
MS (FAB, m-nitrobenzyl alcohol (m-NBA)): m/z caled: 1400.5 [M +H]*;
found: 1401.

ImCD: A mixture of 3-(1H-imidazol-1-yl)-pentanedioic acid (0.19 g,
0.95 mmol), 1-hydroxy-1H-benzotriazole (0.35g, 2.0 mmol), and DCC
(0.80 g, 3.8 mmol) in dry DMF (20 mL) was stirred at 0°C for 3 h under
Ar. After the solution turned yellow-green, NH,-CD (2.8 g, 2.0 mmol)
was added to the solution, which was then stirred at room temperature
for 72 h. The solvent was removed and the residue was dissolved in water
(50 mL). The aqueous solution was extracted with CHCl; (3x50 mL) and
the organic layer was dried over Na,SO,. The solvent was evaporated
and the residue was purified by column chromatography on silica gel
with CHCL;/CH;0H (50:1). The residue containing the desired product
was dissolved in water and dialyzed (Spectro/pro M.W.C.O.1000) to
afford pure ImCD (0.22 g, 7.8%). 'H NMR (400 MHz, CDCL,): 6=7.67
(s, 1H), 7.15 (s, 1H), 7.00 (s, 1H), 5.17-5.06 (m, 12H), 4.80-4.72 (m, 4H),
3.91-3.37 (m, 205H), 3.32-3.13 ppm (m, 15H); MS (FAB, m-NBA): m/z
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caled: 2964.2 [M+H]™", 2986.1 [M +Na]*; found: 2964, 2986; elemental
analysis: caled (%) for C;3H,,,0,N,6H,O-HCl: C 50.24, H 7.69, O
39.13, N 1.80; found: C 49.94, H 7.26, O 38.61, N 1.84.

Measurements

UV/Vis spectra were recorded with Shimadzu UV-2100 and UV-2450
spectrophotometers with thermostatic cell holders. pH values were mea-
sured with a Horiba M-12 pH meter. '"H NMR spectra were recorded
with a JEOL JNM-A400 spectrometer (400 MHz). Tetramethylsilane
(TMS; Nacalai) and sodium 3-trimethylsilyl[2,2,3,3-*H,]propionate (TSP;
Aldrich) were used as internal (for CDCl;) and external (for D,0O) stand-
ards, respectively. FAB MS spectra were recorded with a JEOL JMS-700
spectrometer. Raman scattering was performed at 413.1 nm with a Kr*
laser (Spectra Physics, Model 2060) and detected with a charge-coupled
device (CCD; Princeton Instruments, PI-CCD) attached to a single poly-
chromator (Ritsu Oyo Kogaku, DG-1000). Mixed O, gas with various
partial pressures in N, and mixed CO gas with various partial pressures
in O, were prepared with a KOFLOC GM-4B gas-mixing apparatus
(Kyoto, Japan).
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Reversible Full-Range Color Control of a Cholesteric Liquid-Crystalline Film
by using a Molecular Motor

Rienk Eelkema and Ben L. Feringa*!*!

Abstract: By using a chiral molecular motor as a dopant in a cholesteric liquid-

crystalline film, fully reversible control of the reflection color of this film across
the entire visible spectrum is possible. The large difference in helical twisting
power between the two isomeric forms of the motor allows efficient light- and

Keywords: chirality - color - liquid
crystals - molecular devices - photo-
chromism

heat-induced switching of the helicity of the cholesteric liquid-crystal superstruc-

ture.

Introduction

Dynamic control of a change in color is a key feature of
modern information technology. It allows visual readout of
a signal and is used extensively in, for instance, liquid-crystal
(LC) color displays, television monitors, and sensors. LC
color-display technology relies on the selective transmittance
of light by aligned helically ordered liquid crystals, with
pixels that consist of combined red, green, and blue LC cells
that have to be addressed separately and by an electronic
stimulus to generate the desired colors."! A single colored
LC matrix addressable by light would be an attractive alter-
native as the dimensions of such a pixel would be limited
only by the dimensions of light. Furthermore, construction
costs might be reduced as it would require one cell per pixel
instead of three. Based on the principle of selective light re-
flection by cholesteric liquid crystals, we describe herein a
system in which the entire visible spectrum can be addressed
in a reversible manner by using light. The system consists of
an aligned cholesteric liquid-crystalline film composed of an
achiral mesogenic host and, as a guest compound, a chiral
light-controlled molecular motor.
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Results and Discussion

Aligned cholesteric liquid crystals with a helical superstruc-
ture resulting from the presence of a chiral dopant can re-
flect light selectively when the length of their helical pitch
(p) is of the same order of magnitude as the wavelength of
visible light.”) The selective reflection is of a Bragg type,”!
resulting from the repetitive helical order in the cholesteric
phase. The wavelength of reflection (1) depends on the aver-
age refractive index of the material (), the angle of the in-
cident light («), and the pitch (p), which in turn is inversely
proportional to the helical twisting power (), concentration
(¢), and enantiomeric excess (ee) of the chiral dopant

(Eq. (1)].
Ay =np cos(sin’l(g)) = n(Bcee) ™ cos(sin’1(8i¥)) (1)

An LC matrix in which the helicity can be manipulated
by light can be constructed by using a photochromic dopant
that changes conformation upon irradiation, thus influencing
the alignment of its surrounding LC host molecules.*
Chiral photoswitchable dopants are particularly attractive as
they offer the possibility of control of the color of LC films
with only small amounts of chiral compound.”! As the color
depends on the helical twisting power, photochemical color
manipulation across the entire spectrum requires a signifi-
cant difference in helical twisting power between the various
states of such a switchable chiral dopant. Furthermore, to
obtain colors without the use of auxiliary chiral dopants, the
chiral switch has to have sufficient solubility in the LC host
material, and it is required that at least one of its isomers
has a high helical twisting power. Finally, the switching pro-
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cess has to be fully reversible in the LC host at the operat-
ing temperature (preferably room temperature). So far, no
system that satisfies all these requirements has been de-
scribed. There have been reports of low- and medium-mo-
lecular-weight systems that use auxiliary chiral nonphoto-
chromic dopants or mesogens to obtain reversible full-range
color control.*” Without the use of auxiliary chiral dopants,
most systems are only capable of covering part of the visible
spectrum.®! A polymeric LC material has shown full-range
color control, although the system is irreversible.” Recently,
we reported a host-guest system that used a molecular
motor as a chiral switchable dopant.'”! Due to the large dif-
ferences in helical twisting powers between the different
states of the motor, the entire visible spectrum could be ad-
dressed. However, owing to the intrinsic high isomerization
barriers of the motor system at room temperature, these
color changes were not reversible. The new chiral switchable
dopant presented here allows for the first time reversible
color control across the entire visible spectrum without any
other sources of molecular chirality present.

Under irradiation with UV light (A=365nm) at room
temperature, chiral dopant (2'S)-(P)-1 functions as a molec-
ular motor due to a series of photochemical double-bond
isomerizations and thermally induced helix inversions
(Scheme 1). Important design features of motor 1 are a P-
helical structure, a single stereogenic centre in the upper
part, a central carbon—carbon double bond that functions as
the axis of rotation, and a symmetrical lower part."! The
fluorene moiety was chosen for the lower part because it
has a structural resemblance to the biphenyl LC host com-
pound E7 (Scheme 1) and therefore might enhance the in-
teractions of 1 with the LC host. In its stable form 1a, the
phenyl substituent adopts a pseudoaxial orientation to avoid
steric repulsion with the fluorene lower half. Upon irradia-
tion with UV light (365 nm), a photochemical isomerization
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(2'S)-(P)-1a (2'S)-(M)-1b

(2'S)-(M)-1b"

(2S)y-(P)1a’

LC Host E7

Scheme 1. Molecular motor 1 and the structure of the E7 LC blend (R=
nCsHyy, nC;Hys, nCgH,70, 4'-nCsHy CeH,).

around the central double bond occurs with inversion of the
helicity of the molecule ((P)-1a—(M)-1b). Simultaneously,
the exocyclic phenyl substituent is forced to adopt a strained
pseudoequatorial orientation due to a change in conforma-
tion of the five-membered ring. A subsequent thermal helix
inversion (M —P), governed by release of this strain, occurs
readily at room temperature (f,,=9.9 min in toluene), lead-
ing to stable (P)-1a’.'yl Since 1a and 1a’ are degenerate
forms, this sequence can be considered as the first 180° part
of the rotary cycle.

Motor (P)-1a has a high # value of +90 um™" when dis-
solved in liquid crystal E7.1"? Irradiation of (P)-1a with 365-
nm light generates (M)-1b, which at its photostationary
state (PSS) has an effective 8 value of over —59 um™!, thus
indicating that the helicity of the cholesteric phase is invert-
ed (see Supporting Information). When the irradiation is
ceased, a f value of +90 um™' is regenerated after 45 min
due to the thermal helix inversion of the motor ((M)-1b—
(P)-1a’) This process has been repeated over 20 times with-
out loss of helical twisting power. Because of these enor-
mous differences in helical twisting power between the
stable form 1a and the PSS, as well as its thermal reversibili-
ty, motor 1 was applied in the generation of photoaddressa-
ble colored LC films. First, a rough estimate of the refrac-
tive index was obtained by mixing 1a (5.5 wt %) with E7 on
an aligned surface (see Supporting Information). This result-
ed in a greenish LC film, which indicates a refractive index
of around 1.5. By applying this refractive index in Equa-
tion (1), the dopant concentration for full color switching
was determined to be 6.8 wt%. When this mixture of 1a
and E7 was applied on a linearly rubbed polyimide-covered
glass plate, a violet LC film was obtained that was stable for
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lar motor with a faster thermal
helix inversion"¥! could lead
to reduced color-switching
times, thus further improving
the system. Studies along these
lines are currently underway.

Figure 1. Color change with time of an LC film of E7 doped with molecular motor 1 (6.8 wt %) a) upon irradi-
ation with 365-nm light and b) during thermal helix inversion. The depicted colors are photographs of the LC

sample taken perpendicular (90°) to the surface of the film, recorded at room temperature during both pro-

cesses.

over 5 days. Irradiation of this film with 365-nm light result-
ed in a rapid color change across the entire visible spectrum
(Figure 1a). After 70 s of irradiation, first a red and then ul-
timately a slightly yellow film was obtained. This yellow
color was caused by the absorption of 1 (see Supporting In-
formation).!"'! Upon removal of the lamp, the film displayed
a slow hypsochromic shift. Over the course of 33 min the
color changed from red to yellow, green, and blue, eventual-
ly reverting to the starting point violet (Figure 1b). This pro-
cess was repeated several times to show the reversibility and
fatigue resistance of the system. Also, gentle heating of the
sample resulted in a faster reverse process, which is to be ex-
pected as the conversion from unstable (M)-1b to stable
(P)-1a’ results from the thermal helix inversion of the
motor. This inversion process and, as a consequence, the re-
verse color change (Figure 1b) is slower at room tempera-
ture due to the high Gibbs energy of activation (AG"*=
88 kImol™") of the helix inversion.!'!

Conclusions

The use of molecular motor 1 as a chiral switchable dopant
in LC host E7 makes it possible to generate colored LC
films, the color of which can be adjusted by light- and heat-
triggered isomerization of the motor. Due to the large mag-
nitudes and opposite signs of the helical twisting powers of
the stable and unstable forms of 1 in E7, all colors in the
visible spectrum can be addressed in a fully reversible
manner. At this point, the hypsochromic step is still rather
slow relative to the bathochromic step. The use of a molecu-
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A Formal Total Synthesis of Taxol Aided by an Automated Synthesizer

Takayuki Doi, Shinichiro Fuse, Shigeru Miyamoto, Kazuoki Nakai, Daisuke Sasuga, and
Takashi Takahashi*®!

Abstract: A 36-step synthesis was carried out in automated synthesizers to provide

a synthetic key intermediate of taxol. A key step involved a microwave-assisted al-
kylation reaction to construct the ABC ring system from an AC precursor. Subse-
quent formation of the D ring afforded baccatin III, a well-known precursor of

taxol.

Introduction

The total syntheses of structurally complex natural products
have been possible for more than a century. These endeav-
ors are crucially dependent on the formulation of an elegant
synthetic design and extensive experimental studies. Gener-
ally, the latter involves careful analysis of each step in the
overall sequence to optimize conditions and maximize
yields. In the modern laboratory, automation of the vari-
ous operations, including reaction setup, workup, purifica-
tion, and analysis, is an ideal solution for increasing efficien-
cy in organic synthesis. Since the first report of a solid-phase
synthesis by Merrifield,” simply repeated cycles of coupling
reactions and deprotections have been applied to the auto-
mated syntheses of biopolymers such as oligopeptides,?' oli-
gonucleotides,” and, more recently, oligosaccharides.! In
recent years, automation has also been utilized for applica-
tions such as the optimization of reaction conditions, routine
syntheses of structurally similar compounds, such as building
blocks for combinatorial synthesis,””! and the bulk synthesis
of important intermediates. In the total syntheses of com-
plex molecules, however, one needs long sequences that in-
clude not only simple transformations but also challenging
key reactions. It is a worthy goal to develop a versatile syn-
thesizer that can be adapted for such tasks and to demon-

[a] Prof. Dr. T. Doi, Dr. S. Fuse, Dr. S. Miyamoto, Dr. K. Nakai,
D. Sasuga, Prof. Dr. T. Takahashi
Department of Applied Chemistry
Tokyo Institute of Technology
2-12-1 Ookayama, Meguro, Tokyo 152-8552 (Japan)
Fax: (+81)3-5734-2120
E-mail: ttak@apc.titech.ac.jp

Supporting information for this article is available on the WWW
under http://www.chemasianj.org or from the author.
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strate its application in the automated synthesis of a com-
plex molecule. We report herein our 36-reaction pathway
for the supply of the synthetic key intermediate 32 by utiliz-
ing the automated synthesizers, modified Sol-capa and
ChemKonzert. From intermediate 32, we completed the
total synthesis of (+)-baccatin III (2), itself a precursor to
the potent antitumor agent taxol (paclitaxel; 1).

BZHI\:J o
taxol (1): (R= Ph™Y"¢ )
OH

baccatin 1l (2): (R = H)

Taxol (1) consists of a highly functionalized ABCD ring
system, including a strained eight-membered B ring.[! The
total synthesis of taxol has been reported by six groups after
extensive efforts.*" We envisioned a synthetic route
through the sequential formation of the AC—ABC—
ABCD ring systems.

Results and Discussion
Synthesis of Rings A and C

Both rings A and C were prepared from geraniol (3).'%1
After acetylation of 3 and epoxidation of 4, Ti"'-catalyzed
radical cyclization of 5 provided oxycyclogeranyl acetates 6
as a mixture of alkenyl isomers in 72% yield" which were
converted into A ring hydrazone 9 in eight steps as previ-
ously reported (Scheme 1).'”! Protection of alcohol 6 as an

Chem. Asian J. 2006, 1, 370-383



www.interscience.wiley.com



= OAc OAc
b _ c
h o é o
o
RO OH
6

3(R=H)
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Scheme 1. Automated synthesis of 9. Reaction conditions: a) Ac,0,
DMAP, Et;N; b) 1) N-bromosuccinimide, tBuOH/H,0; 2) Et;N, toluene,
reflux (90%); c) [Cp,TiCly] (10 mol %), Mn, Et;B, 2.6-lutidine-HCI,
THEF, room temperature (72%); d) 1) ethyl vinyl ether, camphorsulfonic
acid, CH,Cl,; 2) NaOH, MeOH/THF/H,0; 3)SOs;pyridine, DMSO,
Et;N, CH,Cl,; 4) DBU, CH,Cl,; ¢) 1) NaBH,, MeOH/THF/H,0; aq.
HCI; 2) TBSCL, Et;N, CH,Cl,; f) 1) SO;-pyridine, DMSO, Et;N, CH,Cl,;
2) H,NNHTSs, THF (10% in 8 steps). DMAP =4-dimethylaminopyridine,
Cp=cyclopentadienyl, =~ DMSO =dimethyl sulfoxide, DBU=1,8-
diazabicyclo[5.4.0Jundecene, TBS = fert-butyldimethylsilyl, EE =ethoxy-
ethyl, Ts =p-toluenesulfonyl.

ethoxyethyl ether, deprotection of the acetyl group, oxida-
tion of the resultant alcohol, and isomerization of alkenyl
isomers provided enal 7. Reduction of 7, deprotection of the
ethoxyethyl group by treatment with acid in situ, and selec-
tive protection of the primary alcohol with TBSCI afforded
8. Oxidation of the secondary alcohol in 8 and hydrazone
formation provided 9 in 10% overall yield from 6.5
These reactions were then performed with a commercially
available automated synthesizer, Sol-capa,” after some
modification. The Ti"-mediated cyclization of 5§ reported
previously”?!l was not suited for use in the synthesizer
owing to the large amount of stoichiometrically produced
(2-3 equiv) Ti salt precipitates. However, the Ti"™-catalyzed
cyclization described above was compatible for use in the
synthesizer. We also modified some conditions (printed in
bold italics font in the scheme legends) to adapt the reac-
tions for use in the synthesizer. In particular, when methanol
was used as solvent, automated extraction did not work be-
cause the sensor would not recognize the difference in elec-
troconductivities between the aqueous and organic layers.
We therefore used a mixed solvent, such as THF/MeOH/
H,O, to avoid the problem.

In the preparation of the C ring, stoichiometric Ti"-medi-
ated cyclization of the MPM ether 12a and BOM ether
12b,'7 prepared from hydroxygeranyl acetate 10, was inves-
tigated initially (Scheme 2). Treatment of 12a and 12b with
[Cp,TiCl]* (prepared in situ from [Cp,TiCl,] (4 equiv)) and
Zn in THF at 0°C for 3.5h provided 6-endo cyclization
products 13a and 13b in 65% and 70 % yields, respectively,
with 5-exo cyclization by-products 14a (10%) and 14b
(12%). The ratios of isomers 13 shown in Table 1 were de-
termined after conversion into the corresponding A® enals
15 and 16,"” and 7-ketones 17-20 (Scheme 3). It can be
seen that the MPM protecting group induced higher exo

11
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RO
= a = b
X S N
AcO AcO AcO
4 10 12a (R = MPM)
12b (R = BOM)
RO OH MPMO  OH RO OH
Cc
- - +
H:
AcO ' AcO |

13a (R = MPM, 65%) 13aA
13b (R = BOM, 70%)
6-endo cyclization products

14a (R = MPM, 10%)
14b (R = BOM, 12%)
5-exo cyclization products

Scheme 2. a) 1) SeO,, tBuO,H, salicylic acid, hexane; 2) NaBH,, MeOH/
THF/H,0 (48%); b) 1) VO(acac),, tBuO,H, toluene; 2) for 12a: MPM
trichloroacetimidate (11), TfOH, Et,0 (89%); for 12b: BOMCI,
DIPEA, CH,Cl, (98%); c) [Cp,TiCl] (4 equiv), Zn, THF, 0°C, 3.5h.
acac = acetylacetonate, MPM = 4-methoxyphenylmethyl, Tf=trifluorome-
thanesulfonyl, BOM =benzyloxymethyl, DIPEA = N, N-diisopropylethyl-
amine.

Table 1. Stereoselectivity in the Ti"-mediated radical cyclization of 12.

R cis/trans trans/cis exolendo
(7-OH, 8-Me) (8-Me, 3-H) (A0 A%
15/16 (17+18)/(19+20) (17419)/(18+20)
MPM 5:1 8:1 7:1
BOM 4.5:1 5:1 2.5:1

Scheme 3. a) 1) BOMCI, DIPEA, CH,Cl,; 2) NaOH, MeOH; 3) TPAP,
NMO, CH,Cl, (61%); 4) DBU, CH,Cl,; b) TPAP, NMO, CH,CI,.
TPAP =tetrapropylammonium perruthenate, NMO = N-methylmorpho-
line oxide.

alkene selectivity as well as stereoselectivity in the 6-endo
cyclization to afford the desired 13aA, which can be directly
converted into C ring aldehyde 22.%*

To allow the synthesis of the C-ring moiety in an automat-
ed synthesizer, we carried out a Ti"™-catalyzed cyclization of
12a (Scheme 4). The catalytic reaction (10 mol%
[Cp,TiCl,]) led to the desired 6-endo cyclization products
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MPMO o MPMO  OH
+

X
AcO

12a 13a other isomers

MPMO  OBOM MPMO  OBOM
b c
HO
21 22

Scheme 4. Automated synthesis of 22. a) [Cp,TiCl,] (10 mol %), Mn,
Et;B, TMSCI, K,CO;, THF, 0°C (61%); b) 1) BOMCI, DIPEA, CH,Cl,;
2) NaOH, MeOH/THF/H,0, (72%); 3) automated purification (82%);
¢) TPAP, NMO, CH,Cl, (85 % ). TMS = trimethylsilyl.

13a in 61 % yield, but the addition of lutidine-HCI salt uti-
lized in the preparation of the A ring unit gave only an ep-
oxide-opened product, that is, an undesired chlorohydrin.
Owing to the difficulty of the isolation of the desired 13aA,
the 6-endo cyclization products 13a were used in the next
reaction as a mixture. Protection of the secondary alcohol as
a BOM ether and deprotection of the acetyl group provided
the respective alcohols in 72% combined yield. Purification
by automated column chromatography with a Combi flash
Sg 100c unit was carried out repeatedly to isolate the desired
21 in 82% yield. Oxidation of 21 furnished aldehyde 22 in
85 % yield.

All the synthetic protocols from 4 to 22 were performed
in the automated synthesizer Sol-capa without affecting the
yields of the products.

Synthesis of the Cyclization Precursor 32

The Shapiro coupling reaction of 9 with aldehyde 22 provid-
ed the desired product 23 (54 %) and its C2 epimer (9 %) to-
gether with a,p-unsaturated aldehyde 15a (R=MPM)
(6%), probably because excess rBuLi base was employed,
resulting in deprotonation at the a position of the aldehyde
22 (Scheme 5).118:19:24

Therefore, 9 was converted into vinyl bromide 24 in 70 %
yield by treatment with BuLi in THF and 1,2-dibromo-
ethane. Lithiation of 24, followed by coupling with aldehyde
22 in the presence of CeCl; provided 23 in 78 % yield (12:1

TBSO MPMO OBOM

MPMO  OBOM
OTBS tBuLi,
THF +
T, H
22
NNHTs 0
9 23 20-OH (54%) 15a (6%)

2B-OH (9%)

Scheme 5. Coupling reaction of the vinyl anion produced from 9 with al-
dehyde 22.
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ratio of isomers; Scheme 6). Stereoselective epoxidation
(75% vyield), regioselective ring opening of the epoxide 25
with LiAlH,, and reprotection of the partially deprotected
10-OH group as a TBS ether provided 1,2-diol 26 (64 %) ac-

TBSO MPMO OBOM

OTBS

Br
24

TBSO MPMO OBOM

25 26 (R = H)
al, % (R = Bn)

HO_ TsO oOBOM

TBSO HO OBOM

RO OBn

DMSO 6B
28 29 (R=H)
g, 30 (R = TMS)

NC, QEE OTs 5gom

31 32

Scheme 6. Automated synthesis of the cyclization precursor 32. a) fBuLi,
CeCl;, THF, —78°C; then 22, (78 %) (20-OH/2f3-OH 12:1); b) VO(acac),,
tBuO,H, benzene (75%); c)1)LiAlH,, Et,0; 2) TBSCI, imidazole,
CH,Cl, (64%; recovered starting material 15%); d)aqueous KOH,
BnBr, Bu,NHSO, (82%); e) 1) Me,SiHCl, imidazole, DMF; 2) DDQ,
CH,CL/H,0 (60%); f)1) TsCl, DMAP, CHCl,, 50°C; 2) TBAF, THF
(53%); g) 1) TMSOTH, 2,6-lutidine, DIPEA; 2) TBAF (66 %; recovered
starting material 12%); h) TPAP, NMO, CH,Cl, (quant.); i) 1) TMSCN,
[18]crown-6, KCN, 1M HCl, THF (93%); 2) ethyl vinyl ether, camphor-
sulfonic acid, CH,Cl, (93%). Bn=benzyl, DMF = N,N-dimethylform-
amide, DDQ =2,3-dichloro-5,6-dicyano-1,4-benzoquinone, TBAF =tetra-
butylammonium fluoride, DMS = dimethylsilyl.

companied by recovered epoxide 25 (15%). As protection
of the 1,2-diol as a dibenzyl ether proceeded in low yield, se-
lective monobenzyl protection of 2-OH was performed
(82%). Without protection of the hindered 1-OH group,
DDQ oxidation of 27 formed a p-methoxybenzylidene
acetal between the 1-OH and 9-OH groups. Temporary pro-
tection of 1-OH in 27 as a dimethylsilyl (DMS) ether,*! fol-
lowed by deprotection of the MPM group afforded 28
(60%). The resultant alcohol was converted into a tosylate
leaving group, and deprotection of the TBS and DMS
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groups provided diol 29 (53%). Both hydroxy groups in 29
were simultaneously protected as TMS ethers, but the pri-
mary TMS ether was selectively removed to afford 30
(66%), and some diol 29 was recovered (12%). Oxidation
of allylic alcohol 30 followed by cyanohydrin formation at
the C10 furnished 32. We performed all the reactions de-
scribed in Scheme 6 in an automated synthesizer, ChemKon-
zert,®® originally developed by us (Figure 1).

As a result, 36 steps of the synthesis of the key intermedi-
ate 32 from geraniol (3), including three C—C bond forma-
tions, 10 oxidation and reduction reactions, 16 protection
and deprotection sequences, and seven other transformation
reactions, were performed in the automated synthesizer on a
scale between 100 mg and 300 g.

Figure 1. Left: Full picture of ChemKonzert. Right: Two layers separated
in a centrifugal separator (rotation speed 1500 rpm). ChemKonzert con-
sists of two reaction vessels (RF) (i.e. 500 and 1000 mL), a centrifugal
separator (SF) (700 mL), two receivers (SF1, SF2) (500 mL), two glass fil-
ters (FF) (100 and 500 mL), twelve substrate and reagent reservoirs (RR)
(100200 mL), six solvent and washing bottles (RS) (500 mL), three
drying pads (DT), a round flask (CF) (1000 mL), two washing solvent
tanks (WT), and a computer controller. The glassware is interconnected
with teflon tubes, and solutions are transferred under reduced pressure
by using a diaphragm pump. Separation of organic and aqueous layers is
performed by measuring the electroconductivity of the two different
phases with a sensor, and the liquid flow is regulated by solenoid valves
controlled with Windows software (KonzertMeister). The users input the
procedures in the computer and add substrates and reagents to the reser-
voirs and fill the solvents. The synthesizer carried out the reaction proce-
dures as follows: the substrate and reagents in RR were added to the re-
action vessel RF at a controlled reaction temperature under a nitrogen
atmosphere. After the reaction was complete (checking by TLC and/or
HPLC by hand), quenching reagent in RR was added to the reaction
vessel RF, and the mixture was transferred to a centrifugal separator SF
with removal of the precipitate through a glass-filter FF. After the centri-
fugal separation, the organic phase was transferred to a vessel SF. The
aqueous solution was taken back to the reaction vessel RF. After addi-
tion of the extraction solvent from RS, the mixture was stirred and then
transferred to the centrifugal separator. After three or four extractions,
the combined organic solution in SF was washed with aqueous solutions
of sodium bicarbonate and sodium chloride in RS in the reaction vessel
RE. The organic layer was separated in SF and transferred to another
vessel SF. The organic layer SF was then passed through a MgSO, or
Na,SO, plug DT for drying. The filtrate was stored in a round flask CF
for purification after evaporation of the solvent (manual). Silica-gel
column chromatography was performed with a CombiFlash unit. Unless
purification was necessary, the filtrate was directly transferred to another
reaction vessel RF, concentrated under reduced pressure, and the next re-
action was carried out sequentially. Finally, the whole apparatus was
washed with water and acetone from WT and dried under reduced pres-
sure.
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Cyclization Reaction of 32

Intramolecular alkylation of the protected cyanohydrin 32
was carried out as previously reported (Scheme 7).24%"]
Treatment of 32 with LiN(TMS), for 10 h in refluxing diox-
ane afforded the cyclization product 33 in 46 % yield. The
crucial eight-membered ring formation was effectively assist-
ed by microwave irradiation! in the presence of excess
LiN(TMS),. The reaction period was dramatically decreased
from 10 h to 15 min (49 % yield).

NC_OEE OTs 50Mm

32 33
0 OBOM 0 OBOM
d f
N “OH
: X AN
HO  &gn OBn  “Ox

34 (X = H) 36 (X = H)
C|:35(X=OH) e|:37(X=Ac)

Scheme 7. a) LIN(TMS),, dioxane, microwave irradiation, 145°C, 15 min
(49%); b) 1) camphorsulfonic acid, MeOH; 2) 1m NaOH, Et,0 (82%);
¢) SeO,, BuO,H, salicyclic acid, hexane, 55°C (92%); d) OsO,—quinucli-
dine, NMO, rBuOH/H,0, 0°C, NaBH, (64 %; recovered starting material
19%); ) AcCl, DMAP, CH,CL, (79%); f) MsCl, DMAP, CH,Cl, (84%);
2) 1) K,CO;, MeOH, room temperature; 2) DBU, toluene, 110°C (69%);
h) H,, Pd(OH), (20%), EtOH, room temperature. Ms =methanesulfonyl.

Total Synthesis of Baccatin III (2)

Further transformations were carried out manually. Hydrol-
ysis of cyanohydrin ether 33 to ketone 34, regio- and
stereo-selective allylic oxidation, and dihydroxylation of
exo-alkene 35 with OsO,—quinuclidine complex provided 36
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(Scheme 7). Selective acetylation of the primary alcohol
in 36, followed by mesylation of the secondary alcohol in 37
afforded 38. Removal of the acetyl group in 38, followed by
treatment with DBU in refluxing toluene®! provided oxe-
tane 39 in 69% yield. Hydrogenolysis of 39, however, did
not give the desired tetraol but cyclic ether 40. Surprisingly,
the oxetane was opened by the adjacent 2-OH group to
form a five-membered ether under relatively neutral reac-
tion conditions.*>*

To circumvent this problem, we converted 38 into 1,2-car-
bonate 41 prior to the formation of the oxetane ring
(Scheme 8). Hydrogenolysis of the benzyl and benzyloxy-

41 (X=H, Y = Ac)
b |:42(X=TES,Y=H)

: H
OYo Ox O &g, OAc
J
45
— 43 (X=H)
4L 42 (x=A0)

(#)-baccatin Il (2)

Scheme 8. a) 1) H,, Pd/C (10%), EtOAc, room temperature; 2) triphos-
gene, pyridine, CH,Cl,, 0°C (75%); b) 1) TESCI, pyridine, 40°C;
2) K,CO;, MeOH, 0°C (80%); c) DIPEA, HMPA, 100°C (77 %, recov-
ered starting material 20%); d) Ac,0, DMAP, CH,Cl, (70%); e) PhLi,
THF, -78°C (70%); )'”'1)/BuOK, (PhSe0),0, THF, —78—0°C;
2) tBuOK, THF, —78°C (90%), 3) Ac,0, DMAP, pyridine (50%),
4) PCC, celite, NaOAc, benzene, 85°C; 5)NaBH,, MeOH (80%);
6) HF-pyridine, THF (80%). TES=triethylsilyl, HMPA =hexamethyl-
phosphoric triamide, PCC = pyridinium chlorochromate. Bz=benzoyl.

methyl ethers in 38, followed by treatment with triphosgene
provided carbonate 41. TES protection of 7-OH and remov-
al of the acetyl group afforded 42. Oxetane formation with-
out deconjugation of A"-alkene to A?"®-exo methylene was
crucial. Treatment of 42 with DIPEA in HMPA at 100°C
provided the desired 43 in 77 % yield with recovery of the
starting material 42 (20%)." Acetylation and addition of
phenyl lithium to the 1,2-carbonate group of 44 provided
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benzoate 45, which is a racemic form of the Danishefsky
intermediate (m.p. 214-216°C) for the synthesis of taxol
(1)."% Some modification of the reported six-step proce-
dures®!” led to the total synthesis of (4)-baccatin ITI (2)
(m.p. 221-223°C), whose spectral data were identical to
those previously reported.

Conclusions

We have achieved the total synthesis of (+)-baccatin III (2)
from epoxide 12a with a single stereogenic feature. Since
optically active epoxide 12a is prepared by a Sharpless
asymmetric epoxidation, this route could be applied to the
synthesis of optically active taxol. We have demonstrated
that our originally developed synthesizers, modified Sol-
capa and ChemKonzert, efficiently allowed a 36-step synthe-
sis to provide the synthetic key intermediate 32 after tuning
the reaction conditions to make them suitable for use in the
synthesizers. Ultimately, it should be noted that a single
PhD student (S.F.) carried out the entire sequence of the
total synthesis of baccatin III (2) from geraniol (3) based on
the supply of the synthetic key intermediate 32 utilizing the
above automated synthesizers. It can be seen that the auto-
mated synthesizer can be utilized in broad areas of organic
syntheses. As the synthetic route is still too long to supply
enough taxol, we are currently developing a much more effi-
cient synthetic sequence.

Experimental Section

General

Melting points were measured on a Yanako micro melting point appara-
tus and are uncorrected. '"H NMR spectra were recorded on a JEOL
model EX-270 (270 MHz) or a ECA-400 (400 MHz) spectrometer.
Chemical shifts are reported in ppm from tetramethylsilane with the sol-
vent resonance as the internal standard (CDCl;: 6 =7.26 ppm). Data are
reported as follows: chemical shift, integration, multiplicity (s=singlet,
d=doublet, t=triplet, q=quartet, br=broad, m=multiplet), coupling
constants (Hz), and assignment. *C NMR spectra were recorded on a
JEOL model EX-270 (67.8 MHz) or a JEOL model ECP-400 (100 MHz)
spectrometer with complete proton decoupling. Chemical shifts are re-
ported in ppm from tetramethylsilane with the solvent resonance as the
internal standard (CDCl;: 6=77.0 ppm). Infrared spectra were recorded
on a Perkin—-Elmer Spectrum One FT-IR spectrometer. Mass spectra
were obtained on AppliedBioSystems Mariner TK3500 Biospectrometry
Workstation (ESI-TOF) mass spectrometers. HRMS (ESI-TOF) were
calibrated with angiotensin I (SIGMA), bradykinin (SIGMA), and neu-
rotensin (SIGMA) as internal standards. Automated column chromatog-
raphy was performed on a Combi flash Sg 100c with Isco Redi Sep Flash
Column. The automated synthesizer Sol-capa was purchased from MOR-
ITEX Corporation.

Synthesis

4: A solution of geraniol (3) (300 g, 1.95 mol), Et;N (298 mL, 2.14 mol)
and a catalytic amount of DMAP in the reaction flask was manually
treated dropwise with acetic anhydride (320 mL, 3.39 mol) at 10°C under
N,. The resulting mixture was stirred at 40°C for 7 h, the reaction mix-
ture was automatically worked up as described below. The reaction mix-
ture was transferred to the extraction flask. The reaction flask was
washed with EtOAc (No.0) and the solution was transferred to the ex-
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traction flask. This washing process was repeated twice (No.0). The reac-
tion mixture in the extraction flask was quenched by the addition of H,O
(No.1). The organic phase was transferred to the receiver flask 2, and the
aqueous phase was transferred to the receiver flask 1. The aqueous phase
in the receiver flask 1 was transferred to the extraction flask and extract-
ed with EtOAc (No.6). This extraction process was repeated again
(No.5). The organic phase in the receiver flask 2 was transferred to the
extraction flask and washed with NaCl (10 % aqueous, No.2). The result-
ing organic phase was dried by passing through a MgSO, plug and trans-
ferred to a round-bottomed flask. After this automated work-up, the ob-
tained solution was concentrated in vacuo and the residue (398 g) was
distilled to afford geranyl acetate (4) as a pale yellow oil (374 g, 1.91 mol,
98%). B.p. 111°C/6 mmHg; R;=0.56 (hexane/EtOAc 67:33); IR (neat):
P=2916, 1738, 1442, 1376, 1233, 1022, 954 cm™'; 'H NMR (270 MHz,
CDCl;): 0=1.60 (brs, 3H), 1.69 (s, 3H), 1.70 (s, 3H), 2.00-2.98 (m, 4H),
2.06 (s, 3H), 4.59 (d, 2H, J=7.3 Hz), 5.09 (t, 1H, J=6.6 Hz) 5.35 ppm
(tq, 1H, J=1.0, 73 Hz); "CNMR (67.8 MHz, CDCL): 0=16.4, 17.7,
21.0,25.7,26.3, 39.5, 61.4, 118.3, 123.7, 131.8, 142.2, 171.1 ppm.

10: A solution of geranyl acetate (4) (220 g, 1.12 mol) in hexane (60 mL)
in the reaction flask was manually treated with SeO, (5.0 g, 40 mmol),
salicylic acid (12.4 g, 89.8 mmol), and tBuO,H (>70% aqueous, 364 mL)
at room temperature. The resulting mixture was stirred at 60°C for
3 days, and the reaction mixture was then worked up automatically as de-
scribed below. The reaction mixture was transferred to the extraction
flask. The reaction flask was washed with EtOAc (No.0) and the solution
was transferred to the extraction flask. This washing process was repeat-
ed twice (No.0). The reaction mixture in the extraction flask was
quenched by the addition of Na,S,0; (50% aqueous, No.1). The organic
phase was transferred to the receiver flask 2, and the aqueous phase was
transferred to the receiver flask 1. The aqueous phase in the receiver
flask 1 was transferred to the extraction flask and extracted with EtOAc
(No.6). This extraction process was repeated again (No.5). The organic
phase in the receiver flask 2 was transferred to the extraction flask and
washed with NaCl (10% aqueous, No.2). The resulting organic phase
was dried by passing through a MgSO, plug and transferred to a round-
bottomed flask. After this automated work-up, the obtained solution was
concentrated in vacuo to afford a crude mixture of allylic alcohol 10 and
enal (265 g). The mixture of allylic alcohol 10 and enal in H,O (60 mL),
THF (60 mL), and MeOH (30 mL) in the reaction flask was manually
treated with NaBH, (15.0 g, 0.40 mol) in several portions at 0°C. The re-
sulting mixture was stirred at the same temperature for 10 min and
quenched by addition of HCI (1M aqueous). The reaction mixture was
automatically worked up as described below. The reaction mixture was
transferred to the extraction flask. The reaction flask was washed with
EtOAc (No.0) and the solution was transferred to the extraction flask.
This washing process was repeated twice (No.0). The organic phase was
transferred to the receiver flask 2, and the aqueous phase was transferred
to the receiver flask 1. The aqueous phase in the receiver flask 1 was
transferred to the extraction flask and extracted with EtOAc (No.6).
This extraction process was repeated again (No.5). The organic phase in
the receiver flask 2 was transferred to the extraction flask and washed
with NaHCO; (5% aqueous, No.2) and NaCl (10% aqueous, No.3). The
resulting organic phase was dried by passing through a MgSO, plug and
transferred to a round-bottomed flask. After this automated workup, the
obtained solution was concentrated in vacuo. The residue (232 g) was dis-
tilled to give allylic alcohol 10 as a yellow oil (113 g, 533 mmol, 48%)
and recovered geranyl acetate (4) as a pale yellow oil (27.2 g, 128 mmol,
11%). B.p. 135°C/2 mmHg; R;=0.48 (hexane/EtOAc 50:50); IR (neat):
P=3408, 2924, 1735, 1443, 1380, 1233, 1022 cm™'; 'HNMR (270 MHz,
CDCLy): 6=1.67 (s, 3H), 1.71 (s, 3H), 1.62-1.84 (m, 2H), 2.05 (s, 3H),
2.02-2.25 (m, 2H), 3.99 (s, 2H), 4.58 (d, 2H, J=7.3 Hz), 5.28-5.44 ppm
(m, 2H); "CNMR (67.8 MHz, CDCL;): §=13.7, 16.4, 21.0, 25.7, 39.1,
61.4, 68.8, 118.6, 125.2, 135.2, 141.8, 171.3 ppm.

11: A solution of p-anisyl alcohol (100 g, 0.724 mol) and DBU (10.8 mL,
72.4 mmol) in dry CH,Cl, (120mL) in the reaction flask was manually
treated with trichloroacetonitrile (69 mL, 0.69 mol) at 0°C under N,. The
resulting mixture was stirred at the same temperature for 5 min, and the
reaction mixture was automatically worked up as described below. The
reaction mixture was quenched by addition of NaCl (10% aqueous) and
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H,0 (No.0). The resulting mixture was transferred to the extraction
flask. The reaction flask was washed with Et,0 (No.0), and the solution
was transferred to the extraction flask. This washing process was repeat-
ed again (No.0). The organic phase was transferred to the receiver
flask 2, and the aqueous phase was transferred to the receiver flask 1.
The aqueous phase in the receiver flask 1 was transferred to the extrac-
tion flask and extracted with Et,0 (No.6). This extraction process was re-
peated again (No.5). The organic phase in the receiver flask 2 was trans-
ferred to the extraction flask and washed with HCI (1M aqueous, No.2),
NaHCO; (5% aqueous, No.3), and NaCl (10% aqueous, No.4). The re-
sulting organic phase was dried by passing through a MgSO, plug and
transferred to a round-bottomed flask. After this automated workup, the
obtained solution was concentrated in vacuo to afford MPM imidate 11
as a yellow oil (197 g), which was used in the next reaction without fur-
ther purification.

12a: A solution of allylic alcohol 10 (100g, 0.472 mol) in toluene
(260 mL) in the reaction flask was treated manually with VO(acac),
(1.3 g, 4.7 mmol) and rBuO,H (>70% aqueous, 85 mL) at 0°C. The re-
sulting mixture was stirred at room temperature for 6 h, and the reaction
mixture was automatically worked up as described below. The reaction
mixture was transferred to the extraction flask. The reaction flask was
washed with EtOAc (No.0) and the solution was transferred to the ex-
traction flask. This washing process was repeated twice (No.0). The reac-
tion mixture in the extraction flask was quenched by the addition of
Na,S,0; (10% aqueous, No.1). The organic phase was transferred to the
receiver flask 2, and the aqueous phase was transferred to the receiver
flask 1. The aqueous phase in the receiver flask 1 was transferred to the
extraction flask and extracted with EtOAc (No.6). This extraction pro-
cess was repeated again (No.5). The organic phase in the receiver flask 2
was transferred to the extraction flask and washed with NaHCO; (5%
aqueous, No.2) and NaCl (10% aqueous, No.3). The resulting organic
phase was dried by passing through a MgSO, plug and transferred to a
round-bottomed flask. After this automated workup, the obtained solu-
tion was concentrated in vacuo. The residue (120 g) was used for the next
reaction without further purification. A solution of the crude epoxy alco-
hol (92 g, ca. 0.36 mol) in dry Et,0 (500 m) in the reaction flask was
treated manually with TfOH (0.1m in Et,0, 4.0 mL, 0.40 mmol) and
MPM imidate 11 (123 g, 0.44 mol) at 0°C under N,. The resulting mixture
was stirred at the same temperature for 5 min, and the reaction mixture
was worked up automatically as described below. The reaction mixture
was transferred to the extraction flask. The reaction flask was washed
with Et,0 (No.0) and the solution was transferred to the extraction flask.
This washing process was repeated twice (No.0). The resulting mixture
was quenched by addition of NaHCO; (5% aqueous, No.1). The organic
phase was transferred to the receiver flask 2, and the aqueous phase was
transferred to the receiver flask 1. The organic phase in the receiver
flask 2 was transferred to the extraction flask and washed with NaCl
(10% aqueous, No.2). The resulting solution was dried by passing
through a MgSO, plug and transferred to a round-bottomed flask. After
this automated work-up, the obtained solution was concentrated in vacuo.
The residue (178 g) was diluted with CH,Cl, and hexane to induce crys-
tallization. The white crystals of trichloroacetamide were removed by fil-
tration. The filtrate was concentrated in vacuo. The residue was purified
by column chromatography to afford MPM ether 12a as a colorless oil
(112 g, 0.32 mmol, 89 % over two steps). R;=0.51 (hexane/EtOAc 67:33);
IR (neat): P=3627, 2936, 2858, 1735, 1615, 1515, 1247, 1092, 1034,
821 cm™'; 'THNMR (270 MHz, CDCLy): 6=1.32 (s, 3H), 1.62-1.77 (m,
2H), 1.72 (s, 3H), 2.05 (s, 3H), 2.08-2.31 (m, 2H) 2.85 (t, 1H, J=
6.3 Hz), 3.40 (d, 1H, /=109 Hz), 3.47 (d, 1H, J=10.9 Hz), 3.81 (s, 3H),
445 (d, 1H, J=115Hz), 451 (d, 1H, J=11.5Hz), 458 (d, 2H, J=
7.3 Hz), 5.38 (t, 1H, J=7.3 Hz) 6.88 (d, 2H, J=8.6 Hz), 7.26 ppm (d, 2H,
J=8.6 Hz); "C NMR (67.8 MHz, CDCl,): 6=14.6, 16.5, 21.1, 26.6, 36.2,
55.3, 60.0, 60.5, 61.3, 72.9, 74.4, 113.9, 119.1, 129.4, 130.3, 141.2, 159.3,
1712 ppm ; HRMS (ESI-TOF): caled for [CyHyOs+Na]t 371.1829,
found: 371.1829.

Ti"-catalyzed cyclization of 12a: Manganese (3.51 g, 65.0 mmol) and
K,CO; (15.5 g, 112 mmol) were placed in the reaction flask. A superna-
tant of [Cp,TiCl] in THF (100 mL) (prepared in situ from [Cp,TiCl,]
(2.90 g, 11.6 mmol) and Mn (0.84 mg, 16 mmol) in dry THF (130 mL)),
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TMSCI (11.9 mL, 94 mmol), and Et;B (97 mL, 97 mmol, 1.0m in THF)
was added to the solution of epoxide 12a (15.0 g, 43.1 mmol) in dry THF
(120 mL) at 0°C under N,. The resulting mixture was stirred at the same
temperature for 7 h under N,, quenched by the addition of HCl (3m
aqueous, 210 mL) with stirring at room temperature for 5 min, and dilut-
ed with Et,0 (500 mL). The reaction mixture was automatically worked
up as described below. The reaction mixture was transferred to the ex-
traction flask. The reaction flask was washed with Et,0 (No.0), and the
solution was transferred to the extraction flask. The organic phase was
transferred to the receiver flask 2, and the aqueous phase was transferred
to the receiver flask 1. The organic phase in the receiver flask 2 was
transferred to the extraction flask and washed with NaHCO; (5% aque-
ous, No.1) and NaCl (10% aqueous, No.2). The resulting organic phase
was dried by passing through a MgSO, plug and transferred to a round-
bottomed flask. After this automated workup, the obtained solution was
concentrated in vacuo. The residue (18.6 g) was filtered through silica gel
to afford 6-endo cyclization products 13a (9.14 g, 26.3 mmol, 61%).
Major isomer 13aA was isolated by preparative HPLC (column Silica-
3301-N (8 mm i.d., 300 mm), eluent hexane/EtOAc 75:25, flow rate
2.1 mLmin", tz 24 min), R;=0.53 (hexane/EtOAc 50:50); m.p. 81-82°C;
IR (neat): P=3480, 2938, 1735, 1614, 1515, 1368, 1302, 1248, 1094, 1034,
821 cm™'; '"HNMR (270 MHz, CDCLy): 6=0.80 (s, 3H), 1.38-1.55 (m,
1H), 1.75-1.90 (m, 1H), 2.01 (s, 3H), 2.00-2.14 (m, 1H), 2.25-2.38 (m,
1H), 2.28-2.40 (m, 1H), 338 (d, 1H, J=9.2 Hz), 3.56 (d, 1H, J=9.2 Hz),
3.81 (s, 3H), 3.78-3.92 (m, 1H), 4.16 (dd, 1H, J=4.3, 11.5 Hz), 4.28 (dd,
1H, J=8.6, 11.5 Hz), 4.46 (brs, 2H), 4.60 (s, 1H), 493 (s, 1H), 6.88 (d,
2H, J=8.6Hz), 725ppm (d, 2H, J=8.6 Hz); "CNMR (67.8 MHz,
CDCL): 6=114, 21.1, 31.2, 33.5, 43.3, 45.2, 554, 61.9, 73.3, 73.8, 76.1,
109.6, 114.0, 129.3, 130.1, 144.9, 159.4, 171.2 ppm; HRMS (ESI-TOF)
caled for [CyHpOs5+H]t 349.2010, found 349.2011; elemental analysis:
caled for C,yH,05 (%): C 68.94, H 8.10; found: C 68.61, H 8.29.

21: A mixture of alcohols 13a (44.0 g, 0.126 mol) in dry CH,Cl, (126 mL)
in the reaction flask was treated manually with /Pr,NEt (107 mL, 0.632
mol) and BOMCI (44.0 mL, 0.316 mol) at 0°C under N,. The resulting
mixture was stirred at the same temperature for 1h, and the reaction
mixture was automatically worked up as described below. The resulting
solution was quenched by the addition of H,O (No.0) and transferred to
the extraction flask. The reaction flask was washed with Et,0 (No.0),
and the solution was transferred to the extraction flask. This washing pro-
cess was repeated again (No.0). The organic phase was transferred to the
receiver flask 2, and the aqueous phase was transferred to the receiver
flask 1. The aqueous phase in the receiver flask 1 was transferred to the
extraction flask and extracted with Et,O (No.6). This extraction process
was repeated again (No.5). The organic phase was transferred to extrac-
tion flask and washed with HCI (1M aqueous, No. 1), NaHCO; (5% aque-
ous, No.2) and NaCl (10% aqueous, No.3). The resulting solution was
dried by passing through a MgSO, plug and transferred to a round-bot-
tomed flask. After this automated workup, the obtained solution was
concentrated in vacuo to afford crude BOM ether (61 g), which was used
for the next reaction without further purification. A solution of the crude
BOM ether (30 g, <62 mmol) in H,O (96 mL), THF (96 mL) and MeOH
(32mL) in the reaction flask was treated manually with NaOH (9.9 g,
0.25 mol) at 0°C. The resulting mixture was stirred at 30°C for 10 h, and
the reaction mixture was automatically worked up as described below.
The resulting solution was treated with NaCl (10% aqueous) and H,0O
(No.0). The mixture was transferred to the extraction flask. The reaction
flask was washed with Et,0O (No.0), and the solution was transferred to
the extraction flask. This washing process was repeated again (No.0).
The organic phase was transferred to the receiver flask 2, and the aque-
ous phase was transferred to the receiver flask 1. The aqueous phase in
the receiver flask 1 was transferred to the extraction flask and extracted
with EtOAc (No.6). This extraction process was repeated again (No.5).
The organic phase was transferred to the extraction flask and washed
with HCl (1M aqueous, No.1), NaHCO; (5% aqueous, No.2) and NaCl
(10% aqueous, No.3). The resulting solution was dried by passing
through a MgSO, plug and transferred to a round-bottomed flask. After
this automated workup, the obtained solution was concentrated in vacuo.
The residue (27.9 g) was simply filtered through a short silica-gel plug to
afford alcohols (19.0 g, 44.6 mmol, 72%). The mixtures were repeatedly
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purified through a Combi flash Sg 100c (Isco Redi Sep Flash Column
110 g, 25% EtOAc in hexane, flow rate 10 mLmin™") to isolate alcohol
21 (15.6g, >80% RI purity). HPLC analysis (column Silica-3301-N
(8mm id., X 300mm), eluent hexane/EtOAc 80:20, flow rate
2.0 mLmin™') tz=18 min; IR (neat): P=3426, 2938, 2882, 1612, 1513,
1454, 1248, 1098, 1038, 736, 698 cm™'; 'H NMR (270 MHz, CDCL;): 6=
0.87 (s, 3H), 1.58-1.92 (m, 2H), 1.98-2.13 (m, 1H), 2.25-2.35 (m, 1H),
2.30-2.47 (m, 1H), 3.31 (d, 1H, /=92 Hz), 3.38 (d, 1H, /J=9.2 Hz), 3.72
(dd, 1H, J=7.9, 109 Hz), 3.79 (s, 3H), 3.73-3.89 (m, 2H), 4.39 (brs,
2H), 4.56 (d, 1H, J=11.2 Hz), 4.64 (d, 1H, /J=11.2 Hz), 4.66 (brs, 1H),
4.71 (d, 1H, J=6.9 Hz), 4.80 (d, 1H, J=6.9 Hz), 4.92 (brs, 1H), 6.86 (d,
2H, J=8.6Hz), 721 (d, 2H, J=8.6Hz), 7.23-740 ppm (m, SH);
BCNMR (67.8 MHz, CDCLy): 6=14.5, 28.2, 31.2, 43.3, 50.0, 55.3, 60.8,
65.5, 69.8, 73.0, 73.8, 94.4, 110.0, 113.8, 127.1, 127.8, 128.7, 129.2, 130.3,
137.9, 146.9, 159.3 ppm; HRMS (ESI-TOF): calcd for [C,H3,05Si+Na]*:
449.2298; found: 449.2299.

22: The alcohol 21 (1.30 g, 3.05 mmol) in dry CH,Cl, (15 mL) was treated
with NMO (1.1 g, 9.1 mmol) and a catalytic amount of TPAP at room
temperature under argon. The dark green suspension was stirred at the
same temperature for 30 min, diluted with Et,O and treated with florisil.
The mixture was filtered on celite and the filtrate was concentrated in
vacuo. The residue was purified by utilizing the automated column ma-
chine Combi flash Sg 100c (Isco Redi Sep Flash Column 35 g, 10-12%
EtOAc in hexane, flow rate 15 mLmin"') to afford aldehyde 22 (1.1g,
2.6 mmol) in 85% yield. R;=0.49 (hexane/EtOAc 67:33); IR (neat): P=
2939, 2877, 1716, 1612, 1514, 1247, 1097, 1037, 820, 737, 698 cm';
'"HNMR (270 MHz, CDCl,): 6=1.18 (s, 3H), 1.73-1.88 (m, 2H), 2.07-
2.23 (m, 1H), 2.35-2.55 (m, 1H), 2.89 (d, 1H, /J=3.3Hz), 3.32 (s, 2H),
3.80 (s, 3H), 3.73-3.85 (m, 1H), 4.37 (s, 2H), 4.56 (d, 1H, J=8.9 Hz),
4.61 (d, 1H, J=8.9 Hz), 4.64 (brs, 1H), 4.72 (d, 1H, J=6.9 Hz), 4.81 (d,
1H, J=6.9 Hz), 4.97 (brs, 1H), 6.86 (d, 2H, J=8.6 Hz), 7.21 (d, 2H, /=
8.6 Hz), 7.13-7.42 (m, 5H), 9.81 ppm (d, 1H, J=3.3 Hz); "CNMR
(67.8 MHz, CDCl,): 6=16.0, 27.0, 30.2, 44.0, 55.3, 60.4, 69.9, 73.0, 74.1,
94.0, 112.8, 113.8, 127.8, 127.9, 1285, 129.2, 130.4, 137.8, 142.7, 159.2,
202.0 ppm; HRMS (ESI-TOF): caled for [C,H;Os+Na]*™: 447.2142;
found: 447.2141.

24: All glassware placed in ChemKonzert (see Figure 1) were dried. RF1
was dried again at 80°C for 30 min under reduced pressure and cooled to
room temperature. Then a solution of tosylhydrazone 9 (1.3 g, 2.9 mmol)
in THF (7.0 mL) was added manually to RF1 and cooled to —25°C
under N,. The solution was treated with /BuLi (1.7M in pentane, 7.9 mL,
13 mmol) at the same temperature manually, stirred at —25°C for 30 min,
warmed to 10°C, and stirred at the same temperature for 30 min. The re-
sulting solution was treated with dibromoethane (1.2mL, 15 mmol,
RR1), diluted with hexane (40 mL, RS3), and quenched by the addition
of H,O (60 mL, RS4). The mixture was filtered with FF1 and transferred
to SF. After centrifugation, the two phases were separated. The aqueous
phase in SF1 was transferred to RF1 and extracted with hexane (40 mL,
RS3). This extraction process was repeated twice. The organic phase in
SF2 was transferred to RF1 and washed with HCI (1M aqueous, 40 mL,
RS6), NaHCO; (5% aqueous, 40 mL, RS5), and NaCl (10% aqueous,
40 mL, RR8). The resulting organic phase was dried by passing through
DT1 (MgSO,) and transferred to a round-bottomed flask (CF1). The or-
ganic solution was concentrated invacuo. The residue was filtered
through a silica-gel plug (eluent hexane) to afford vinyl bromide 24 as a
colorless oil (700 mg, 2.03 mmol, 70%). IR (neat): P=2930, 2857, 1463,
1253, 1134, 1058, 922, 837, 774 cm™'; 'HNMR (270 MHz, CDCL): 6=
0.09 (s, 6H), 0.90 (s, 9H), 1.26 (s, 6H), 1.72 (s, 3H), 2.67 (t, 2H, J=
3.6 Hz), 4.18 (s, 2H), 5.98 ppm (t, 1H, J=3.6 Hz); *C NMR (67.8 MHz,
CDCl,): 0=-5.3, 184, 18.8, 26.0, 27.6, 29.3, 35.9, 41.6, 59.5, 125.4, 128.3,
134.5, 134.5 ppm.

23: After all glassware was dried, RF1 was dried again at 80°C for
30 min under reduced pressure and cooled to room temperature. The
100-mL three-necked flask (RF2) with a solution of vinyl bromide 24
(0.90 g, 2.6 mmol) in THF (9.0 mL) and a dry ice—acetone bath were then
attached to ChemKonzert. The solution was treated with (BuLi (1.7M in
pentane, 3.0 mL, 5.1 mmol) at —78°C manually under N, and stirred at
the same temperature for 30 min. A cooled (—20°C) suspension of CeCl,
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(1.6 g, 6.5 mmol) in THF (30 mL, RF1) was then transferred to RF2. The
resulting mixture was stirred at —78°C for 1 h and treated dropwise with
a solution of aldehyde 22 (0.50 g, 1.2 mmol) in THF (2.5 mL, RRY) at the
same temperature. RR9 was then washed with THF (2.0 mL, RR12), and
the solution was transferred to RF2. The resulting mixture was stirred at
—78°C for 30 min and transferred to RF1. RF2 was washed twice with
hexane (20 mL, RS2), and the solution was transferred to RF1. The reac-
tion was then quenched by the addition of HCI (1M aqueous, 40 mL,
RS6) and transferred to SE. After centrifugation, the two phases were
separated. The aqueous phase in SF1 was transferred to RF1 and extract-
ed with Et,0 (40 mL, RS1). This extraction process was repeated twice.
The organic phase in SF2 was transferred to RF1 and washed with
NaHCO; (5% aqueous, 40 mL, RS5) and NaCl (10% aqueous, 40 mL,
RS4). The resulting organic phase was dried by passing through DT1
(MgSO,) and transferred to a round-bottomed flask (CF1). The obtained
solution was concentrated in vacuo. The residue (1.1 g) was purified by
utilizing the automated column machine Combi flash Sg 100c (Isco Redi
Sep Flash Column, 0-20% EtOAc in hexane, flow rate 7.5 mLmin™') to
afford allylic alcohol 23 (647 mg, 0.94 mmol, 78%). R;=0.47 (hexane/
EtOAc 50:50); IR (neat): P=3435, 2931, 1614, 1514, 1463, 1250, 1093,
1037, 837 cm™'; '"HNMR (400 MHz, CDCL,): =-0.05 (s, 6H), 0.77 (s,
9H), 0.95 (s, 3H), 1.07 (s, 3H), 1.20 (s, 3H), 1.40-1.52 (m, 1H), 1.58 (s,
3H) 1.77-1.88 (m, 1H), 1.87 (brs, 1H), 1.90-2.00 (m, 1H), 2.43-2.55 (m,
2H), 2.52-2.68 (m, 1H), 2.97 (d, 1H, J=9.2 Hz), 3.23 (d, 1H, J=9.2 Hz),
3.64 (s, 3H), 3.73 (brs, 1H), 4.00 (d, 1H, J=11.1Hz), 408 (d, 1H, J=
11.1 Hz), 4.18 (brs, 1H), 4.22 (s, 2H), 4.51 (s, 2H), 4.57 (brs, 1H), 4.68
(d, 1H, /=73 Hz), 4.80 (d, 1H, J=7.3 Hz), 4.89 (s, 1H), 5.52 (t, 1H, /=
3.4 Hz), 6.70 (d, 2H, J=8.7 Hz), 7.05 (d, 2H, J=8.7 Hz), 7.00-7.25 ppm
(m, 5H); "CNMR (100 MHz, CDCLy): 6=-5.3 (CHs), 18.5 (C), 19.2
(CHs;), 19.6 (CH;) 26.1 (CH;), 26.3 (CHjs), 27.4 (CH,), 28.1 (CHj;), 29.3
(CH,), 33.2 (CH,), 38.2 (C), 43.7 (C), 53.5 (CH), 55.3 (CHj;), 59.0 (CH,),
67.8 (CH), 70.3 (CH,), 73.0 (CH,), 77.0 (CH,), 77.6 (CH), 94.1 (CH,),
113.7 (CH), 115.6 (CH,), 122.1 (CH), 127.9 (CH), 128.0 (CH), 1285
(CH), 128.9 (CH), 129.5 (C), 130.7 (C), 135.1 (C), 137.5 (C), 1414 (C),
143.8 (C), 159.1 ppm (C).

25: A solution of allylic alcohol 23 (0.95 g, 1.4 mmol) in benzene (60 mL)
in RF1 was cooled to 10°C and treated with rBuOOH (5.0-6.0M in
decane, 0.55 mL) and VO(acac), (22 mg, 0.084 mmol) manually. The re-
sulting mixture was stirred at 10°C for 2 h, diluted with Et,0 (120 mL,
RS2), quenched by the addition of NaHCO; (5% aqueous, 60 mL, RS5),
and transferred to SE. After centrifugation, the two phases were separat-
ed. The aqueous phase in SF1 was transferred to RF1 and extracted with
EtOAc (60 mL, RS1). This extraction process was repeated twice. The or-
ganic phase in SF2 was transferred to RF1 and washed twice with
Na,S,0;5 (10% aqueous, 40 mL, RS6) and NaCl (10% aqueous, 40 mL,
RS4). The resulting organic phase was dried by passing through DTI
(MgSO,) and transferred to a round-bottomed flask (CF1). The obtained
solution was concentrated in vacuo. The residue (1.24 g) was purified by
utilizing the automated column machine Combi flash Sg 100c (Isco Redi
Sep Flash Column, 10-30% EtOAc in hexane, flow rate 15 mLmin’l) to
afford epoxide 25 as a colorless oil (742 mg, 1.05 mmol, 75%). R;=0.45
(hexane/Et,0 33:67); IR (neat): P=3428, 2933, 2885, 1614, 1515, 1250,
1082, 1043, 837, 774, 749 cm™'; '"H NMR (270 MHz, CDCl,): §=0.07 (s,
6H), 0.90 (s, 9H), 1.21 (s, 3H), 1.25 (s, 3H), 1.29 (s, 3H), 1.72 (s, 3H),
1.58-1.78 (m, 1H), 1.82-1.97 (m, 1H), 1.98-2.12 (m, 1H), 2.43 (brs, 2H),
2.48-2.65 (m, 1H), 2.66 (brs, 1H), 3.30 (s, 2H), 3.45 (s, 1 H), 3.80 (s, 3H),
3.75-3.83 (m, 1H), 4.07 (d, 1H, J=11.6 Hz), 417 (d, 1H, J=11.6 Hz),
4.35 (brs, 1H), 4.38 (s, 2H), 4.52 (brs, 1H), 4.60 (d, 1H, J=11.9 Hz),
4.65 (d, 1H, J=119Hz), 478 (d, 1H, J=7.3Hz), 489 (d, 1H, J=
7.3 Hz), 493 (brs, 1H), 6.85 (d, 2H, J=8.6 Hz), 7.20 (d, 2H, /=8.6 Hz),
7.25-7.40 ppm (m, 5H); "CNMR (67.8 MHz, CDCL;): 0=-5.3, 18.4,
19.9, 22.0, 26.1, 26.9, 28.1, 30.3, 31.7, 32.4, 39.1, 44.2, 49.6, 55.3, 57.0, 59.1,
64.5, 66.6, 70.1, 73.1, 75.4, 77.5, 94.0, 113.7, 113.7, 125.7, 127.8, 127.9,
128.5, 129.1, 130.5, 134.2, 137.5, 147.0, 159.1 ppm; HRMS (ESI-TOF):
caled for [Cy,He,O,Si+H]*: 707.4338; found: 707.4324.

26: RF1 was dried at 70°C for 10 min under reduced pressure. A solution
of epoxy alcohol 25 (0.47 g, 0.66 mmol) in Et,0 (5mL) was placed in
RF1 and concentrated under reduced pressure. The resulting oil was
treated with LiAlH, (0.35M in Et,0, 53 mL, 19 mmol) manually and stir-
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red at 40°C for 2 h. The resulting mixture was cooled to —10°C, diluted
with Et,0 (100 mL, RS2), and quenched dropwise with Na,SO, (4%
aqueous, 10 mL, RR1) while controlling the temperature of the reaction
mixture. The generated aluminum salt was then dissolved by the addition
of H,SO, (5% aqueous, 200 mL, RS6). The mixture was filtered with
FF1 and transferred to SF. After centrifugation, the two phases were sep-
arated. The aqueous phase in SF1 was transferred to RF1 and extracted
with EtOAc (120 mL, RS1). This extraction process was repeated twice.
The organic phase in SF2 was transferred to RF1 and washed with
NaHCO; (5% aqueous, 40 mL, RS5) and NaCl (10% aqueous, 40 mL,
RS4). The resulting organic phase was dried by passing through DT1
(MgSO,) and transferred to a round-bottomed flask (CF1). The obtained
solution was concentrated in vacuo to afford a mixture of diol 26 and the
triol obtained by partial deprotection of the TBS ether, which was used
for the next reaction without further purification. A solution of the crude
mixture in CH,Cl, (8 mL) was placed in RF1 and treated with imidazole
(0.25 g, 3.6 mmol) and TBSCI (0.24 g, 1.7 mmol) manually at room tem-
perature. The resulting solution was stirred at the same temperature for
1 h, quenched by the addition of H,O (40 mL, RR1), diluted with Et,0
(40 mL, RS2), and transferred to SF. After centrifugation, the two phases
were separated. The aqueous phase in SF1 was transferred to RF1 and
extracted with Et,0 (40 mL, RS2). This extraction process was repeated
twice. The organic phase in SF2 was transferred to RF1 and washed with
HCI (1M aqueous, 40 mL, RS6) and NaHCO; (5% aqueous, 40 mL, RS5)
and NaCl (10% aqueous, 40 mL, RS4). The resulting organic phase was
dried by passing through DT1 (MgSO,) and transferred to a round-bot-
tomed flask (CF1). The obtained solution was concentrated in vacuo. The
residue (0.59 g) was purified by utilizing the automated column machine
Combi flash Sg 100c (Isco Redi Sep Flash Column, 10-30% EtOAc in
hexane, flow rate 15 mLmin’l) to afford diol 26 as a colorless oil
(300 mg, 0.42 mmol, 64%) as well as recovered epoxide 25 (70 mg,
0.099 mmol, 15%). R;=0.46 (hexane/Et,0 50:50); IR (neat): P=3408,
2929, 2856, 1733, 1613, 1514, 1362, 1302, 1250, 1095, 1036, 836, 773 cm ™ ';
"H NMR (270 MHz, CDCl,): 6=0.06 (s, 6H), 0.88 (s, 9H), 1.11 (s, 3H),
1.13 (s, 3H), 1.16 (s, 3H), 1.66 (s, 3H), 1.57-1.68 (m, 1H), 1.58-2.25 (m,
6H), 1.98-2.12 (m, 1H), 2.44 (s, 1H), 2.60-2.80 (m, 1H), 3.23 (d, 1H, J=
8.9 Hz), 3.33 (d, 1H, J=8.9 Hz), 3.75-3.82 (m, 1H), 3.80 (s, 3H), 4.09 (d,
1H, J=10.9 Hz), 4.13 (brs, 1H), 4.16 (d, 1H, J=10.9 Hz), 4.35 (d, 1H,
J=11.9Hz), 441 (d, 1H, J=11.9 Hz), 4.60 (d, 1H, J=11.6 Hz), 4.65 (d,
1H,J=11.6 Hz), 478 (d, 1H, J=6.9 Hz), 4.87 (d, 1H, J=6.9 Hz), 4.87 (s,
1H), 5.00 (s, 1H), 6.86 (d, 2H, J=8.6 Hz), 7.21 (d, 2H, J=8.6 Hz), 7.25-
7.40 ppm (m, SH); "CNMR (67.8 MHz, CDCL): 6=-53, 183, 1838,
19.3, 23.3, 25.6, 26.0, 27.6, 28.1, 30.1, 31.1, 43.9, 44.3, 48.2, 55.3, 59.3, 70.2,
70.5, 73.0, 75.7, 76.2, 77.7, 94.0, 113.7, 114.5, 128.0, 128.0, 128.6, 129.1,
130.2, 130.6, 136.9, 137.4, 147.6, 159.1 ppm; HRMS (ESI-TOF): calcd for
[CHO;Si+Na]*: 731.4314; found: 731.4312.

27: A 100-mL three-necked flask (RF1) with diol 26 (0.50 g, 0.71 mmol)
was attached to ChemKonzert. The oil was then treated with KOH (50 %
aqueous, 5.0mL), BnBr (1.7 mL, 14 mmol), and Bu,NHSO, (0.48 g,
1.4 mmol) manually at room temperature. The resulting mixture was stir-
red at the same temperature for 5h, quenched by the addition of H,O
(40 mL, RR1), diluted with Et,0 (40 mL, RS1), and transferred to SF.
After centrifugation, the two phases were separated. The aqueous phase
in SF1 was transferred to RF1 and extracted with Et,0 (40 mL, RS2).
This extraction process was repeated twice. The organic phase in SF2 was
transferred to RF1 and washed with HCl (1M aqueous, 40 mL, RS6),
NaHCO; (5% aqueous, 40 mL, RS5) and NaCl (10% aqueous, 40 mL,
RS4). The resulting organic phase was dried by passing through DTI
(MgSO,) and transferred to a round-bottomed flask (CF1). The obtained
solution was concentrated in vacuo. The residue (1.88 g) was purified by
utilizing the automated column machine Combi flash Sg 100c (Isco Redi
Sep Flash Column, 0-30% EtOAc in hexane, flow rate 15 mLmin™") to
afford benzyl ether 27 as a solid (465 mg, 0.58 mmol, 82%). R;=0.48
(hexane/Et,0 67:33); m.p. 87-88°C; IR (neat): P=3558, 2932, 1613, 1515,
1464, 1361, 1250, 1043, 836, 773, 697 cm™'; '"H NMR (400 MHz, CDCl,):
0=0.05 (s, 6H), 0.89 (s, 9H), 0.92 (s, 3H), 1.08 (s, 3H), 1.17 (s, 3H), 1.67
(s, 3H), 1.55-2.25 (m, 8H), 2.37 (brs, 1H), 3.51 (d, 1H, /=9.7 Hz), 3.62
(d, 1H, J=9.7Hz), 3.79 (s, 3H), 3.73-3.87 (m, 1H), 4.10 (d, 1H, J=
11.1Hz), 415 (d, 1H, J=11.1Hz), 422 (brs, 1H), 436 (d, 1H, J=
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11.1 Hz), 4.46 (d, 1H, J=11.1 Hz), 447 (d, 1H, J=12.1 Hz), 4.66 (d, 1H,
J=12.1Hz), 467 (d, 1H, J=11.6 Hz), 471 (d, 1H, J=6.8 Hz), 4.73 (d,
1H, J=6.8 Hz), 4.84 (d, 1H, J=11.6 Hz), 5.03 (s, 1 H), 5.50 (s, 1 H), 6.84
(d, 2H, J=8.7 Hz), 7.23 (d, 2H, J=8.7 Hz), 7.18-7.42 ppm (m, 10H);
H NMR (400 MHz, CD;OD): 6 =0.04 (s, 3H), 0.05 (s, 3H), 0.85 (s, 3H),
0.89 (s, 9H), 1.12 (s, 3H), 1.37 (s, 3H), 1.47-1.91 (m, 1H), 1.63 (s, 3H),
1.83-2.20 (m, 7H) 2.32 (brs, 1H), 3.53 (d, 1H, /=9.7 Hz), 3.62 (d, 1 H,
J=9.7Hz), 3.75 (brs, 3H), 3.77 (dd, 1H, J=4.3, 11.6 Hz), 4.06 (d, 1H,
J=11.1 Hz), 4.19 (brs, 1H), 420 (d, 1H, J=11.1 Hz), 434 (d, 1H, J=
11.1 Hz), 445 (d, 1 H, J=11.1 Hz), 447 (d, 1 H, J=12.1 Hz), 4.59 (d, 1 H,
J=12.1Hz), 4.66 (d, 1H, J=11.6 Hz) 4.67 (d, 1H, J=63 Hz), 4.69 (d,
1H, J=63 Hz), 499 (d, 1H, J=11.6 Hz), 499 (d, 1H, J=1.9 Hz), 5.56
(brs, 1H), 6.83 (d, 2H, J=8.7Hz), 724 (d, 2H, J=8.7 Hz), 7.15-
7.40 ppm (m, 10H, a); °C NMR (67.8 MHz, CDCL): 6=—5.3, 13.7, 18.4,
19.6, 26.1, 27.4, 29.9, 30.7, 36.5, 42.5, 46.1, 48.3, 55.3, 59.8, 69.5, 72.9, 73.1,
73.9, 79.3, 79.8, 81.4, 95.0, 113.7, 114.4, 126.9, 127.2, 127.7, 127.8, 128.3,
128.5, 129.8, 130.1, 130.9, 136.1, 138.1, 139.1, 146.3, 159.2 ppm; “C NMR
(100 MHz, CD,OD): 6=-43 (CH,), 14.9 (CH,), 20.0 (C), 20.6 (CHy),
273 (CHa), 27.3 (CH,), 29.0 (CH,), 31.8 (CH,), 32.6 (CH,), 38.5 (CH,),
441 (C), 50.2 (3), 56.5 (CHa), 61.9 (C10), 71.3 (CH,), 74.6 (CH,), 74.8
(CH,), 762 (CH,), 81.6 (C7), 82.58 (C1), 84.6 (C2), 96.5 (CH,), 1153
(C20), 115.5 (CH), 128.6 (CH), 1288 (CH), 129.4 (CH), 129.7 (CH),
130.0 (CH), 130.2 (CH), 131.7 (CH), 132.3 (C), 133.1 (C), 137.7 (C),
1402 (C), 1417 (C), 148.4 (C), 161.5 ppm (C); HRMS (ESI-TOF): calcd
for [CuH,0O,Si+Na]t: 821.4783; found: 821.4783; elemental analysis:
caled for CyH7,05Si (%): C 73.64, H 8.83; found: C 73.62, H 8.97.

28: A 200-mL three-necked flask (RF2) with 27 (0.30 g, 0.38 mmol) was
attached to ChemKonzert. The oil was then treated with DMF (5.0 mL),
imidazole (0.20 g, 3.0 mmol), and Me,HSiCl (0.17 mL, 1.5 mmol) manual-
ly at room temperature. The resulting mixture was stirred at the same
temperature for 5 min, diluted with Et,0 (80 mL, RS2) and quenched by
the addition of H,O (20 mL, RS4) and NaCl (10 %, 20 mL, RS6). The re-
sulting mixture was then transferred to SF. After centrifugation, the two
phases were separated. The aqueous phase in SF1 was transferred to RF2
and extracted with Et,0 (80 mL, RS2). The organic phase in SF2 was
transferred to RF2 and washed with NaCl (10% aqueous, 40 mL, RS6).
After separation of the phases, the organic phase was transferred to SF2,
and the aqueous phase in SF1 was transferred to DRAIN2. RF2 was
washed with Et,O (40 mL, RS2), and the resulting solution was transfer-
red to SE. RF2 was then washed with H,O and acetone and dried under
reduced pressure. The organic phase in SF2 was dried by passing through
DT1 (MgSO,) and transferred to RF1, and the solution in SF was trans-
ferred to RF2 through SF2 and DT1. The crude solution was concentrat-
ed under reduced pressure, diluted with CH,Cl, (6 mL, RR7), and trans-
ferred to RF1 containing DDQ (0.21 g, 0.94 mmol). RF2 was then
washed twice with CH,Cl, (6 mL, RR10; 8 mL, RRY), and the resulting
solution was transferred to RF1. The mixture was treated with buffer
(pH 7 aqueous, 3 mL, RR1), stirred at room temperature for 25 min in
RF1, and quenched by the addition of NaHCO; (5% aqueous, 40 mL,
RSS5), H,O (20 mL, RS4), and NaCl (10% aqueous, 20 mL, RS6). The re-
sulting mixture was filtered with FF1 and transferred to SF. FF1 was then
washed with Et,0 (60 mL, RS2), and the resulting solution was transfer-
red to SFE. After centrifugation, the two phases were separated. The aque-
ous phase in SF1 was transferred to RF1 and extracted with Et,O
(80 mL, RS2). This extraction process was repeated twice. The organic
phase in SF2 was transferred to RF1 and washed twice with NaCl (10 %
aqueous, 40 mL, RS6). The resulting organic phase was dried by passing
through DT2 (MgSO,) and transferred to a round-bottomed flask (CF1).
RF1, SF, and SF2 were then washed with Et,0O (40 mL, RS2). The ob-
tained solution was concentrated in vacuo. The residue (0.26 g) was puri-
fied by utilizing the automated column machine Combi flash Sg 100c
(Isco Redi Sep Flash Column, 0-13% EtOAc in hexane, flow rate
7.5 mLmin~') to afford alcohol 28 as a colorless oil (168 mg, 0.23 mmol,
60%). R;=0.37 (hexane/Et,0 80:20); IR (neat): P=3460, 2952, 2122,
1739, 1471, 1373, 1251, 1046, 903, 837, 732, 696, 668 cm™'; 'H NMR
(400 MHz, CDCl;): 6=0.02 (d, 3H), 0.11 (d, 3H), 0.12 (s, 6H), 0.74 (s,
3H), 0.92 (s, 3H), 1.06 (s, 3H), 1.31 (s, 3H), 1.48-1.62 (m, 1H), 1.66 (s,
3H), 2.14 (brs, 1H), 1.90-2.25 (m, 7H), 3.59 (dd, 1H, J=6.8, 12.1 Hz),
3.69 (dd, 1H, J=5.3, 11.6 Hz), 3.73 (dd, 1H, J=4.8, 12.1 Hz), 4.03 (brs,
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1H), 4.13 (d, 1H, J=10.6 Hz), 422 (d, 1H, J=10.6 Hz), 449 (d, 1H, J=
12.6 Hz), 4.59 (d, 1H, J=11.6 Hz), 4.66 (d, 1H, J=11.6 Hz), 4.73-4.85
(m, 1H), 4.80 (s, 2H), 5.01 (d, 1H, J=12.6 Hz), 5.09 (brs, 1H), 5.84 (brs,
1H), 7.17-7.40 ppm (m, 10H); *C NMR (67.8 MHz, CDCl,): 6= 54,
-5.0, 1.1, 1.3, 12.9, 18.6, 19.6, 26.2, 27.7, 29.7, 31.2, 37.0, 43.4, 46.8, 47.6,
60.1, 64.2, 69.9, 73.7, 78.9, 81.4, 84.0, 94.0, 114.8, 126.0, 126.4, 127.8, 128.0,
128.1, 128.1, 128.5, 135.2, 137.9, 140.1, 145.6 ppm; HRMS (ESI-TOF):
caled for [CyyHggOgSi, +Na]*:759.4447; found: 759.4447.

29: A 200-mL three-necked flask (RF2) with alcohol 28 (0.29g,
0.39 mmol) was attached to ChemKonzert. The oil was then treated with
CHCl; (4.1 mL), DMAP (0.19 g, 1.6 mmol), and TsCl (0.17 g, 0.9 mmol)
manually at room temperature. The resulting mixture was stirred at 50°C
for 1 h, diluted with Et,O (80 mL, RS2), and quenched by the addition of
H,O0 (20 mL, RS4) and NaCl (10%, 20 mL, RS6). The resulting mixture
was then transferred to SE. After centrifugation, the two phases were
separated. The aqueous phase in SF1 was transferred to RF1 and extract-
ed with Et,0 (40 mL, RS2). This extraction process was repeated twice.
The organic phase in SF2 was transferred to RF1 and washed with NaCl
(10% aqueous, 40 mL, RS6). After the phases were separated, the organ-
ic phase was transferred to SF2, and the aqueous phase in SF1 was trans-
ferred to DRAIN2. RF2 was washed with Et,0 (40 mL, RS2), and result-
ing solution was transferred to SF. RF2 was then washed with H,O and
acetone and dried under reduced pressure. The organic phase in SF2 was
dried by passing through DT1 (MgSO,) and transferred to RF1, and the
solution in SF was transferred to RF2 through SF2 and DT1. The crude
solution was concentrated under reduced pressure, diluted with THF
(6 mL, RR7), and transferred to RF1 containing TBAF (0.62¢
2.4 mmol). RF2 was then washed twice with THF (6 mL, RR10; 8 mL,
RRY) twice, and the resulting solution was transferred to RF1. The mix-
ture in RF1 was stirred at 70°C for 1 h, quenched by the addition of H,O
(20 mL) and NaCl (10% aqueous, 20 mL, RS6), and diluted with EtOAc
(80 mL, RS3). The resulting mixture was transferred to SF. After centri-
fugation, the two phases were separated. The aqueous phase in SF1 was
transferred to RF1 and extracted with EtOAc (80 mL, RS3). This extrac-
tion process was repeated twice. The organic phase in SF2 was transfer-
red to RF1 and washed twice with NaCl (10% aqueous, 40 mL, RS6).
The resulting organic phase was dried by passing through DT2 (MgSO,)
and transferred to a round-bottomed flask (CF1). RF1, SF, and SF2 were
then washed with EtOAc (40 mL, RS3). The obtained solution was con-
centrated in vacuo. The residue (0.35 g) was purified by utilizing the au-
tomated column machine Combi flash Sg 100c (Isco Redi Sep Flash
Column, 0-60% EtOAc in hexane, flow rate 7.5 mLmin~") to afford diol
29 as a colorless oil (149 mg, 0.21 mmol, 53%). R;=0.46 (hexane/EtOAc
33:67); IR (neat): P=3433, 2947, 2895, 1454, 1366, 1190, 1043, 967, 834,
754, 698, 667, 555cm™; "HNMR (400 MHz, CDCL): 6=0.98 (s, 3H),
1.08 (s, 3H), 1.22 (s, 3H), 1.50-1.80 (m, 2H), 1.77 (s, 3H), 1.88-2.12 (m,
4H), 2.16-2.30 (m, 2H), 2.30 (s, 1H), 2.42 (s, 3H), 3.55 (dd, 1H, J=4.38,
10.4 Hz), 4.08 (d, 1H, J=14.5Hz), 412 (d, 1H, /=9.7 Hz), 4.13 (s, 1H),
423 (d, 1H, J=9.7Hz), 423 (d, 1H, J=145Hz), 442 (d, 1H, J=
12.1 Hz), 4.55 (d, 1H, J=7.2 Hz), 457 (d, 1H, J=7.2Hz), 459 (d, 1H,
J=12.1Hz), 4.67 (d, 1H, J=11.6 Hz), 477 (d, 1H, J=11.6 Hz), 5.05
(brs, 1H), 5.44 (brs, 1H), 7.34 (d, 2H, J=8.2 Hz), 7.20-7.40 (m, 10H),
7.80 ppm (d, 2H, J=82Hz); "CNMR (67.8 MHz, CDCL;): 6=13.8,
19.5,21.7, 25.1, 27.4, 29.6, 30.1, 30.1, 35.5, 42.5, 45.4, 48.3, 59.4, 69.6, 71.9,
73.9, 78.5, 79.4, 80.9, 94.9, 115.2, 126.9, 127.5, 127.8, 127.8, 128.2, 1285,
128.5, 130.0, 132.5, 132.6, 136.8, 137.8, 138.4, 145.2, 145.4 ppm; HRMS
(ESI-TOF): calcd for [Cy,Hs,OS +Na]*: 741.3432; found: 741.3429.

30: A solution of diol 29 (0.11 g, 0.15 mmol) in dry 2,6-lutidine (0.24 mL)
was treated with /Pr,NEt (0.26 mL, 1.5 mmol) and TMSOTf (0.11 mL,
0.59 mmol) manually at 0°C under Ar. The resulting mixture was stirred
at the same temperature for 1h, quenched by addition of NaHCO;
(20 mL saturated aqueous solution), diluted with Et,0 (40 mL), and
transferred to RF2 manually. The resulting solution was transferred to
SE. After centrifugation, the two phases were separated. The aqueous
phase in SF1 was transferred to RF1 and extracted with Et,0 (40 mL,
RS2). The aqueous phase was then transferred back to RF1, treated with
HCI (1m aqueous, 20 mL, RR1) and NaCl (10 % aqueous, 20 mL, RS6),
and reextracted with EtOAc (40 mL, RS3). After separation of the
phases, the organic phase in SF2 was transferred to RF1 and washed with
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NaHCO; (5% aqueous, 40 mL, RS5) and NaCl (10% aqueous, 40 mL,
RS6). After separation of the phases, the organic phase was transferred
to SF2, and the aqueous phase in SF1 was transferred to DRAIN2. RF2
was washed with Et,0 (60 mL, RS2), and the resulting solution was
transferred to SF. RF2 was then washed with H,O and acetone and dried
under reduced pressure. The organic phase in SF2 was dried by passing
through DT1 (Na,SO,) and transferred to RF1, and the solution in SF
was transferred to RF2 through SF2 and DT1. The crude solution was
concentrated under reduced pressure, diluted with THF (6 mL, RR7),
and transferred to RF1 containing TBAF (0.12 g, 0.46 mmol). RF2 was
then washed twice with THF (6 mL, RR10; 8 mL, RR9), and the result-
ing solution was transferred to RF1. The mixture in RF1 was stirred at
room temperature for 1h, quenched by the addition of H,O (20 mL,
RS4) and NaCl (10% aqueous, 20 mL, RS6), and diluted with EtOAc
(40 mL, RS3). The resulting mixture was transferred to SF. After centri-
fugation, the two phases were separated. The aqueous phase in SF1 was
transferred to RF1 and extracted with EtOAc (40 mL, RS3). This extrac-
tion process was repeated twice. The organic phase in SF2 was transfer-
red to RF1 and washed with NaCl (10% aqueous, 40 mL, RS6). The re-
sulting organic phase was dried by passing through DT2 (MgSO,) and
transferred to a round-bottomed flask (CF1). RF1, SF, and SF2 were
then washed with EtOAc (40 mL, RS3). The obtained solution was con-
centrated in vacuo. The residue (90 mg) was purified by utilizing the au-
tomated column machine Combi flash Sg 100c (Isco Redi Sep Flash
Column, flow rate 7mLmin™") to afford alcohol 30 (78 mg, 0.099 mmol,
66 %) as a colorless oil as well as recovered diol 29 (13 mg, 0.018 mmol,
12%) as a colorless oil. R;=0.58 (hexane/EtOAc 1:1); IR (neat): P=
3444, 2952, 1365, 1177, 1105, 1043, 966, 837, 555cm™'; 'HNMR
(400 MHz, CDCL): 6=1.79 (d, 2H, J=8.2 Hz), 7.30 (d, 2H, /=82 Hz),
7.16-7.45 (m, 10H), 5.82 (brs, 1H), 5.06 (brs, 1H), 493 (d, 1H, J=
12.6 Hz), 4.57 (d, 1H, J=12.1 Hz), 4.52 (d, 1H, J=12.6 Hz), 4.50 (d, 1H,
J=6.8Hz), 442 (d, 1H, J=6.8 Hz), 4.36 (d, 1H, J=12.1 Hz), 4.25 (d,
1H, J=9.7Hz), 413 (d, 1H, J=9.7Hz), 420 (d, 1H, /J=11.6 Hz), 4.11
(d, 1H, J=11.6 Hz), 3.95 (s, 1H), 3.45 (dd, 1H, J=4.3, 11.4 Hz), 1.45-
2.50 (m, 8H), 2.42 (s, 3H), 2.38 (s, 1H), 1.69 (s, 3H), 1.22 (s, 3H), 1.04 (s,
3H), 0.81 (s, 3H), 0.03 ppm (s, 9H); “C NMR (67.8 MHz, CDCl;): 6=
145.1, 144.7, 139.7, 137.9, 136.5, 132.6, 131.9, 129.9, 128.5, 128.3, 128.2,
127.8, 127.7, 126.6, 125.7, 114.9, 95.0, 85.3, 83.4, 80.0, 74.0, 71.6, 69.4, 59.5,
47.8, 46.0, 42.2, 36.5, 30.7, 30.5, 30.5, 29.8, 28.0, 21.7, 19.6, 12.8, 3.5 ppm;
HRMS (ESI-TOF): caled for [C,,Hg,OsSSi+Na]™: 813.3827; found:
813.3835.

31: The disposable silica-gel plug (Isco Redi Sep Flash Column 4 g) and
the 50-mL three-necked flask (RF2) with 30 (120 mg, 0.15 mmol) was at-
tached to ChemKonzert. The oil was then treated with CH,Cl, (3 mL),
NMO (0.055 g, 0.47 mmol), and TPAP (2.8 mg, 7.9 umol) manually at
room temperature. The resulting mixture was stirred at the same temper-
ature for 30 min and transferred to the disposable silica-gel plug. RF2
was then washed twice with mixed solvent (hexane/EtOAc 75:25, 5 mL,
RR7; 5mL, RR10) twice, and the resulting solution was transferred to
the disposable silica-gel plug. The crude mixture was filtered through the
disposable silica-gel plug, eluting with mixed solvent (hexane/EtOAc
75:25, 70 mL, RR9) and transferred to a round-bottomed flask (CF1).
The obtained solution was concentrated invacuo to afford enal 31
(118 mg, 0.15 mmol, quant.). R;=0.42 (hexane/Et,0 50:50); IR (neat):
P=2953, 1674, 1367, 1251, 1178, 1094, 837, 754, 667, 555 cm~'; '"H NMR
(270 MHz, CDCl,): 6=0.02 (s, 9H), 0.84 (s, 3H), 1.20 (s, 3H), 1.27 (s,
3H), 2.00 (s, 3H), 1.47-2.35 (m, 9H), 2.43 (s, 3H), 3.45 (dd, 1H, J=4.6,
11.2Hz), 398 (brs, 1H), 402 (d, 1H, /J=99Hz), 429 (d, 1H, J=
9.9 Hz), 438 (d, 1H, /=119 Hz), 4.49 (d, 1H, J=12.5 Hz), 4.52 (d, 1H,
J=69 Hz), 457 (d, 1H, J=6.9 Hz), 4.60 (d, 1H, J=11.9 Hz), 4.94 (d,
1H, J=12.5Hz), 5.10 (brs, 1H), 5.79 (brs, 1H), 7.16-7.40 (m, 10H), 7.30
(d, 2H, J=8.6 Hz), 7.79 (d, 2H, J=8.6 Hz), 9.98 ppm (s, 1 H); "C NMR
(67.8 MHz, CDClL;): 6=3.3, 13.1, 19.6, 21.7, 27.5, 29.8, 30.5, 30.5, 32.8,
36.4, 41.4, 46.0, 48.4, 69.5, 71.4, 73.9, 80.1, 82.3, 84.7, 95.3, 115.6, 126.7,
127.7, 127.8, 128.2, 128.3, 128.5, 129.9, 132.7, 137.9, 139.3, 140.0, 144.4,
145.1, 150.6, 193.2 ppm; HRMS (ESI-TOF): caled for [C,;sHgO4SSi+
Na]*: 813.3827; found: 813.3835.

32: A solution of enal 31 (118 mg, 0.15mmol) in TMSCN (1.0 mL,
7.9 mmol) was treated with a catalytic amount of KCN and [18]crown-6
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at room temperature manually and stirred at the same temperature for
1 h under argon in a 200-mL three-necked flask. The reaction flask RF2
was then attached to ChemKonzert. The reaction mixture was diluted
with THF (4 mL, RR7) and treated dropwise with HCI (1M aqueous,
3mL, RR1) at 10°C. The resulting mixture was stirred at room tempera-
ture for 2h. The resulting solution was diluted with EtOAc (60 mL,
RS3), treated with NaCl (10% aqueous, 40 mL, RS6), and transferred to
SE. After centrifugation, the two phases were separated. The organic
phase in SF2 was dried by passing through DT1 (Na,SO,) and transferred
to a round-bottomed flask (CF1). RF2, SF, and SF2 were then washed
with EtOAc (60 mL, RS3). The obtained solution was concentrated in va-
cuo. The residue (120 mg) was filtered through a silica-gel plug (flash
column chromatography), eluting with hexane/Et,0 (70:30) to afford a
diastereomeric mixture of cyanohydrins as a colorless oil (116 mg,
0.14 mmol, 93%). The solution of the cyanohydrin (116 mg, 0.14 mmol)
in CH,Cl, (3mL) was treated with camphorsulfonic acid (0.027 g,
0.11 mmol) and ethyl vinyl ether (0.032 mL, 0.33 mmol) manually at 0°C
in a 200-mL three-necked flask (RF2). The resulting solution was stirred
at the same temperature for 5 min and quenched by the manual addition
of Et;N (0.50 mL, 3.6 mmol). The reaction flask RF2 was then attached
to ChemKonzert, and the reaction mixture was diluted with EtOAc
(40 mL, RS3) and treated with NaHCO; (5% aqueous, 40 mL, RSS). The
resulting mixture was transferred to SF. After centrifugation, the two
phases were separated. The organic phase in SF2 was transferred to RF2
and washed with NaCl (10% aqueous, 40 mL, RS6). The resulting organ-
ic phase was dried by passing through DT1 (Na,SO,) and transferred to a
round-bottomed flask (CF1), dried by passing through DT1 (Na,SO,),
and transferred to a round-bottomed flask (CF1). The obtained solution
was concentrated in vacuo. The residue (0.12 g) was filtered through a
silica-gel plug (flash column chromatography) eluting with hexane/Et,O
(60:40) to afford the protected cyanohydrin 32 as a colorless oil (116 mg,
0.13 mmol, 93 %).

33: A solution of HN(TMS), (048 mL, 2.3 mmol) in dry dioxane
(2.0 mL) was treated with BuLi (1.59M in hexane, 1.3 mL, 2.0 mmol) at
6°C under argon and stirred at room temperature for 30 min. The result-
ing clear solution was treated dropwise with a solution of protected cya-
nohydrin 32 (20 mg, 0.023 mmol) in dry dioxane (1.4 mL) at room tem-
perature. The resulting mixture was stirred at 145°C for 15 min in a mi-
crowave synthesizer, quenched by the addition of NH,Cl (saturated aque-
ous solution), and extracted with EtOAc. The organic phase was washed
with NaHCO; (saturated aqueous solution) and brine, dried over anhy-
drous MgSO,, and concentrated invacuo. The residue was filtered
through a silica-gel plug (flash column chromatography) eluting with
hexane/Et,0 (85:15) to afford cyclization product 33 as a colorless oil
(8.0 mg, 0.011 mmol, 49 %).

34: A solution of protected cyanohydrin 33 (27 mg, 0.037 mmol) in
MeOH (2mL) was treated with camphorsulfonic acid (22 mg,
0.096 mmol) at room temperature. The resulting solution was stirred at
the same temperature for 1 h. The reaction was quenched by the addition
of brine, and the organic components were extracted with Et,0. The so-
lution was dried over anhydrous Na,SO, and concentrated in vacuo. The
residue was used for the next reaction without further purification. A so-
lution of the crude cyanohydrin in Et,0 (0.3mL) was treated with
NaOH (1M aqueous, 0.3 mL, 0.3 mmol) at room temperature. The result-
ing solution was stirred at the same temperature for 1 h, quenched by the
addition of brine, and extracted with Et,O. The solution was dried over
anhydrous Na,SO, and concentrated in vacuo. The residue was filtered
through a silica-gel plug (flash column chromatography) eluting with
hexane/Et,0 (70:30) to afford ketone 34 as a colorless oil (17 mg,
0.030 mmol, 82%): R;=0.43 (hexane/Et,0 50:50); IR (neat): P=3527,
2936, 1675, 1455, 1376, 1103, 1042, 737, 698 cm'; 'H NMR (400 MHz,
CDCl;): 6=1.08 (s, 3H), 1.21 (s, 3H), 1.29 (s, 3H), 1.55 (ddd, 1H, J=5.8,
11.2, 17.9 Hz), 1.75 (s, 3H), 1.72-1.86 (m, 1H), 1.87-2.13 (m, 3H), 2.13-
2.25 (m, 1H), 2.15-2.28 (m, 1H), 2.60 (d, 1H, J=14.8 Hz), 2.75 (ddd,
1H, J=5.8, 13.5, 19.3 Hz), 2.89 (d, 1H, J=14.8 Hz), 2.94 (brd, 1H, J=
43 Hz), 3.28 (dd, 1H, J=5.3, 11.2 Hz), 3.84 (brd, 1H, /=43 Hz), 4.53
(d, 1H, J=10.9 Hz), 4.62 (d, 1H, J=11.9 Hz), 4.69 (d, 1H, J=11.9 Hz),
481 (d, 1H, J=73Hz), 485 (d, 1H, J=109Hz), 488 (d, 1H, J=
73 Hz), 497 (brs, 1H), 531 (brs, 1H), 7.20-7.46 ppm (m, 10H);
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BCNMR (100 MHz, CDCly): §=17.6 (C19), 22.4 (C16 or Cl7), 22.5
(C18), 26.8 (C16 or C17), 28.5 (C14), 29.6 (C6), 31.9 (C13), 36.5 (C5),
39.5 (C15), 45.5 (C8), 48.2 (C3), 51.9 (C9), 69.9 (BOM CH,Ph), 75.9 (Bn
CH,Ph), 79.5 (C1), 80.9 (C7), 83.2 (C2), 94.9 (BOM OCH,0), 113.5
(C20), 127.7 (Ph), 127.8 (Ph), 127.9 (Ph), 128.2 (Ph), 128.5 (Ph), 128.8
(Ph), 137.3 (Ph), 138.1 (Ph), 1384 (C12), 1443 (C4), 1458 (C11),
204.6 ppm (C10); HRMS (ESI-TOF): caled for [Cs;Hy,Os+Nalt:
567.3081; found: 567.3080.

35: A solution of alkene 34 (18 mg, 0.033 mmol) in 1.0 mL of hexane was
treated with SeO, (23 mg, 0.21 mmol), salicylic acid (9.1 mg, 0.066 mmol)
and rBuO,H (>70% aqueous, 0.086 mL). The resulting mixture was stir-
red at 55°C for 30 min, quenched by the addition of Na,S,0; (10%,
aqueous), and the mixture was stirred for 3 h. The solution was extracted
with EtOAc. The organic phase was washed with Na,S,0; (10% aque-
ous), NaHCO; (saturated aqueous solution), and brine, dried over anhy-
drous MgSO, and concentrated in vacuo to yield an oil. The residue was
filtered through a silica-gel plug (flash column chromatography), eluting
with hexane/EtOAc (70:30) to afford allylic alcohol 35 as a colorless oil
(17 mg, 0.030 mmol, 92%): R;=0.50 (hexane/EtOAc 50:50); IR (neat):
P=3479, 2938, 1673, 1455, 1105, 1041, 1028, 753, 698 cm™'; 'H NMR
(400 MHz, CDCl;): 6=1.01 (s, 3H), 1.22 (s, 3H), 1.31 (s, 3H), 1.64 (ddd,
1H, J=3.9, 11.1, 13.5 Hz), 1.84 (s, 3H), 1.77-1.89 (m, 1H), 2.08-2.22 (m,
2H), 2.18 (ddd, 1H, J=34, 5.3, 13.5 Hz), 2.57 (d, 1H, J=15.5 Hz), 2.70
(dt, 1H, J=9.7, 147Hz), 2.90 (d, 1H, J=15.5Hz), 348 (d, 1H, J=
44 Hz), 3.61 (dd, 1H, /=53, 11.1 Hz), 3.88 (d, 1H, J=4.4Hz), 421
(brs, 1H), 4.58 (d, 1H, J=10.6 Hz), 4.61 (d, 1H, J=12.1 Hz), 4.70 (d,
1H, J=12.1Hz), 4.82 (d, 1H, /=10.6 Hz), 4.83 (d, 1H, /=6.8 Hz), 4.87
(d, 1H, J=6.8 Hz), 5.16 (s, 1H), 5.48 (s, 1H), 7.22-7.50 ppm (m, 10H);
BCNMR (100 MHz, CDCLy): 6=16.9 (C8), 21.2 (C18), 22.3 (C16 or
C17), 26.8 (C16 or C17), 28.7 (C14), 31.6 (C13), 36.7 (C6), 39.3 (C15),
422 (C3), 45.9 (C8), 51.1 (C9), 69.7 (BOM CH,Ph), 75.7 (C5), 75.7 (Bn
CH,Ph), 774 (C7), 79.5 (C1), 83.1 (C2), 952 (BOM OCH,0), 115.0
(C20), 127.6 (Ph), 127.7 (Ph), 127.8 (Ph), 128.2 (Ph), 128.4 (Ph), 128.7
(Ph), 137.0 (Ph), 138.0 (Ph), 139.4 (C12), 145.1 (Cl1), 1473 (C4),
203.9 ppm (C10); HRMS (ESI-TOF): caled for [Cs;sHy,O4+Na]t:
583.3030; found: 583.3023.

36: A solution of quinuclidine (2.0 mg, 18 umol) in fBuOH (2.4 mL) and
H,0 (2.4 mL) was treated with OsO, (0.05m in THF, 89 pL, 4.5 pmmol)
at room temperature. The resulting solution was stirred at the same tem-
perature for 10 min. The quinuclidine-OsO, complex thus prepared was
used in the following reaction. A solution of the allylic alcohol 35
(43 mg, 7.7 ymol) in tBuOH (1.8 mL) and H,O (1.8 mL) was treated
with NMO (3.1 mg, 27 umol) at room temperature. The resulting mixture
was then cooled to 0°C, treated dropwise with the quinuclidine-OsO,
complex (1.0 mL) in five separate portions (at 2.5-h intervals), and stirred
at the same temperature. The resulting solution was treated with NaBH,
(20 mg, 0.52 mmol) at 0°C, stirred at the same temperature for 10 min,
and acidified by the addition of NH,CI (saturated aqueous solution). The
BuOH was then removed in vacuo, and the residue was diluted with
EtOAc and treated with HCI (1M aqueous). The solution was extracted
with EtOAc. The organic phase was washed with brine, dried over anhy-
drous MgSO, and concentrated in vacuo to yield an oil. The residue was
purified by thin-layer chromatography (hexane/EtOAc=33:67) to afford
triol 36 as a colorless oil (2.9 mg, 4.9 umol, 64 %) together with recovered
allylic alcohol 35 (0.8 mg, 1.4 umol, 19%) as a colorless oil. R;=0.46
(hexane/EtOAc 29:71); IR (neat): P=3468, 2925, 2854, 1735, 1671, 1454,
1261, 1041, 800, 752, 699 cm™'; '"H NMR (400 MHz, CDCly): 6=0.93 (s,
3H), 1.21 (s, 3H), 1.35 (s, 3H), 1.75 (ddd, 1H, /=24, 11.6, 15.5 Hz),
1.63-1.85 (m, 1H), 1.85 (s, 3H), 2.10-2.24 (m, 1H), 2.27 (ddd, 1H, J=
3.9, 4.8, 15.5 Hz), 2.32-2.46 (m, 1H), 2.54 (d, 1H, J=15.5 Hz), 2.60-2.74
(m, 1H), 2.78 (d, 1H, J=15.5Hz), 3.05 (d, 1H, J=4.8 Hz), 3.51 (dd, 1H,
J=4.8,11.6 Hz), 3.69 (d, 1H, J=11.1 Hz), 3.89 (dd, 1H, /=15, 11.1 Hz),
392 (d, 1H, J=4.8Hz), 3.94 (dd, 1H, J=24, 39Hz), 462 (d, 1H, J=
12.1 Hz), 472 (d, 1H, J=12.1 Hz), 4.75 (d, 1H, J=10.1 Hz), 4.83 (d, 1H,
J=6.8Hz), 487 (d, 1H, J=10.1Hz), 488 (d, 1H, /=68 Hz), 7.20-
7.55 ppm (m, 10H); *CNMR (67.8 MHz, CDCl;): 6=19.8, 21.2, 23.9,
28.7,31.1, 33.0, 33.2, 40.6, 45.9, 46.4, 52.9, 65.8, 71.0, 71.2, 77.7, 78.9, 79.4,
82.3, 84.4, 96.5 (BOM OCH,0), 128.9 (Ph), 129.3 (Ph), 129.6 (Ph), 129.8
(Ph), 129.8 (Ph), 129.9 (Ph), 139.3 (Ph), 139.8 (Ph), 141.8 (C12), 146.4

380 www.chemasianj.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

T. Takahashi et al.

(C11), 206.2 ppm (C10); HRMS (ESI-TOF): caled for [CssHysOg+Na]*t:
617.3085; found: 617.3075.

37: A solution of the triol 36 (34.3 mg, 57.7 pmol) in dry CH,Cl, (18 mL)
was treated with DMAP (140 mg, 1.15 mmol) at room temperature. The
resulting mixture was then cooled to —40°C and treated dropwise with
AcCl (9.1 uL, 0.12 mmol) at the same temperature. The resulting solution
was warmed to 0°C, stirred at the same temperature for 1 h, diluted with
EtOAc, and quenched by the addition of HCI (1M aqueous). The solution
was extracted with EtOAc. The organic phase was washed with a saturat-
ed aqueous solution of NaHCO; and with brine, dried over anhydrous
MgSO,, and concentrated in vacuo to yield an oil. The residue was puri-
fied by thin-layer chromatography (hexane/EtOAc=33:67) to afford ace-
tate 37 as a colorless oil (33.2 mg, 52.1 pmol, 90%): R;=0.50 (hexane/
EtOAc 40:60); IR (neat): P=3479, 2926, 1739, 1674, 1455, 1371, 1260,
1233, 1039, 752, 697 cm™'; 'TH NMR (400 MHz, CDCl,): §=0.97 (s, 3H),
1.20 (s, 3H), 1.35 (s, 3H), 1.53-1.78 (m, 2H), 1.84 (s, 3H), 1.95 (s, 3H),
2.16 (ddd, 1H, J=3.4, 10.6, 18.9 Hz), 2.26 (dt, 1H, /=4.8, 14.5 Hz), 2.46—
2.60 (m, 1H), 2.54 (d, 1H, J=15.5 Hz), 2.60-2.73 (m, 1H), 2.78 (d, 1H,
J=15.5Hz), 3.02 (d, 1H, J=5.3 Hz), 3.52 (dd, 1H, J=4.8, 11.6 Hz), 3.89
(d, 1H, J=53Hz), 391 (dd, 1H, /=48, 13.5Hz), 435 (d, 1H, J=
11.6 Hz), 442 (d, 1H, J=11.6 Hz), 4.62 (d, 1H, J=12.1 Hz), 472 (d, 1H,
J=12.1Hz), 4.83 (d, 1H, /J=10.6 Hz), 4.83 (d, 1H, /J=6.8 Hz), 4.87 (d,
1H, J=68Hz), 492 (d, 1H, J=10.6 Hz), 7.20-7.40 ppm (m, 10H);
BCNMR (67.8 MHz, CDCly): 6=19.5, 20.6, 20.8, 23.1, 27.8, 28.2, 31.1,
31.8, 38.8, 44.2, 45.3, 51.5, 66.2, 69.9, 70.4, 76.5, 76.8, 76.9, 80.7, 83.9 95.6
(OCH,0), 127.6 (Ph), 127.8 (Ph), 128.1 (Ph), 128.4 (Ph), 128.6 (Ph),
129.0 (Ph), 136.5 (Ph), 138.2 (Ph), 140.0 (C12), 144.6 (C11), 171.0 (Ac),
202.6 ppm (C10); HRMS (ESI-TOF): caled for [CyH,0,+Na]*:
659.3191; found: 659.3196.

38: A solution of the diol 37 (33.2 mg, 52.1 umol) in dry CH,Cl, (4.1 mL)
was treated with DMAP (127 mg, 1.04 mmol) and MsCl (40 pL,
0.52 mmol) at room temperature. The resulting mixture was stirred at the
same temperature for 15 min, diluted with EtOAc, and quenched by the
addition of HCI (1M aqueous). The solution was extracted with EtOAc.
The organic phase was washed with a saturated aqueous solution of
NaHCO; and with brine, dried over anhydrous MgSO,, and concentrated
in vacuo to yield an oil. The residue was purified by thin-layer chroma-
tography (hexane/EtOAc=50:50) to afford mesylate 38 (31.0mg,
43.4 umol, 83%) as a colorless oil: R;=0.51 (hexane/EtOAc 33:67); IR
(neat): P=3502, 2946, 1940, 1673, 1356, 1236, 1177, 1039, 753 cm™;
'"HNMR (400 MHz, CDCLy): 6=0.97 (s, 3H), 1.19 (s, 3H), 1.34 (s, 3H),
1.67-1.79 (m, 1H), 1.87 (s, 3H), 1.92 (ddd, 1H, J=2.9, 4.8, 15.0 Hz), 2.01
(s, 3H), 2.37 (ddd, 1H, J=4.4, 11.6, 15.0 Hz), 2.28-2.38 (m, 1H), 2.57 (d,
1H, J=15.5Hz), 2.48-2.60 (m, 1H), 2.62-2.75 (m, 1H), 2.77 (d, 1H, J=
15.5Hz), 2.92 (d, 1H, J=4.8 Hz), 2.95 (s, 3H), 3.46 (dd, 1H, J=428,
11.6 Hz), 3.94 (d, 1H, J=4.8 Hz), 431 (d, 1H, J=12.1 Hz), 4.55 (d, 1H,
J=12.1Hz), 4.61 (d, 1H, J=12.1 Hz), 4.70 (d, 1H, J=12.1 Hz), 4.80 (d,
1H, /=10.6 Hz), 4.83 (dd, 1H, J=2.9, 44 Hz), 4.86 (brs, 2H), 4.95 (d,
1H, J=10.6 Hz) 7.30-7.48 ppm (m, 10H); “C NMR (100 MHz, CDCL):
0=19.8 (CH,), 20.4 (CH;), 20.7 (CHs), 22.9 (CH,), 27.8 (CHj), 282
(CH,), 31.6 (CH,), 32.0 (CH,), 38.5 (CHj;), 38.7 (C), 44.0 (C), 46.6 (C),
51.4 (CH,), 65.9 (CH,), 68.9 (CH,), 75.2 (CH), 76.2 (CH,), 76.7 (C), 80.4
(C), 81.0 (CH), 83.5 (CH), 95.6 (CH,), 127.6 (CH), 127.6 (CH), 128.2
(CH), 128.4 (CH), 128.6 (CH), 128.9 (CH), 136.2 (C), 137.7 (C), 140.8
(C), 144.4 (C), 170.8 (C), 201.6 ppm (C); HRMS (ESI-TOF): calcd for
[C3sH50O1;S+Na]*: 737.2966; found: 737.2969.

39: A solution of acetate 38 (3.6 mg, 5.0 umol) in MeOH (0.5 mL) was
treated with K,COj; (5.0 mg, 36 umol) at room temperature, stirred at the
same temperature for 5 min, and quenched by the addition of NH,CI (sa-
turated aqueous solution). The solution was extracted with EtOAc. The
organic phase was washed with a saturated aqueous solution of NaHCO;
and with brine, dried over anhydrous MgSO,, and concentrated in vacuo
to yield an oil. The residue was used for the next reaction without further
purification. A solution of crude diol (3.5 mg) in dry toluene (1.2 mL)
was treated with DBU (80 pL, 536 pmol) at room temperature, stirred at
110°C for 10 min, and cooled to room temperature. The resulting solu-
tion was diluted with EtOAc and quenched by the addition of H,O. The
solution was extracted with EtOAc. The organic phase was washed with
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brine, dried over anhydrous MgSO,, and concentrated in vacuo to yield
an oil. The residue was purified by thin-layer chromatography (hexane/
EtOAc=33:67) to afford oxetane 39 (2.0 mg, 3.5 pmol, 69 %) as a color-
less oil: R;=0.43 (hexane/EtOAc 50:50); IR (neat): P=3492, 2927, 1673,
1455, 1039, 972, 736, 699 cm™'; '"H NMR (400 MHz, CDCl,): 6=1.19 (s,
3H), 1.37 (s, 3H), 1.40 (s, 3H), 1.68 (s, 3H), 1.75 (dddd, 1H, J=0.9, 3.4,
10.1, 13.5 Hz), 2.01 (ddd, 1H, J=3.4, 10.2, 15.0 Hz), 2.14 (ddd, 1H, J=
34,102, 19.6 Hz), 2.23(d, 1H, J=4.8 Hz), 2.29 (ddd, 1H, J=34, 10.1,
13.5 Hz), 2.62 (d, 1H, J=15.5Hz), 2.57-2.69 (m, 2H), 2.94 (d, 1H, J=
15.5 Hz), 3.24 (dd, 1H, /J=17.3, 10.2 Hz), 3.94 (d, 1H, J=4.8 Hz), 4.34 (d,
1H, J=7.8 Hz), 4.58 (d, 1H, J=11.6 Hz), 4.66 (d, 1H, J=10.6 Hz), 4.68
(dd, 1H, J=3.4, 102 Hz), 471 (d, 1H, J=11.6 Hz), 4.77 (d, 1H, J=
7.8 Hz), 4.80 (d, 1H, J=7.3 Hz), 4.84 (d, 1H, J=10.6 Hz), 4.89 (d, 1H,
J=73Hz) 7.26-7.42 ppm (m, 10H); "C NMR (100 MHz, CDCL,): 6 =
17.2 (C19), 21.1 (C18), 23.1 (C16 or C17), 27.7 (C16 or C17), 28.1 (C14),
31.4 (C13), 35.7 (C6), 38.7 (C15), 43.3 (C8), 50.5 (C3), 51.0 (C9), 69.9
(CH,Ph), 75.3 (C4), 77.1 (CH,Ph), 79.3 (C7), 79.3 (C1), 80.4 (C20), 82.5
(C2), 855 (C5), 95.4 (OCH,0), 127.7 (Ph), 127.8 (Ph), 127.8 (Ph), 128.3
(Ph), 128.4 (Ph), 128.9 (Ph), 136.8 (Ph), 137.8 (Ph), 138.5 (C12), 145.5
(C11), 202.7 ppm (C10); HRMS (ESI-TOF): calcd for [Ci;sHyO;+H]*:
577.3160; found: 577.3160.

40: Pd(OH), (20% on carbon, 20 mg, 28.4 umol) in EtOH (1 mL) was
placed under an atmosphere of hydrogen and treated with a solution of
benzyl ether 39 (1.8 mg, 3.1 pmol) in EtOH (1 mL). The resulting mix-
ture was stirred at the same temperature for 5 min, filtered through
celite, and concentrated in vacuo to afford an oil. The residue was puri-
fied by thin-layer chromatography (CHCly/MeOH 75:25) to afford the
five-membered ring ether 40 (1.0 mg, 2.7 pmol, 88%) as a colorless oil:
R;=0.41 (CHCly/MeOH 75:25); '"H NMR (400 MHz, CDCl;): 6=1.00 (s,
3H), 1.03 (s, 3H), 1.09 (s, 3H), 1.63 (s, 3H), 1.50-2.60 (m, 6H), 2.48 (d,
1H, J=14.0 Hz), 2.53 (d, 1H, J=6.3 Hz) 2.56 (d, 1H, J=14.0 Hz), 3.42
(dd, 1H, J=2.0, 11.6 Hz), 3.52 (d, 1H, J=10.2 Hz), 3.69 (dd, 1H, J=1.0,
10.2 Hz), 4.04 (dd, 1H, /=5.8, 12.1 Hz), 4.10 ppm (d, 1H, J=6.3 Hz).

41: Pd (10% on carbon, 10 mg, 9.4 umol) in EtOAc (0.5 mL) was placed
under an atmosphere of hydrogen and treated with a solution of benzyl
ether 38 (2.5mg, 3.5 umol) in EtOAc (0.4 mL). The resulting mixture
was stirred at the same temperature for 5 min, filtered through celite,
and concentrated in vacuo to afford an oil. The residue was used for the
next reaction without further purification. A solution of crude tetrol in
dry CH,Cl, (2.5 mL) was treated with pyridine (75 pL, 1.1 mmol) and tri-
phosgene (34 mg, 0.12 pmol) at 0°C, stirred at the same temperature for
45 min, and quenched by the addition of a saturated aqueous solution of
NaHCO:;. The resulting solution was diluted with EtOAc and acidified by
the addition of HCl (Im aqueous). The solution was extracted with
EtOAc. The organic phase was washed with a saturated aqueous solution
of NaHCO; and with brine, dried over anhydrous MgSO,, and concen-
trated in vacuo to yield an oil. The residue was purified by thin-layer
chromatography (CHCl;/MeOH 90:10) to afford carbonate 41 (1.4 mg,
2.6 umol, 75%) as a white solid. R;=0.44 (CHCly/MeOH 90:10); IR
(neat): P=3486, 2925, 1800, 1739, 1674, 1354, 1233, 1174, 1034, 918,
757 em™'; '"H NMR (400 MHz, CDCLy): 6=0.99 (s, 3H), 1.28 (s, 3H), 1.40
(s, 3H), 1.87 (s, 3H), 1.93-2.05 (m, 2H), 2.16 (s, 3H), 2.14-2.23 (m, 1H),
2.40 (d, 1H, J=16.0 Hz), 2.36-2.46 (m, 1H), 2.81 (d, 1H, J=4.4Hz),
2.70-2.85 (m, 1H), 2.95 (d, 1H, J=16.0 Hz), 2.93-3.01 (m, 1H), 3.04 (s,
3H), 3.60-3.70 (m, 1H), 447 (d, 1H, J=12.1Hz), 458 (d, 1H, J=
12.1 Hz), 4.69 (t, 1H, J=2.9 Hz), 4.76 ppm (d, 1H, J=4.4 Hz); "C NMR
(67.8 MHz, CDCl,): 6=18.4 (CHj;), 20.8 (CHj;), 20.9 (CH;), 21.8 (CH,),
23.6 (CHy,), 26.7 (CH3), 30.7 (CH,), 33.9 (CH,), 38.1 (C), 38.9 (CH,), 41.8
(CH), 45.3 (C), 51.7 (CH,), 64.7 (CH,), 68.3 (CH), 74.4 (C), 80.1 (CH),
81.4 (CH), 93.0 (C), 142.5 (C), 143.3 (C), 153.0 (C), 171.1 (C), 201.0 ppm
(C); HRMS (ESI-TOF): caled for [C,,H3,0,,S+Na]*: 553.1714; found:
553.1715.

42. A solution of diol 41 (12.0 mg, 22.6 pmol) in pyridine (2 mL) was
treated with TESCI (340 uL, 2.02 mmol) at room temperature, stirred at
40°C for 2.5 h, diluted with EtOAc, and quenched by the addition of
HCI (1M aqueous). The solution was extracted with EtOAc. The organic
phase was washed with a saturated aqueous solution of NaHCO; and
with brine, dried over anhydrous MgSO,, and concentrated in vacuo to
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yield an oil. The residue was used for the next reaction without further
purification. A solution of the crude acetate in MeOH (8 mL) was treat-
ed with K,CO; (20 mg, 0.14 mmol) at 0°C, stirred at the same tempera-
ture for 5 min, and quenched by the addition of NH,Cl (saturated aque-
ous solution). The solution was extracted with EtOAc. The organic phase
was washed with a saturated aqueous solution of NaHCO; and with
brine, dried over anhydrous MgSO,, and concentrated in vacuo to yield
an oil. The residue was purified by thin-layer chromatography (hexane/
EtOAc 50:50) to afford diol 42 (10.9 mg, 18.1 pmol, 80%) as a white
solid. R;=0.51 (hexane/EtOAc 40:60); IR (neat): #P=3480, 2957, 1799,
1675, 1354, 1236, 1175, 1120, 1036, 970, 917, 744cm'; 'H NMR
(400 MHz, CDCl,): 6=0.64 (q, 6H, J=7.8 Hz), 0.85 (s, 3H), 0.97 (t, 9H,
J=17.8Hz), 1.27 (s, 3H), 1.35 (s, 3H), 1.85 (brs, 3H), 1.86 (ddd, 1H, J=
1.9, 11.6, 15.5 Hz), 1.96 (ddd, 1H, J=24, 10.6, 14.0 Hz), 2.15 (ddd, 1H,
J=3.9, 4.8, 155Hz), 2.18 (d, 1H, J=16.4 Hz), 2.36 (ddd, 1H, J=29,
10.6, 20.3 Hz), 2.71-2.83 (m, 1H), 2.85 (d, 1H, /J=4.8 Hz), 2.98 (d, 1H,
J=16.4 Hz), 3.06 (brs, 3H), 3.01-3.11 (m, 1H), 3.63 (dd, 1H, J=4.8,
11.1 Hz), 3.69 (dd, 1H, J=4.8, 11.6 Hz), 4.15 (dd, 1H, /=39, 11.1 Hz),
474 (d, 1H, J=4.8 Hz), 474 ppm (dd, 1H, J=1.9, 3.9 Hz); "C NMR
(67.8 MHz, CDCl;): 6=5.1 (CH,), 6.9 (CH,), 18.5 (CHj;), 20.6 (CHj;), 21.3
(CH,), 23.6 (CH,), 264 (CHj;), 304 (CH,), 34.6 (CH,), 38.1 (C), 38.6
(CH,), 41.1 (CH), 45.8 (C), 51.8 (CH,), 62.7 (CH,), 69.6 (CH), 73.8 (C),
80.6 (CH), 82.9 (CH), 93.4 (C), 141.5 (C), 142.3 (C), 153.9 (C), 201.0 ppm
(C); HRMS (ESI-TOF): calcd for [C,gH,50,,SSi+Na]*: 625.2473; found:
625.2471.

43: A solution of diol 42 (2.5 mg, 4.1 pmol) in dry HMPA (5.6 mL) was
treated with /Pr,NEt (56 puL, 0.32 mmol) at room temperature, stirred at
100°C for 5.5 h, and cooled to room temperature. The resulting solution
was diluted with EtOAc and quenched by the addition of H,O. The solu-
tion was extracted with EtOAc. The organic phase was washed with
brine, dried over anhydrous Na,SO,, and the remaining HMPA was then
removed at 90°C under reduced pressure (~600 Pa). The residue was
purified by thin-layer chromatography (hexane/EtOAc 33:67) to afford
oxetane 43 (1.6 mg, 3.1 umol, 77%) as a white solid together with recov-
ered diol 42 (0.5 mg, 0.8 pmol, 20%) as a white solid. R;=0.51 (hexane/
EtOAc 43:57); IR (neat): P=3455, 2926, 1806, 1680, 1456, 1237, 1118,
1016, 843, 748 cm™'; '"H NMR (400 MHz, CDCl;): 6=0.61 (q, 6H, J=
7.7Hz), 0.97 (t, 9H, J=7.7 Hz), 1.27 (s, 3H), 1.33 (s, 3H), 1.36 (s, 3H),
1.73 (s, 3H), 1.87-1.98 (m, 1H), 1.93-2.02, (m, 1H), 2.12 (d, 1H, J=
5.3 Hz), 2.11-2.32 (m, 1H), 2.28 (d, 1H, J=16.4 Hz), 2.31-2.47 (m, 1H),
2.68-2.82 (m, 2H), 3.11 (d, 1H, J=16.4Hz), 3.45 (dd, 1H, J=723,
9.2 Hz), 445 (d, 1H, J=9.2 Hz), 474 (brd, 1H, J=5.3 Hz), 4.74 (d, 1H,
J=9.2Hz), 4.85 ppm (d, 1H, J=5.3 Hz); "CNMR (67.8 MHz, CDCl,):
0=5.3 (CH,), 7.0 (CH,), 15.9 (CH,), 21.3 (CHj;), 21.7 (CHj), 23.6 (CH,),
25.9 (CH;), 30.1 (CH,), 37.8 (CH,), 38.3 (C), 44.9 (C), 45.3 (CH), 52.8
(CH,), 72.9 (CH), 74.9 (C), 80.4 (CH), 81.6 (CH,), 92.9 (C), 140.2 (C),
142.6 (C), 1535 (C), 2019 ppm (C); HRMS (ESI-TOF): calcd for
[C,;H,,0;Si+Na]*: 507.2773; found: 507.2774.

44: A solution of alcohol 43 (6.1 mg, 12.0 umol) in dry CH,Cl, (0.4 mL)
was treated with DMAP (18.1 mg, 0.148 mmol) and Ac,O (7.6 uL,
74 umol) at room temperature, stirred at the same temperature for 4.5 h,
diluted with EtOAc, and quenched by the addition of H,O. The solution
was extracted with EtOAc. The organic phase was washed with brine,
dried over anhydrous Na,SO,, and concentrated in vacuo to yield an oil.
The residue was purified by thin-layer chromatography (hexane/EtOAc
50:50) to afford acetate 44 (4.6 mg, 8.38 umol, 70%) as a white solid.
R;=0.42 (hexane/EtOAc 60:40); IR (neat): P=2923, 1807, 1733, 1681,
1239 cm™'; '"H NMR (400 MHz, CDCly): 6=0.63 (q, 6H, J=7.7 Hz), 0.98
(t, 9H, J=7.7 Hz), 1.26 (s, 3H), 1.37 (s, 3H), 1.40 (s, 3H), 1.72 (brs, 3H),
1.85 (ddd, 1H, J=1.9, 9.2, 15.0 Hz), 1.85-1.95, (m, 1H), 1.96-2.09 (m,
2H), 2.17 (s, 3H), 2.51 (ddd, 1H, J=7.7, 7.7, 15.0 Hz), 2.66-2.78 (m, 1H),
2.84 (d, 1H, J=5.3Hz), 3.24 (d, 1H, J=16.4 Hz), 3.77 (dd, 1H, J=7.7,
9.2 Hz), 4.55 (d, 1H, J=8.7Hz), 4.66 (d, 1H, J=8.7 Hz), 4.85 (d, 1H, J=
5.3 Hz), 491 ppm (brd, 1H, J=7.7Hz); "CNMR (67.8 MHz, CDCl,):
0=5.3, 70, 16.2, 209, 21.4, 22.1, 23.7, 25.5, 29.3, 38.1, 38.2, 41.3, 45.5,
52.0,72.3,72.4, 80.0, 81.3, 84.3, 92.4, 139.7, 142.3, 153.2, 170.5, 201.6 ppm;
HRMS (ESI-TOF): caled for [C,H,OsSi+Na]*: 571.2698; found:
571.2687.
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45:0% A solution of carbonate 44 (1.7 mg, 3.1 umol) in dry THF (1.7 mL)
was treated dropwise with PhLi (1.05m in cyclohexane/Et,O, 15 pL,
16 umol) at —78°C, stirred at the same temperature, and quenched by
the addition of AcOH (1m in THF, 64 uL, 64 umol). The resulting mix-
ture was warmed to 0°C, diluted with EtOAc, and treated with NaHCO;
(saturated aqueous solution). The solution was extracted with EtOAc.
The organic phase was washed with brine, dried over anhydrous Na,SO,,
and concentrated in vacuo to yield an oil. The residue was purified by
thin-layer chromatography (hexane/EtOAc 67:33) to afford benzoate 45
(1.4mg, 22 pmol, 70%) as a white solid. R;=0.53 (hexane/EtOAc
50:50); m.p. 214-216°C (decomposed); IR (neat): P=3494, 2957, 1732,
1679, 1454, 1274, 1245, 1099, 750, 711 cm™'; '"H NMR (400 MHz, CDCl,):
0=0.65 (q, 6H, /=82 Hz), 0.99 (t, 9H, J=8.2 Hz), 1.15 (s, 3H), 1.37 (s,
3H), 1.42 (s, 3H), 1.65-1.75 (m, 1H), 1.77 (brs, 3H), 1.74-1.85 (m, 1H),
1.86-1.98 (m, 1H), 2.29 (s, 3H), 2.21-2.32 (m, 1H), 2.44-2.55 (m, 1H),
2.59 (d, 1H, J=15.5 Hz), 2.60-2.73 (m, 1H), 3.11 (d, 1H, /J=5.8 Hz), 3.16
(d, 1H, J=15.5Hz), 3.74 (t, 1H, J=8.7 Hz), 4.17 (d, 1H, J=82 Hz), 435
(d, 1H, J=82Hz), 491 (d, 1H, J=9.2Hz), 590 (d, 1H, J=5.8 Hz),
7.41-7.56 (brt, 2H), 7.55-7.65 (brt, 1H), 8.05-8.19 ppm (brd, 2H);
BCNMR (100 MHz, CDClL,): 6=5.3 (TES CH,), 7.0 (TES CH,), 16.1
(CH;), 20.1 (CH;), 22.3 (CHj;), 22.8 (CH3), 26.0 (14), 26.7 (CHj;), 30.2
(C13), 38.0 (C6), 39.6 (C8 or C15), 44.2 (C3), 44.7 (C8 or C15), 50.4 (C9),
72.7 (C7), 73.4 (C2), 76.4 (C20), 80.1 (C1 or C4), 82.4 (C1 or C4), 845
(CS), 128.6 (Ph), 129.4 (Ph), 130.1 (Ph), 133.6 (Ph), 138.2 (C12), 144.7
(C11), 167.0 (Bz), 170.0 (Ac), 202.2 ppm (C10); HRMS (ESI-TOF): calcd
for [CssH5O4Si+ Na]*: 649.3167; found: 649.3148.

a-Hydroxyketone derived from 45: A solution of benzoate 45 (0.6 mg,
0.1 umol) in dry THF (0.3 mL) was treated dropwise with /BuOK (0.25m
in THF, 52 uL, 13 pmol) at —78°C, warmed to —40°C, and stirred at the
same temperature for 45 min. The resulting solution was transferred
through a cannula to a solution of (PhSeO,)O (98%, ACROS, 10.4 mg,
28.9 pmol) in dry THF (0.3 mL) at 0°C. The resulting suspension was stir-
red at 0°C for 20 min, diluted with EtOAc, and poured into a saturated
solution of NaHCO;. The organic phase was washed with aqueous
Na,S,0; (10 %) and a saturated aqueous solution of NaHCO;, dried over
anhydrous Na,SO,, and concentrated in vacuo to yield an oil. The residue
was used for the next reaction without further purification. The crude a-
hydroxy ketone (1.8 mg) in dry THF (0.3 mL) was treated dropwise with
BuOK (0.25m in THF, 50 pL, 13 umol) at —78°C, stirred at the same
temperature for 30 min, and quenched by the addition of AcOH (0.8M in
dry THEF, 45 uL, 36 umol). The resulting solution was stirred at the same
temperature for 10 min, allowed to warm for 10 min, diluted with
EtOAc, and poured into a saturated aqueous solution of NaHCO;. The
organic phase was dried over anhydrous Na,SO, and concentrated in va-
cuo to yield an oil. The residue was purified by thin-layer chromatogra-
phy (hexane/EtOAc 67:33) to afford the benzoate a-hydroxyketone
(0.6 mg, 0.09 umol, ~90%) as a white solid.

13-Deoxy-7-O-TES-baccatin III: A solution of the benzoate a-hydroxy
ketone (1.0 mg, 1.6 pmol) in pyridine (0.5 mL) was treated with DMAP
(10.4 mg, 85.1 pmol) and Ac,O (52 pmol, 0.56 mmol) at room tempera-
ture and stirred at the same temperature for 2 h. The resulting solution
was diluted with EtOAc and poured into ice-cooled HCI (1M aqueous).
The organic phase was washed with NaHCO; (saturated aqueous solu-
tion), dried over anhydrous Na,SO,, and concentrated in vacuo to yield
an oil. The residue was purified by thin-layer chromatography (toluene/
EtOAc 91:9) to afford 13-deoxy-7-O-TES-baccatin III (0.5 mg, 7 pmol,
ca. 50 %) as a white solid.

7-O-TES-baccatin III: A solution of 13-deoxy-7-O-TES-baccatin III
(0.3 mg, 0.4 pmol) in dry benzene (0.5 mL) was treated with dry celite
(10.6 mg), dry NaOAc (4.9 mg, 60 umol), and PCC (7.1 mg, 33 umol) at
room temperature and stirred at 85°C for 2 h. The resulting mixture was
cooled to room temperature, diluted with Et,O, and filtered through a
silica-gel plug (flash-column chromatography), eluting with Et,O, to
afford crude 13-oxo-7-O-TES-baccatin III. The crude oil was used for the
next reaction without further purification. A solution of the crude 13-
0x0-7-O-TES-baccatin III (0.3 mg) in MeOH (0.25 mL) was treated with
NaBH, (3.0mg, 79 umol) every 30 min for 2h at room temperature,
quenched by the addition of NH,Cl (saturated aqueous solution), and
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stirred vigorously for 15 min. The resulting mixture was diluted with
EtOAc, washed with a saturated aqueous solution of NaCl, dried over
anhydrous Na,SO,, and concentrated in vacuo to yield an oil. The residue
was purified by thin-layer chromatography (hexane/EtOAc 67:33) to
afford 7-O-TES-baccatin III (0.2 mg, 0.3 umol, ca. 80 %) as a white solid.
2: A solution of 7-O-TES-baccatin III (0.2 mg, 0.3 pmol) in dry THF
(0.66 mL) was treated with HF-pyridine (84 pL) at 0°C and stirred at
room temperature for 3 h. The resulting mixture was diluted with Et,O
and washed with saturated solutions of NaHCO; (twice), CuSO,, NaCl,
and NaHCO;. The resulting solution was dried over anhydrous Na,SO,
and concentrated in vacuo to yield an oil. The residue was purified by
thin-layer chromatography (EtOAc) to afford (+)-baccatin III (2)
(0.1 mg, 0.2 umol, =~80%) as a white solid. M.p. 221-223°C (decomp.);
R;=0.59 (ethyl acetate); '"H NMR (400 MHz, CDCl;): § =8.07-817 (2H,
br d), 7.57-7.66 (1H, brt), 7.44-7.55 (2H, brt), 6.33 (1H, s), 5.63 (1H, d,
J=73Hz), 499 (1H, d, J=8.7Hz), 490 (1H, t, J=7.7 Hz), 447 (1H,
dd, /J=6.8, 11.1 Hz), 431 (1H, d, J=82Hz), 416 (1H, d, /=82 Hz),
3.88 (1H, d, /=73 Hz), 2.57 (1H, ddd, /=73, 9.7, 16.4 Hz), 2.25-2.35
(2H, m), 2.29 (3H, s), 2.25 (3H, s), 2.06 (3H, s), 1.87 (1H, ddd, /=24,
11.1,16.5 Hz), 1.68 (3H, s), 1.11 ppm (6 H, s).
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Seiji Mori,**" Thom Vreven,™ ‘! and Keiji Morokuma*!"!

Abstract: By using the hybrid IMOMM(B3LYP:MM3) method, we examined the
binap-Rh'-catalyzed oxidative-addition and insertion steps of the asymmetric hy-

drogenation of the enamide 2-acetylamino-3-phenylacrylic acid. We report a path
that is energetically more favorable for the major enantiomer than for the minor
enantiomer. This path follows the “lock-and-key” motif and leads to the major en-
antiomeric product via an energetically favorable binap—-dihydride-Rh™—enamide
complex. Our theoretical results are consistent with the mechanism that takes

Keywords: asymmetric hydrogena-
tion - chiral ligands - density func-
tional calculations - enantioselec-
tivity - rhodium

place via Rh™ dihydride formation, that is, oxidative addition of H, followed by

enamide insertion.

Introduction

The catalytic asymmetric hydrogenation of alkenes is one of
the most successful methods in asymmetric synthesis; its dis-
coverers were awarded the 2001 Nobel prize in chemis-
try.'! The ligand-Rh'-catalyzed reactions of a-acetamido-
cinnamic acid and its derivatives are highly enantioselective,
as shown in Equation (1) for a number of chiral ligands.”’ In
particular, Noyori and co-workers reported excellent enan-
tioselectivity (>90% ee, S) with an (R)-binap ligand.”!
Despite numerous efforts to elucidate the high enantiose-
lectivity, the reaction mechanisms and the origin of the ste-
reoselectivity are still important subjects of research.’! Two
mechanisms have been proposed in the literature. First, the
unsaturated (Path A in Scheme 1) or Halpern-Landis—
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Ligand-Rh(I) (1 mol%)

R2 Hy (3-4 atm) R
— _ (1)
RS NHCOR' EtOH R®  NHCOR'
1 2

R' = Ph, R? = COOH, R® = Ph, Ligand = (R)-binap
R" = Ph, R? = COOH, R® = Ph, Ligand = (S)-binap
R' = Me, R? = COOH, R® = Ph, Ligand = (S)-binap

100% ee (S)
96% ee (R)
84% ee (R)

Brown mechanism involves an initial chelate formation be-
tween a chiral Rh catalyst and the enamide, followed by the
oxidative addition of H,.""'¥ Second, in the dihydride mech-
anism, a rhodium dihydride is formed, followed by coordina-
tion of the alkene in a bidentate phosphine molecule.!"

The unsaturated mechanism is strongly supported by X-
ray crystal structures,'*" CD analyses," and kinetic and
binding constants between the Rh catalyst and enamide
from NMR and UV/Vis spectroscopy.> ' The hydrogena-
tion reaction mechanisms of enamides with a Me-duphos
ligand have been examined both experimentally”! and theo-
retically.'*?*! The “anti-lock-and-key” motif was proposed,
in which the major enantiomer is produced through the less-

ST WILEY
H

I_ntg_rSc_:ience! 391

IIIII Me \fBU

OO PPh; (Pl ,,,,, PPh, Sp
PPh, @[ i [

P PPhy P.,

//\J Bu” Me

(R)-binap (R,R)-Me-duphos (S,S)-chiraphos BisP*



www.interscience.wiley.com



FULL PAPERS

Path B

Dihydride
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+
+ -
RAL H, oxidative RhH,L 2
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of substrate 1 3H
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R addition R R!

L: ligand or solvent

Scheme 1. Conventional mechanisms of Rh(I)-catalyzed hydrogenation.

stable of two diastereomeric catalyst-enamide complexes
followed by the more-stable diastereomeric transition states
of the oxidative-addition or insertion steps.[!*1820-2230 Sever.
al potential pathways (Paths 1-4 in Scheme 2) in the unsatu-
rated mechanism have been identified by Landis and
Feldgus in the reaction of CH,=CR*NHCHO) (R*=CN,
tBu) with a Me-duphos catalyst through careful ONIOM-
(B3LYP:UFF) analyses,”>*! followed by recent B3LYP
studies on the reaction of CH,=CR*NHCHO) (R?=CN)
with a BisP* catalyst.’>! However, in their studies, the 3-
phenyl and carboxy groups at the enamide were substituted
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by H and CN, respectively. As shown in Scheme 2, Path 1 in-
volves the formation of the weakly bound five-coordinated
molecular-hydrogen complex 4 from a four-coordinated
complex 3, followed by oxidative addition to give the six-co-
ordinated Rh™ dihydride complex 5§ and subsequent Rh—H
insertion to give a Rh™ a-alkyl hydride intermediate 6. The
coordination geometry of the nearly square planar 3 is simi-
lar to the crystal structure of the [Rh(chiraphos)(ethyl (Z)-
a-acetamidocinnamate)] complex, in which the phosphine
ligand occupies a position trans to the amide carbonyl
moiety of the enamide.'>?! In 5, one hydride occupies the
trans position relative to the C=C bond. Path 2 involves the
formation of the six-coordinated Rh dihydride complex 8
through the weakly bound five-coordinated molecular-hy-
drogen complex 7. In 7, the hydrogen molecule occupies a
position trans to the amide carbonyl moiety. According to
Landis and Feldgus, it is highly unlikely that the reaction
proceeds by Path 2 because of the high barrier of formation
of 7.7 The interconversion between diastereomeric precur-
sor complexes or the isomerization between precursors 4
and 7 for oxidative addition in Paths 1 and 2 is possible ac-
cording to previous experimental®! and computational stud-
ies. The regioisomeric pathways Paths 3 and 4 were also pre-
viously examined. In Path 4, the six-coordinated Rh dihy-
dride intermediate 14 is reached through a channel (3—
13—-14).

Besides 3, its coordination isomer 16, in which two phos-
phorus, the olefinic carbon, and the Rh atoms lie in the
same plane, was examined herein for the first time. The con-
version of 16 into the five-coordinated complex 17 has not
yet been considered by theory. Complex 17 leads to either 8
or 14 through Path 2’ or 4', respectively (Scheme 2).

The alternative dihydride mechanism (PathB in
Scheme 1) was proposed based on recent kinetics and NMR
spectroscopic measurements, specifically with [2.2]phane-
phos, miniphos—Rh', and BisP*-Rh' catalysts (phanephos=
4,12-bis(diphenylphosphino)-[2.2]-paracyclophane, mini-
phos = 1,2-bis(alkylmethylphosphino)methane).”**! A sol-
vated Rh dihydride complex [RhH,(BisP*)] was observed,
which leads to the hydrogenation product after the addition
of enamides.

It is clear that only one of two possible diastereomers of
the Rh'-binap complex with enamide is formed, according
to *'P NMR spectroscopic studies (see above).’ There have
hardly been any detailed kinetic studies on Rh'-binap-cata-
lyzed hydrogenation, whereas such studies with Ru"-binap
were recently reported.®® Recent studies showed that the
kinetically controlled diastereoselectivity of H, addition to
[Ir(cod)]* complexes (cod=1,5-cyclooctadiene) with some
ligands (chiraphos and norphos; norphos=>5,6-bis(diphenyl-
phosphino)-2-norbornene) does not relate to high enantiose-
lectivity of asymmetric hydrogenation of enamides with
[Rh(diphosphine)]t complexes. On the other hand, the
binap-Ir' or binap(Me-duphos)-Ir' complexes demonstrate
high diastereoselectivity in oxidative addition, and the selec-
tivity does not change with temperatures as with the BisP*
ligand.®**! Hence, the mechanisms of the hydrogenation re-
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3-alkyl group (R®in Scheme 1) of (E)-enamide is omitted.
3-alkyl group = H; R = H; R* =CN; P = PH,""

3-alkyl group = H; R" = H; R? = CN, Bu; P, = Me-duphos*!
3-alkyl group = H; R! = H; R? = CN; P, = BisP*?%

3-alkyl group = H; R" = H; R? = COOH;P = PH; (small model system, present work)
3-alkyl group = Ph; R"=Me; R? = COOH; P, = binap (real model system, present work)

Scheme 2. Reaction pathways for Rh(I)-catalyzed hydrogenation reactions of enamides.

actions with a binap-Rh' catalyst are still controversial:
1) Which step determines the stereoselectivity in the multi-
step hydrogenation reaction? 2) Does the “lock-and-key” or
the “anti-lock-and-key” motif apply to the hydrogenation
reaction of [Rh(binap)]* with enamides? 3) Does the hydro-
genation follow the unsaturated or dihydride mechanism?
Herein we present for the first time the origin of enantio-
selectivity of the binap—Rh'-catalyzed asymmetric hydroge-
nation of enamides, focusing on the transition states for the
pathways of the unsaturated mechanism (Paths 1-4,
Scheme 2) as well as the new pathways Paths 2’ and 4. We
used [Rh(PH;),]* with 2-formylaminoacrylic acid as a small
model system for preliminary studies, then switched to [Rh-
(binap)]* with a B-phenyl-substituted enamide, 2-acetylami-
no-3-phenylacrylic acid, as a real model system. The coordi-
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nation isomers involving the oxidative-addition and inser-
tion steps are shown in Scheme 2.7*3%1 We focused on pro-
cesses after the formation of the Rh™ dihydride/enamide
complexes. In the structures of precursor complexes 4, 7, 10,
13, and 17 for oxidative addition, the Rh atom was found to
be chelated due to the coordination ability of the COOH
group and the lack of a solvent molecule.

For the small model system, we used the B3LYP density
functional method. The B3LYP functional is reliable for in-
vestigations of Rh complexes.™ *! However, the stereoelec-
tronic effects of the phosphine ligands may not be properly
described by PHj; (instead of PPh,R) in the case of Rh-cata-
lyzed hydroformylation,* but the real model system to be
examined is too costly with full B3LYP density functional
calculations (especially normal mode analyses, which takes
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five days with 16 CPUs on the NEC TX-7 computer).
Therefore, we used the integrated molecular orbital and mo-
lecular mechanics (IMOMM) method, which constitutes a
molecular orbital (MO) and a molecular mechanics (MM)
part (MM3; Figure 1).* The IMOMM method has been
used for the investigation of many organometallic reac-
tions,”! and was later generalized to the ONIOM method,
which can combine up to three levels of MO methods as
well as an MM. Although the ONIOM method is an im-
provement over IMOMM in most respects, the MM3 force
field™®! used herein is not implemented in the current ver-
sion of the Gaussian 03 package. As to the reliability of the
IMOMM method, a previous study showed that in the reac-
tion with H,, the diastereomer of [Rh(chiraphos)(PhCH=C-
(NHC(=0)Me)COOH)]* that led to the minor enantiomer
was 11.1 kimol ™ lower in energy than the other diastereo-
mer that led to the major enantiomer at the IMOMM-
(B3LYP/1:MM3(92)) level. This result was consistent with
previous experimental studies (see Supporting Information).
The IMOMM-optimized structure is also similar to the X-
ray crystallographic and SHAKE/CHARMM-optimized
structures  of  [Rh(chiraphos)(PhCH=C(NHC(=0)Me)-
COOEt)]+.[12’l4’24]

Small model system

COOH COOH

— + Hy + [Rh(PPhg),]"
H  NHCOH PH

Real model system

COOH
/:< + H, + [Rh(binap)]* COOH

P NHCOMe pl

NHCOMe

IMOMM-A

(inside)

@ set3

Figure 1. Definition of small and real model systems and sets of atoms in the two IMOMM partitions A and B.

(R)-binap is shown in the system.

Results and Discussion
Reaction of the Small Model System

First, several reaction pathways (Scheme 2) were examined
for the small model system ([Rh(PH;),]*+CH,=C-
(NHCHO)COOH). The structures of the two four-coordi-
nate substrate complexes 3s and 16s (s denotes small) are
shown in Figure 2. The two complexes are mutually coordi-
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Small model system

NHCOMe

Real model system
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S. Mori, T. Vreven, and K. Morokuma

3s 16s

Figure 2. Structures of precursor complexes at the B3LYP/II level. Bond
lengths are in A, bond angles (italics) in degrees.

natively isomeric. In 3s, the rhodium atom has a nearly
square arrangement that is common to Rh' complexes, as
known from previous X-ray crystallographicl>? and
NMR spectroscopic studies™ of related Rh complexes. The
isomeric complex 16s has a nearly tetrahedral arrangement
and is less stable than 3s by 120 kJmol ™.

The transition states (TSs) (TShls, TSh2s, TSh2's, TSh3s,
TShds, TSh4's) for the formation of the five-coordinated di-
hydrogen complexes (4s, 7s,
10s, 135, 17s), the TSs (TSols,
TSo2s, TSo2's, TSo3s, TSods,
TSod's) for the oxidative addi-
tion, its resultant intermediates
(5s, 8s, 11s, 14s), the TSs
(TSils-TSids) for the alkene
insertion into the Rh—H bond,
and the resultant rhodium(III)
hydride intermediates (6s, 9s,
12s, 15s) for Paths1-4
(Scheme 2) are shown in Fig-
ures 3-6. The energetics of the
reaction pathways are shown
in Figure 7. Paths 1, 2, and 2’
involve a nucleophilic attack
of a hydride ion at the less-hin-
dered sp? carbon of CH,=C-
(NHCHO)COOH, whereas re-
gioisomeric Paths 3, 4, and 4
involve attack at the other dis-
ubstituted sp® carbon.

Paths 1 and 3 start with a
side-on approach of a hydro-
gen molecule to different sides
of the square-planar structure
of the lower-energy Rh complex 3s, giving the transition
states for the formation of the five-coordinate dihydrogen
complexes, TShls and TSh3s, respectively. The energy of
TShis is higher than that of the reactant 3s by 9.1 kJmol™/,
whereas the energy of TSh3s is lower than that of 3s by
3.3 kJmol ™' (thus suggesting the existence of an unimportant
small energy minimum between 3s and TSh3s). The end-on
approach of a hydrogen molecule to 3s gives directly (with-

+ Hy + [RN(PPhg),]"

+ H, + [Rh(binap)]

Chem. Asian J. 2006, 1, 391 -403
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TSils 6s
vi=7428icm™

TSris
vt =834.9icm™

Figure 3. Structures of intermediates and transition states in Path 1 of the
small model system at the B3LYP/II level. Bond lengths are in A, bond
angles (italics) in degrees. v* refers to an imaginary frequency.

out barrier) the dihydrogen complexes 7s and 13s, respec-
tively. Optimization of the transition states for formation of
five-coordinated dihydrogen complexes for the higher-
energy Rh complex 16s from different directions (Paths 2’
and 4) gives a single structure TSh2's/TSh4’s. The coordina-
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tion geometry of this transition state TSh2's is similar to
that of 16s, which is reflected by the small energy difference
of 3.2kJmol™!. TSh2's/TSh4's gives 17s, during which the
dissociating H-H bond is stretched to 0.83 A; 17s is
39.8 kJmol™' less stable than 3s. The reactant 3s and these
weakly bound dihydrogen complexes are connected with
low or no barriers and are likely to be in equilibrium.

For the oxidative-addition reaction that maintains the m
coordination between the rhodium atom and the alkene of
the enamide, we found six TSs corresponding to six dihydro-
gen complexes. TSols in Path1 is 16 kJmol™' lower in
energy than TSo2's in Path 2'. For Path 2’, TSe2's from the
less-stable 17s is lower in energy by 27 kImol™' than TSo2s
from the more-stable 8s. Intrinsic reaction path (IRC) calcu-
lations showed that both TSo2s and TSo02's lead to 8s. Simi-
larly for Paths3 and 4, TSe3s is more stable by
14.4kJmol™! than TSo4's from less-stable 17s in Path4’;
TSo4's is in turn 23.8 kImol™' lower in energy than TSods
from the more-stable 13s. Both TSo4s and TSo4's lead to
14s.

In the enamide insertion step, TSils is higher in energy
than TSi2s by as much as 36.3kJmol™'. The activation
energy of the insertion step (8s to TSi2s in Path2) of
2.6 kJmol ' is small and is comparable to the 0.9 kJmol * in
the insertion to CH,=C(NHCHO)CN.' The transition
state in Path3 (TSi3s) of 98.4kJmol™' is very high in
energy. The insertion transition states TSils, TSi2s, TSi3s,
and TSids lead to alkylrhodium intermediates 6s, 9s, 12s,
and 15s, respectively. The agostic interactions have been ob-
served both experimentally and theoretically in 6s and
9s.°2% In the isomerization pathways from 6s or 9s with
agostic interactions to the intermediates 18s or 19s, we were
only able to locate the transition state in Path 2 (TSag2s);
the optimization of the TS (TSagls) in Path 1 failed. The ac-
tivation energy from 9s to TSag2s is 114.2kJmol!
(Figure 7). The energy of the transition state of reductive
elimination, TSr2s, is also high. Although we did not follow
this step of the reaction carefully, solvent effects of metha-
nol may have lowered the barrier and facilitated the path-
way.

Overall, Paths 1 and 2 are favorable over regioisomeric
Paths 3 and 4, respectively. The formation of the weakly
bound Rh—H, complex 17s from 16s is highly unfavorable.

Isomerization Process between Paths 1 and 2

The transition states for the dihydride isomerization process
that connects Paths 1 and 2 in the [Rh'(PH,),]* complex
with o-acetamidoacrylonitrile were previously examined.?!!
The rate-determining TS for isomerization (TS12s) between
Rh™ dihydride complexes 5s and 8s was optimized for the
present model, and is shown in Figure 8. TS12s is higher in
energy than the TS for dihydrogen oxidative addition for
Path 1, TSols, but is slightly lower in energy than TSo2s and
TSo2's in Path 2. Hence, this isomerization of the small
model system may occur as well as a rapid equilibrium be-
tween the Rh'™ dihydride complexes and the reactant. In
the real model system, with bulky chiral ligands and solvent
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TSo2s 7s

TSh2's/TShd's
vE=980icm™

TSo2's
vF=956.8/cm™’

TSi2s 9s

TSag2s 19s
vF=2307icm™

TSr2s
V=887.3icm™!

Figure 4. Structures of intermediates and transition states in Path 2 of the small model system at the B3LYP/II level. Bond lengths are in A, bond angles

(italics) in degrees.

molecules, such an isomerization would not be possible and
will be excluded from explicit consideration.

Reaction of the Real Model System

With the above results in mind, we now employed the
IMOMM method to examine the effects of bulky substitu-
ents in the real model system on various transition states.
The ligation of a binap-Rh' catalyst to enamide gives four
diastereomers of four-coordinate Rh' complexes, 3M, 3m,
16M, and 16 m. M is used for stationary points on the path-
way that lead to a major product enantiomer, and m for
those on the pathway that leads to a minor enantiomer. The
complex leading to the major product 3M is 15.8 kJmol™
more stable than the complex leading to the minor product
3m at the IMOMM-BII level with IMOMM-AI-optimized
geometries (3.0 kImol ' more stable at the B3LYP/II level;
Figure 9). The energetics of the COOH group rotamers do
not change very much. The fact that the major 3M is slightly
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lower in energy the minor 3m complex is opposite to the
cases of duphos and chiraphos.*¥ The optimized structures
of 16M and 16 m at the IMOMM-ALI level have very high
energy, and reoptimization of these structures at the
IMOMM-BII level converged to 3M and 3m. We can con-
clude that 16M and 16m are high in energy if they exist. We
also obtained five-coordinate dihydrogen complexes 7M
and 7m, but could not find any complex 4 corresponding to
the approach of dihydrogen from the other direction.

Paths 1, 2, and 2'

We first studied the transition states in Path 1 (Figure 10).
The TS of oxidative addition of dihydrogen in the major
pathway, TSo1M, is 6.4 kImol™' lower in energy than that in
the minor pathway, TSolm. The transition state of alkene
insertion to give the major enantiomer, TSilM, is also more
stable than the minor TS, TSilm, by 4.6 kJmol . Thus, the
energetics of both oxidative addition and alkene insertion in
Path 1 are consistent with the experimental enantioselectivi-
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TSh3s
vi=60.6icm™

21
30 . 2.28 222
@)

TSo3s 11s

TSi3s 12s
v = 666.0icm™!

Figure 5. Structures of intermediates and transition states in Path 3 of the
small model system at the B3LYP/II level. Bond lengths are in A, bond
angles (italics) in degrees.

ty (84 % ee, corresponding to the Gibbs energy difference of
4.5 kJmol™ at 298 K). If the enantioselective hydrogenation
occurs through Path 1, the oxidative-addition step (with
higher TS energy than the insertion step) should be rate-de-
termining and is likely to make a larger contribution to the
enantioselectivity than the insertion step (with the m-M
energy difference of 6.4 kJmol™' at the oxidative-addition
vs. 4.6kImol™' at the insertion TS), although the m-M
energy difference is too small for quantitative comparison.
To clarify the origin of the enantioselectivity, the
IMOMM-BII energy differences between the major and
minor TSs were divided into the B3LYP quantum energy of
the small model part and the MM energy. With the electro-
static contribution ignored in the MM3 force field, the MM
energy here consists solely of the van der Waals interaction,
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159
g (RhH) o

TSo4d's 14s
vi=7275icm™

TSids 15s
vF=651.0icm™

Figure 6. Structures of intermediates and transition states in Path 4 of the
small model system at the B3LYP/BAS-II level. Bond lengths are in A,
bond angles (italics) in degrees.

a long-range weak attraction, and the short-range steric re-
pulsion. The MM contribution is further divided into the
pairwise contributions between substituent groups; we call
the Set1 atoms in Figure 1 partition B as group 1, and the
phenyl and naphthyl groups on the binap moiety as
groups 2-7 (Figure 10).*”" For the oxidative-addition TSs,
which have IMOMM differences of 6.4 kITmol™', 3.3 kI mol™’
comes from the difference in the QM energy and
3.1 kJmol™" comes from the MM energy; both the QM and
MM energies contribute nearly equally to the preference of
TSolM. For the insertion TSs, the IMOMM difference of
4.6kJmol ™" is attributed to —1.5kJmol™! of QM and
6.1 kImol™! of MM energy, which is mainly steric repulsion.
The QM energy favors the minor TS TSilm, whereas the
MM steric repulsion makes the decisive contribution that
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Figure 7. Energetics of the small model system optimized at the B3LYP/II level in a) Paths 1 and 3 and b) Paths 2, 2, 4, and 4'. Energies are shown in

kI mol ! relative to 3s+H,. R>=

TS12s
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Figure 8. Structure of TS12s at the B3LYP/II level. Arrows are for the
vibrational mode of the imaginary frequency.

favors the major TS TSilM, thus overshadowing the QM
contribution. Of the MM steric-repulsion contributions, the
interaction between group 3 (a phenyl group on a phospho-
rus atom of binap) and group 5 (a naphthyl group on the
other phosphorus atom of binap) makes the largest contri-
bution of 3.9 kJmol™!, followed by many other pairs, includ-
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COOH. The 3-alkyl group on (E)-enamide is omitted for clarity.

ing the groups6 and 7 (two phenyl groups on the same
phosphorus) pair of 2.4 kJmol ™! and the groups 1 (the atoms
in the small model system in partition B) and 7 pair of
2.3 kJmol™". TSilm has more steric repulsion than TSi1M.
Let us now examine Paths 2 and 2'. There could be two
dihydrogen oxidative-addition TSs for each of TSo2 and
TSo2' in the model system. We found that in the real model
system both TS02M and TSo2m are much higher in energy
than TSo2’M and TSo2'm, respectively (Figure 11). This
trend in the real system is stronger than that in the model
system. Therefore, in the real model system, we consider
only two diastereomeric TSs, TSo2’M and TSo2'm, in
Path 2'. TSo2'M is 3.2 kImol ! lower in energy than TSo2'm.
In the next step, the alkene insertion, we also found two dia-
stereomeric TSs, TSi2M and TSi2’m, with TSi2M lying
4.0 kJmol™" lower in energy than TSi2m. Thus, the energet-
ics of both the oxidative-addition and alkene-insertion TSs
in Paths 2 and 2’ are consistent with the experimental enan-
tioselectivity. If the enantioselective hydrogenation occurs
through Path 2, the oxidative-addition step (with higher TS
energy than the insertion step) should be rate-determining,
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Figure 9. Energetics of the real model system at the IMOMM-BII/
IMOMM-ALI level. Energies are shown in kJ mol ™! relative to 3M.

but both steps can contribute significantly to the enantiose-
lectivity (with a small m-M energy difference of 3.2 kJmol™!
for oxidative addition and 4.0 kJmol™" for insertion). The
oxidative-addition TS TSo2’M is 44.7 kJmol™' higher in
energy than the insertion TS TSi2M. TSo2'M is favored
over TSo2'm mainly because of the favorable MM contribu-
tion; the steric repulsion is smaller in TSo2’M than in
TSo02'm. On the other hand, TSi2'M is favored over TSi2'm
mainly because of the favorable QM contribution; the QM
part is less distorted in TSi2'M than in TSi2'm.

Opverall, the lowest transition state in Paths 2 and 2’ seems
to be favored over that in Path 1 in both the oxidation and
the insertion step. It is, however, more likely that the reac-
tion would proceed through Path 1 if there were no equilib-
rium between precursor complexes. To take the low-energy
Path 2’ (through TS02'M or TS02'm), the reaction has to go
through a very high-energy precursor dihydrogen complex
17. Path 2 (through TSo2M or TSo2m), from the low-energy
dihydrogen complex 7, involves a very high barrier at
TSo02M (or m). As discussed earlier and in previous theoret-
ical studies,* a rapid equilibrium between Paths 1, 2, and 2’
through Rh dihydride complexes is likely to take place.
Therefore, Paths 2 and 2’ cannot be ruled out.

Paths 3 and 4

Let us now examine the regioisomeric pathways. The bulki-
ness of a phenyl group in an enamide will affect the energy
difference between regioisomeric pathways. In Path 3,
TSo03M is 22.2 kJmol ™ lower in energy than TSi3m, thus
strongly favoring the major product, in agreement with ex-
periment. On the other hand, TSi3M is 14.5 kImol™" higher
in energy than TSi3m, thus showing the opposite sense of
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Figure 10. Structures of transition states of oxidative addition and inser-
tion in Path 1 for the real model system at the IMOMM-ALI level, with
bond lengths in A and bond angles (italics) in degrees. The IMOMM-BII
energy differences between the major and minor TSs are divided into the
B3LYP quantum energy of the model part and the MM energy. The MM
energy is further divided into the contributions between particular
groups (in parentheses).

experimental enantioselectivity (Figure 12). The situation is
similar in Path 4. TSo4'M is 12.3 kJmol™! lower in energy
than TSo4'm, thus strongly favoring the major product,
whereas TSi4'M is 3.6 kI mol ™' higher in energy than TSi4'm
(Figure 13). The high energies of Paths 3 and 4 compared
with Paths 1 or 2 suggest that these regioisomeric pathways
are not favorable.

Conclusions

According to the current IMOMM results for the hydroge-
nation of enamides with a binap-Rh' catalyst, the energy
differences in Path 1 between the transition states for major
and minor products for both the oxidative-addition and in-
sertion steps are consistent with the experimental enantiose-
lectivity, thus suggesting that both steps can determine the
enantioselectivity when the reaction takes place by Path 1
(Scheme 2). There the oxidative addition (with higher TS
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Figure 11. Structures and energies of transition states of oxidative addi-

tion and insertion in Path 2 for the real model system at the IMOMM-
BII/IMOMM-ALI level. See Figure 10 for details.

energy than the insertion step) should be rate-determining
and is likely to make a larger contribution to enantioselec-
tivity than the insertion step (with an m-M energy difference
of 6.4 kJmol™ for the oxidative-addition vs. 4.6 kJmol™" for
the insertion TS), although the m-M energy difference is too
small for quantitative comparison. For the oxidative-addi-
tion TSs, both the QM and MM energies contribute nearly
equally to the preference of TSo1M. For the insertion TSs,
the preference of the major TS TSilM is dominated by the
MM energy, in particular, steric energy; the steric repulsion
between the naphthyl group on one of the phosphorus
atoms and the phenyl group on the other phosphorus atom
in the TS makes the largest contribution.

For Paths2 and 2', a similar sense of enantioselectivity
that is consistent with experiment is found.

If there is a rapid equilibrium between precursor dihydro-
gen complexes, a high barrier can be avoided, and Path 2
may become more favorable than Path 1. According to the
recent experimental studies on rapid equilibria between
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Figure 12. Structures and energies of transition states of oxidative addi-
tion and insertion in Path 3 of the real model system at the IMOMM-
BII//IMOMMS-ATI level. See Figure 10 for details.

rhodium(IIl) dihydride intermediates,*! the insertion step
can determine the enantioselectivity because the latter de-
pends on H, pressure, as found in the case of 1,2-bis[(o-
methoxyphenyl)phenylphosphino]ethane (dipamp).”  Al-
though the conformation of the observed dihydride inter-
mediates can be proposed as 8 in Path 2 (Scheme 2) by par-
ahydrogen-induced polarization NMR spectroscopy,? >
Path 1 would be unobservable. With the present binap
ligand, there also exists the possibility of an equilibrium be-
tween dihydrides, which is a subject for future study.
Notably, we found that the “lock-and-key” motif, in which
the more-stable intermediate corresponds to the more-
stable TS, is followed in the binap-Rh'-catalyzed hydrogena-
tion reaction as in many enzymatic reactions,® whereas the
“anti-lock-and-key” motif is observed in the Me-duphos—
Rh'-catalyzed reaction.'”! Hydrogenation of a-acylamino-
acrylates in the presence of [Rh((S,S)-dipamp)]* follows the
“lock-and-key” motif®! The present calculation suggests
that both motifs may be realized, and that in the end the
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Figure 13. Structures and energies of transition states of oxidative
addition and insertion in Path 4 of the real model system at the
IMOMM-BII//IMOMMS-ALI level. See Figure 10 for details.

issue of the “lock-and-key” or “anti-lock-and-key”
motif may not be very important in the step that de-
termines the enantioselectivity.

The higher stability of 3M over 3m can be ex-
plained by a quadrant diagram proposed by Knowles
(Figure 14).1°) Whereas the 3-phenyl group in 2-ace-
tylamino-3-phenylacrylic acid is far from the equatori-
al phenyl group on the binap ligand in 3M, it is closer
to the equatorial phenyl group in 3m. Note that a hy-
drogen atom is modeled instead of the 3-phenyl
group in the previous studies by Landis and
Feldgus.’? In the case of the Rh'-chiraphos catalyst,
the minor complex (3em) is more stable than the
major (3¢M). The 3-phenyl group of the enamide in
the minor complex is tilted more into an unhindered
quadrant in the chiraphos case. The steric repulsion
between an equatorial phenyl group on the binap
ligand and the 3-phenyl group is decreased in the
minor complex relative to 3m in the Rh'-binap
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system. The methyl group of the acetylamino group in the
less stable 3m is in a hindered quadrant. This suggests that a
bulkier group such as phenyl may give higher enantioselec-
tivity as shown by experiment ([Eq. (1)]; 84% ee for R'=
Me to 96 % ee for R' =Ph).

Further experiments as well as theoretical studies may be
needed for a better understanding of the relationship be-
tween the conformations of the intermediate complexes and
transition states that determine the stereoselectivity.

The experimental and computational studies on the ef-
fects of chiral ligands will be very useful for chiral technolo-
gy. Although the schematic quadrant diagram is frequently
used to explain the stereoselectivity, the transition states of
oxidative addition and/or insertion should be used for more
quantitative prediction. Investigations of the potential-
energy surface of all the steps of the Rh'-binap-catalyzed re-
action'® and the stereoelectronic effects of chiral ligands
are currently in progress.

Computational Methods

Calculations were performed with our own IMOMM code, which com-
bined the MM3(92) program! with Gaussian 98.1! The B3LYP density
functional method was used for the MO part. The basis set I consisted of
LANL2DZ basis functions, which included a double-zeta valence basis
set (8 s5p5d)/[3s3p2d] with the Hay and Wadt effective core potential
(ECP)“" replacing core electrons up to 3p for the Rh atom and the Huzi-
naga-Dunning valence double-zeta quality basis set*! for the remaining
atoms, supplemented with a set of d functions (a=0.387)"*! for the phos-

repulsion

repulsion

3m

3cM 3cm

Figure 14. Quadrant diagrams of a) Rh'-(R)-binap and b) Rh'-(S,S)-chiraphos
complexes with 2-acetylamino-3-phenylacrylic acid at the IMOMM-ALI level. Hin-
dered quadrants are shown shaded.
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phorus atom. Although the effects of the d functions were significant in
the Rh—P bond lengths, d and p functions for the H, C, N, and O atoms
did not have large effects on structures and energetics. We also used
basis set II, which consisted of basis set I for Rh and P atoms and the
D95* basis set for C, H, N, and O atoms. The optimized structures for
[RhH,(PH;),] and CH,=C(NHCHO)COOH were found to be essential-
ly the same for B3LYP/I and /II calculations.

For Paths 1-4, we focused on the transition states of the hydrogen mole-
cule oxidative-addition and enamide insertion steps of the reaction of 1
by using the two IMOMM partitions as shown in Figure 1. In partition A
(IMOMM-A), Set 1 atoms were included in the model system, and Set 3
atoms were replaced by hydrogen atoms in the small model system. Set 1
and 3 atoms were handled with the B3LYP method. Set 4 atoms were in-
cluded only in the real model system that was handled at the MM level.
In partition B (IMOMM-B), the phenyl and methyl groups in 2-acetyl-
amino-3-phenylacrylic acid and the seven-membered ring (Figure 1) of
the binap ligand were included in the model part to investigate their elec-
tronic effects, whereas in partition A, they were considered in the real
part only. The optimization was mostly performed without symmetry con-
straints by using IMOMM-A(B3LYP/I:MM3) (further abbreviated as
IMOMM-AI). The energy was improved with IMOMM-B(B3LYP/
I1:MM3) (abbreviated as IMOMM-BII); even in this case in which the
geometry of the quantum mechanics (QM) part was frozen, the MM part
was reoptimized. The nature of stationary points was characterized based
on the normal coordinate analysis of the small model part, and the eigen-
vector corresponding to the only negative eigenvalue of every transition
state was visually checked to confirm its connectivity with the reactant
and product of the step. The fixed linked bond lengths were r(P—H)=
1.42 A, r(C(olefin)—C(phenyl))=1.51 A, r(P-Ar)=1.84 A, r(C(olefin)—
H)=1.096 A, r(C(amide)-H)=1.02 A, r(C(amide)-Me)=1.51 A, and
r(P-Ar)=1.84 A. IMOMM-BII optimized geometries were found to be
very similar to the IMOMM-ALI geometries, although their energies were
somewhat different in some cases (see Supporting Information for more
details of IMOMM-BII vs. IMOMM-AI).

The MM3(92) force field was used for the MM part of the remaining
system (Figure 1). The MM3 force field is widely used for organometallic
systems and exhibits smaller average errors than UFF (Universal Force
Field).’*>! Pariser—Parr—Pople type SCF (self-consistent field) correc-
tions were applied to the MM3 force field, because the delocalization ef-
fects of the binap moiety should be considered." The UFF van der
Waals parameters by Rappé et al.**! were used for the Rh atom, while all
other MM contributions involving the metal atom were set to zero; this
is not a bad approximation, since the metal MM parameter was used
only for the interaction of the QM and MM parts, which are mutually
separated by at least one extra atom and are quite far away for any sig-
nificant MM interaction to take place. The electronic effects of the
(bulky) MM substituents were neglected in the IMOMM treatment.
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Abstract: A simple and portable flow
channel optical detection system com-
bined with bioconjugated luminescent
nanoparticles allows the rapid detec-
tion of single bacterial cells without
sample enrichment. The optical system
is designed to have single-molecule-de-
tection capability in a microcapillary
flow channel by decreasing the laser
excitation probe volume to a few pico-

low background. Specific monoclonal
antibodies were immobilized on nano-
particles to form nanoparticle-antibody
conjugates. The bioconjugated nano-
particles bind to the target bacteria
when they recognize the antigen on the
bacterium surface, thus providing a

Keywords: antibodies - biosensors -
luminescence - nanostructures

bright luminescent signal for the detec-
tion of individual bacteria cells. The
high sensitivity provided by the lumi-
nescent and photostable silica nanopar-
ticles eliminates the need for further
enrichment of bacteria samples and
signal amplification. This flow channel
detection system is convenient and
allows the detection of single bacterial
cells within a few minutes.

liters, which consequently results in a

Introduction

The rapid and accurate detection of trace amounts of patho-
genic bacteria is important in food safety, clinical diagnosis,
and military/civilian warfare. Recently, there has been much
interest in the detection and identification of various micro-
organisms owing to the increased risks of terrorism with bio-
logical warfare agents. Escherichia coli O157:H7 (E. coli
O157:H7) is one of the most dangerous food-borne patho-
genic bacteria.l'! It can be found in raw beef, fruits, vegeta-
bles, salad-bar foods, salami, and other food products.[“]
Outbreaks of E. coli O157:H7 infections have caused serious
illnesses and led to a significant number of deaths.”’ There-
fore, to prevent any accidental outbreaks or intentional ter-
rorist acts, early detection of trace amounts of E. coli
O157:H7 as well as other pathogenic bacteria and endo-
spores are critical.

[a] S.J. Mechery, X.J. Zhao, L. Wang, L. R. Hilliard, A. Munteanu,
W. Tan
Center for Research at the Bio/Nano Interface
Department of Chemistry and the Shands Cancer Center
University of Florida
Gainesville, FL 32611 (USA)
Fax: (+1)352-846-2410
E-mail: tan@chem.ufl.edu

Supporting information for this article is available on the WWW
under http://www.chemasianj.org or from the author.

0

WIWILEY

384 Inte _n'Sc_i__gn;e‘

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The key requirements for any technique for the early de-
tection of bacteria are sensitivity, specificity, and speed.”!
Conventional detection methods provide relatively highly
sensitive, qualitative, and quantitative information only in
the presence of substantial quantities of bacteria species,
typically ranging from 100-100000 CFUmL™ (CFU=
colony-forming unit). However, time constraints and easy
on-site or universal analysis are the major limitations, be-
cause many of these methods rely on the ability of microor-
ganisms to grow into visible colonies over time in special
growth media, and this growth may take 1-5 days. Over the
past several years, attempts have been made to improve tra-
ditional bacteria-detection methods through modification
and automation, mainly focusing on decreasing the overall
assay time. In addition, many developments in this direction
are based on advances in analytical-based detection techni-
ques, such as the direct epiluminescent filter technique
(DEFT), mass-spectrometry-based methods, and counting
and identification test kits."'% One of the most promising
techniques is flow cytometry,'] which allows the detection
of 10%-10° E. coli O157:H7 cells/mL within 1 h on the basis
of a luminescence signal in a flow system.™'?) Even though
the detection time is dramatically shortened, improved sen-
sitivity is still a major challenge.

To improve the sensitivity and to reduce the detection
time required for accurate bacteria detection further, a
simple and inexpensive fluorescence-based detection system
was developed. In this case, the optical system was designed

Chem Asian. J. 2006, 1, 384 -390
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to have single-molecule-detec-
tion capability by reducing the
laser probing volume to few a
picoliters in the channel. Lu-
minescent and bioconjugated
silica nanoparticles were used
to increase the analytical sensi-
tivity of this system.*'¥ Re-
cently, nanomaterials have
been used in bioanalytical ap-
plications and show great
promise.*! Among the many
different types of nanomateri-
als for bioanalysis, we have de-
veloped  luminophore-doped
silica nanoparticles (NPs) for a
variety of interesting biotech-
nological applications.'>14
These NPs have some unique
features such as an intense lu-
minescent signal, excellent photostability, and easy bioconju-
gation for linkage between nanomaterials and biological
molecules for biological interactions and recognition. In ad-
dition, these NPs can be prepared easily and their surfaces
can be modified with desired surface properties, such as
charge and functionality. The signal enhancement of lumi-
nescent NPs is based on the tens of thousands of lumines-
cent dye molecules contained in a single NP, which forms
the foundation for luminescence detection with significant
optical-signal amplification. In the present strategy for bac-
teria analysis, the recognition of a binding site, (i.e., an anti-
body-antigen interaction on a bacteria surface) is signaled
by a nanoparticle conjugated to the antibody instead of a
dye molecule. Thus, the luminescent signals are tens of thou-
sands times stronger than that provided by a single dye,[
providing highly amplified signals for single bacterium sam-
ples given the fact that many nanoparticles interact with a
single bacteria cell. The NPs were treated by immobilizing
monoclonal antibodies that specifically bind to E. coli
0O157:H7 surface antigen for the recognition of the specific
bacteria. A prototype flow cytometer (Figure 1) and nano-
particle—antibody conjugates were designed for easy manip-

Abstract in Chinese:
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Figure 1. Schematic diagram of the luminescence flow cytometer. PMT-1 and PMT-2 are the photomultiplier
tubes. F1, F2, F3 are long pass filters at 495 nm, 570 nm, and 650 nm respectively. Samples were pumped
through the capillary with a syringe and a mechanical syringe-pump system.

ulation and portability and tested for potential field applica-
tions. Herein, we show that bacteria cells attached to nano-
particle—antibody conjugates were accurately detected and
counted by the flow-channel detection system with high sen-
sitivity, speed, and excellent reproducibility.

Results and Discussion

Bioconjugated Luminescent Nanoparticles for Pathogenic
Bacteria Recognition

Luminescent NPs with sizes of 60 +4 nm were prepared for
this application (Figure 2a). Tens of thousands of dye mole-
cules are encapsulated within each NP. For the recognition
of bacteria, the monoclonal antibodies were immobilized on
the NPs, thus making the conjugates highly selective for
E.coli O157:H7 in the immunoassay-based detection.
Therefore, the antibody-conjugated NPs associated specifi-
cally with E. coli O157:H7 cell surfaces only (Figure 2b),
but not with E. coli Dh5a, which lacks the surface O157:H7
antigen (Figure 2¢). The SEM image of the E. coli O157:H7
cell after incubation with the NPs shows that there are
many nanoparticle-antibody conjugates bound to a single
bacterial cell, providing significant luminescent signal am-
plification relative to the single-dye-molecule assay. The
greatly amplified and photostable luminescent signals from
NPs attached to the bacteria surface easily enabled us to dis-
tinguish the spikes of the bacteria from the background,
even when only one bacterium existed in the sample. The lu-
minescence intensity of one RuBpy-doped NP (RuBpy=
tris(2,2'-bipyridyl)dichlororuthenium(II) hexahydrate) was
equivalent to that of more than 10* RuBpy molecules.""]
When monoclonal antibodies were immobilized on the NPs
for the immunoassay, results showed that the presence of
the NPs did not decrease the affinity of the antibody for the
antigen. In contrast, the affinity constants may have been
slightly higher than the intrinsic affinity of the antibody.*"
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Figure 2. SEM images of immunological-based bacteria detection by
using fluorescent dye-doped silica nanoparticles. a) Fluorescent-dye-
doped silica nanoparticles ready for bioconjugation with antibodies for
bacterial antigen recognition. b) E. coli O157:H7 bacteria cell with anti-
gen-bound nanoparticle-O157-antibody conjugates. c) Negative-control
bacteria, E. coli O157:Dh5a, with no antigen-bound nanoparticle-O157-
antibody conjugates owing to the specificity of the antibody on the nano-
particle for E. coli O157:H7 only and not for other strains of E. coli.
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The NP-antibody conjugates on the surface of the bacteria
showed a strong binding affinity to E. coli O 157:H7 cells
and thus gave very bright luminescent signals. The lumines-
cence signals provided by the NPs are not only very bright
but are also reproducible owing to the greatly decreased
photobleaching by the silica matrix of the NPs.® This high
photostability of the NPs provides reliable measurements,
which are important for the detection of bacteria in more-
practical settings. The NPs are thus unique in providing re-
producible and highly amplified signals for the detection of
bacteria as well as for other biorecognition needs.

Selection of Positive Signals from the Background in the
Flow Channel System

The flow cytometry setup works well for counting bacteria.
The strong fluorescence signal emitted and detected by a
photomultiplier tube (PMT) during the passage of each bac-
terial cell through the probe volume represented a “detec-
tion event” in the analysis of the given sample. However,
the recorded fluorescence data is an ensemble of positive
spikes embedded in background noise. Figure 3a represents
data recorded for a typical fluorescence burst during acquisi-
tion when bacteria-NP-antibody conjugates flow through
the detection channel at a flow rate of 1 mLh™'. To check
the potential noise contribution in the background from ad-
ditional noise sources like bacterial cell autofluorescence
and PMT dark count, we have run plain bacterial samples
prepared in PBS buffer (0.1 M) without attaching any probes
(blank sample) through the flow channel. Figure 3b was re-
corded when the blank solution flowed through the sample
cell. The threshold level, average signal intensity plus three
times the standard deviation of the control sample (control-
sample preparation is described in the Experimental Sec-
tion) was set to discriminate the background noise from pos-
itive signals. Any fluorescence spike higher than the thresh-
old level was treated as a positive signal and represented
one bacterial cell. Therefore, counting the number of spikes
above the threshold level was indicative of the exact amount
of the target bacteria in the sample. Figures 3¢ and d show
the fluorescence events above the threshold level of bacteria
samples at concentrations of 5x10° and 1x 10° cellsmL ™, re-
spectively. Using this technique, we were able to detect one
bacterial cell at a time. The sample flow rate and the sam-
pling rates can be adjusted to meet the requirements of the
different samples and analyses.

To evaluate the accuracy of this method in estimating bac-
terial counts, the average numbers of CFUs of E. coli
O157:H7 in buffer (1 mL) were determined by plate count-
ing. Various concentrations of freshly cultured homogenate
E. coli O157:H7 were grown in growth media for approxi-
mately 24 h®?! and plated on plate-count agar; the colonies
were then counted. These counts, the golden standard in mi-
crobiology,”?! were compared with the average numbers of
E. coli O157:H7 detected by counting luminescent spikes
from our flow-cytometry-based analysis. The results ob-
tained by these two methods correlate well (Figure 4). Nota-
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Figure 3. Typical flow-cytometry data for bacteria detection. a) Typical luminescence burst recorded during the data acquisition. b) Signals were recorded
when a blank solution was flowed through the sample cell; ¢) and d) flow-cytometry trace at different concentrations of bacteria samples.

bly, it is not uncommon that the standard deviation in bacte-
ria count when using the plate counting method is about
20%.['>??I This result clearly shows that the accuracy of our
method is comparable to that of the plate counting method,
but requires a much short time.

Experimental Bacterial Counts

Bacterial Counting Correlation

¥=1.0239x
R*=0.9652

Effect of the Probe Volume on the Sensitivity of the Flow

Cytometry

To detect trace amounts of bacteria targets sensitively, it is
critically important to decrease the background lumines-
cence. The signal from a single-molecule dye or particle is

independent of the probe
volume, whereas the back-
ground signal is proportional
to the probe volume. Hence,
the background was minimized
by using small probe volumes.
Figure 5 shows the probe
volume when a laser beam
with Gaussian profile is used.
Here, w, is the beam waist of
the focused Gaussian beam in

Figure 4. Comparison of flow-channel detection system with the “golden standard” for bacteria detection and
counting. Number of E. coli O157:H7 cells detected by plating counting versus flow-cytometry counting. The
data correlate well. The plate-counting method is the standard technique for bacterium counting.
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the capillary tube. The probe
volume consists of two regions,
with the central cylindrical
region surrounded by a curved
region.”™ The height of the cyl-
inder in the present case is the
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Figure 5. Schematic representation of the Gaussian probe volume
containing cylindrical and curved volume contributions (w,: laser beam
waist, z: radius of the microcapillary).

inner diameter of the capillary and the cylinder diameter is
taken as the laser beam waist. A detailed calculation of the
probe volume is provided in the Supporting Information.
The probe volume could be decreased mainly by minimizing
the capillary diameter of the flow channel. Thus, we used a
diffraction limited achromatic lens with a focal length of
25 mm to focus the laser, which had a collimated beam di-
ameter of 0.61 mm. The radius of the beam waist was calcu-
lated to be 9.6 um. We have obtained a probe volume of
14 pL in the current flow-cytometer design. The present cal-
culated probe volume is consistent with most of the single-
molecule detection studies. The current optical-detection
scheme ensures that the fluorescence-detection volume de-
tected by the photomultiplier tubes is the same as the laser-
probing volume. We tested the effect of different probe vol-
umes on detectable luminescent signals for the same con-
centration of bacteria samples. The results showed that the
smaller the probe volume, the better the signal-to-noise
ratio.

Quantitative Determination of Bacteria Cells Based on
Counting Luminescent Spikes

We counted several different concentrations of bacteria
samples ranging from 5x10* to 5x10° cellsmL™"' at a flow
rate of 1 uLh~!. The number of spikes in the flow-cytometry
graph increased as the concentration of the bacteria sample
increased. Figure 6 shows a calibration curve based on these
results. To investigate the accuracy of the measurement fur-
ther, we conducted false-positive and false-negative tests.
Several blank samples were introduced into the detection
system to determine if there is any false-positive signal.
Then, several standard bacteria solutions of the same con-
centration were examined. Any failure to detect the pres-
ence of the targets would indicate a false-negative signal.
The results showed that false-negative signals were insignifi-
cant and thus can be ignored. However, several false-posi-
tive signals were observed when the microchannel and
sample cell were washed ineffectively. To minimize the
false-positive signals, a washing solution containing NaOH
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Figure 6. Calibration curve for the detection of bacteria cells by using the
flow-channel detection system. Qualitative and quantitative information
on samples comparable with current methods can be obtained by using
this system. Given that the system is best utilized for trace analysis, it can
also be used to analyze samples of 10° cellsmL™" and higher (data not
shown for higher concentrations).

(1Mm) and tween 20 (1% ) was employed to clean the micro-
capillary until false-positive signals disappeared, before an-
other round of analysis was conducted. The total sample
analysis time from the sampling of the bacteria solution to
the system analysis was less than 10 min. The flow rates
were automatically controlled by the syringe-pump system,
and thus the detection time was based upon the flow rate.
The flow rates can be changed based on the bacteria con-
centration in the sample, and the sampling rates can be very
high.

Uniformity of Burst-Size Distribution

We observed a nonuniform burst size distribution in the re-
corded luminescence data. Figure 3 reveals that intensities
of the spikes are not uniform. These results are either due
to nonuniform labeling of NPs on the bacteria surface or to
the varied luminescence detection of bacteria species when
it flows through the channel. Nonuniform labeling of bio-
conjugated nanoparticles to the biological samples is a
major issue, especially in the burst-size distribution, which is
being investigated further. The varied paths of the bacteria
species as they transit the probe region is another source of
the nonuniform luminescence spikes. Cells that diffuse ex-
actly through the laser focus are excited with maximum effi-
ciency and contribute an emission with large burst size,
whereas cells that diffuse farther away from the laser focus
are less excited with smaller burst size. More experiments
with different excitation probe volume at various flow rates
are being investigated further to confirm the contribution of
the cell trajectories to the signal variability. Second, the ro-
tation of the rod-shaped bacterial cells at different angles
during the transit through the probe region and the conse-
quent collection of the signals by the detector can cause a
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variation of the signal. This problem was avoided in our
analysis by conducting multiple experiments with both bac-
teria samples and control samples to set the right threshold
in such a way as to minimize both false-negative and false-
positive results. In our system, it seems that this strategy
works well as the results shown in Figure 4 and from our
control experiments both suggest that the determination of
bacteria samples is accurate. The nonuniform spike size was
thus not a major problem as long as the size of the spikes
generated by the bacteria—NP conjugates is higher than the
threshold. This is one important advantage of using NPs for
this analysis as they provide strong signals upon binding to
the surface of the bacteria.

Conclusions

We have developed a simple flow-channel detection system
for rapid and sensitive analysis of bacteria cells. The system
was combined with dye-doped silica NPs that provide high
luminescent signal and can be easily used for bioconjugation
with molecular probes for bioanalysis. The use of lumines-
cent silica NPs not only provided significant signal amplifi-
cation in bacteria antibody-antigen recognition, but also
presented highly photostable luminescent signals for repro-
ducible measurements. In less than 20 min, single E. coli
O157:H7 bacteria cells can be determined with excellent re-
producibility and specificity. The counting results correlate
well with the standard plate counting method. Our method
is rapid, technically simple, highly sensitive, and efficient.
This assay can potentially be adapted for the detection of a
wide variety of bacteria pathogens by using antibodies spe-
cific for various bacteria pathogens.

Experimental Section
Chemicals

Tetraethylorthosilicate (TEOS), triton X-100, tris(2,2"-bipyridyl)dichloro-
ruthenium(II) hexahydrate (RuBpy), succinic anhydride, morpholine-
ethanesulfonic acid (MES), bovine serum albumin (BSA), 1-ethyl-3-(3-di-
methylaminopropyl)carbodiimide hydrochloride (EDC), and N-hydroxy-
succinimide (NHS) were purchased from Sigma-Aldrich Chemical Co.
Inc. Polycarbonate membranes (hydrophilic, 0.05, 0.2, 0.4, 0.8 pm), am-
monium hydroxide (28-30 wt% ), and all other analytical reagent grade
chemicals were obtained from Fisher Scientific Co. Monoclonal antibod-
ies against E. coli O157:H7 were purchased from Biodesign International.
E. coli O157:H7 and E. coli DH5a were obtained from American Type
Culture Collections (ATCC). Distilled, deionized water (Easy Pure LF,
Barnstead Co.) was used in the preparation of all aqueous solutions.

Design of the Lab-Made Flow Channel Detection System

Figure 1 shows the schematic diagram of our lab-made flow cytometer.
An air-cooled Ar™ laser was used as the excitation source (488 nm,
50 mW). The laser beam was focused on the central region of the micro-
meter-sized flow channel to probe the bacterial species conjugated with
the NPs. The luminescence emission was collected by a high numerical
aperture (NA) microscope objective (40X, NA 0.65) placed at 90° to the
excitation and sample flow axes. The transmitted light was passed
through a long pass (LP 495 nm) filter to reduce the scattered excitation
beam. Luminescence bursts were detected with highly sensitive photo-
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multiplier tubes (PMT) (Hamamatsu) with a built-in amplifier system.
appropriate optical filter systems were incorporated in front of each
PMT to eliminate Raman and Rayleigh scattering, which may interfere
with the detection signal. The bursts of luminescence from each bacteri-
um-containing sample were recorded through a 12-bit data acquisition
card (NIDAQPad-6020E) interfaced with a computer at a data collection
rate of 10 kHz and were then analyzed with custom-built software (Lab-
VIEW). Measurement parameters were optimized before each sample
analysis to prevent the output signal level from reaching the threshold
level of the acquisition board. The optical detection arrangement can be
used for detecting two different bacteria species simultaneously by using
two different dye-doped silica nanoparticle-antibody conjugates. For the
model design, two different optical filters, long pass filters LP 570 nm
and LP 650 nm (labeled F2 and F3, respectively, in Figure 1), were posi-
tioned in front of each PMT to ensure that the corresponding emission
wavelengths were detected. The optical arrangement can be modified for
the detection of three or more different types of bacteria simultaneously.

The sample cell and the flow channel in the optical flow cytometer was a
silica microcapillary purchased from Polymicro Technologies (Phoenix,
AZ). The inner and outer diameters of the tube were 51 and 358 um, re-
spectively. An excitation and collection window (~2 mm in length) was
made by burning off the protective polymide sheath of the tube. The mi-
crocapillary was then fixed on an XYZ translator stage (Newport). Sam-
ples were pumped through the capillary by using a 1-mL syringe (Becton
Dickinson, NJ) and a mechanical microliter syringe pump (KdScientific).
This setup provided a steady flow of sample through the channel at dif-
ferent flow rates from 1 pLh™' to 2 mLh™".

Synthesis of Dye-Doped Silica Nanoparticles

The reverse microemulsion method (also known as water-in-oil microe-
mulsion) was used to prepare 60+4-nm-sized spherical RuBpy-doped
silica NPs, which were characterized with respect to uniformity and lumi-
nescence properties.””) With a water/surfactant molar ratio (W,) of 10,
the reverse microemulsion was prepared by mixing cyclohexane
(7.5 mL), n-hexanol (1.8 mL), triton X-100 (1.77 mL), RuBpy (0.01m,
80 uL), and water (400 uL), followed by continuous stirring for 20 min at
room temperature. Solutions of TEOS (99.99% purity; 100 pL) and
NH,OH (29 wt%; 60 uL) were added to initiate the polymerization of
Si(OH), generated from the hydrolysis of TEOS, and the reaction was al-
lowed to proceed with continuous stirring for 24 h. Carboxylated siliane
(25pL) and N-(trimethoxysilylpropyl)ethylenediamine (10 uL) were
added to the microemulsion to coat the silica NPs. Finally, carboxylated
silica NPs were formed. The NPs were released from the micelles with
acetone and thoroughly washed with 95% ethanol. Ultrasonication and
vortexing were used frequently during the washing steps to remove physi-
cally adsorbed residual reagents from the NP surface. The dye-doped
NPs were air dried and then stored at room temperature.

Immobilization of the Monoclonal Antibodies onto Silica Nanoparticle
Surface

To immobilize monoclonal antibodies covalently onto the NP surfaces,
the silica surfaces of the RuBpy-doped NPs were first activated with
EDC (100 mgmL™") and NHS (100 mgmL™') in MES buffer (pH 6.8) for
25 min at room temperature with continuous stirring. Water-washed par-
ticles were dispersed in PBS (pH 7.3; 0.1™) and treated with monoclonal
antibodies against E. coli O157:H7 for 3 h at room temperature with con-
tinuous stirring. To reduce the effects of nonspecific binding, the anti-
body-conjugated NPs were washed in (pH 7.3; 0.1m PBS) and treated
with BSA (1%) before being used in the immunoassay. With storage at
4°C, the chemically modified RuBpy-doped silica-coated NPs were
viable for several months, while the reporter antibodies were active for
up to 2 weeks. If the NP-antibody conjugates are stored at —20°C, they
are also stable for several months.

Detection of the Bacteria

A bacterial sample (500 uL) was dispersed into antibody-conjugated NPs
(0.1 mgmL~"; 500 pL) in a PBS buffer (pH 7.3; 0.1m) and allowed to
react for about 10 min. To remove the free antibody-conjugated NPs that
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did not bind to the bacteria, the samples were centrifuged at 14000 rpm
for 30s, and the supernatant was removed. The samples were washed
again to remove all unbound antibody-conjugated NPs, and PBS buffer
(1.0 mL) was added to the samples. The samples were pumped through
the capillary with a 1-mL syringe and a mechanical microliter syringe
pump. This allowed a steady flow of sample through the channel at differ-
ent controllable flow rates. Experiments were conducted at sample flow
rates ranging from 1 pLh™" to 2 mLh™". Control samples were obtained
by using the same experimental procedures but without the addition of
bacteria. In the present experiment, the average fluorescence intensity of
the controls was considered as the background. Signals above back-
ground plus three times the standard deviation (SD) were considered to
be positive signals, and this threshold level was set to discriminate the
background noise from the positive signal.
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One-Shot Double Elimination Process: A Practical and Concise Protocol for

Diaryl Acetylenes

Akihiro Orita,* Hisataka Taniguchi, and Junzo Otera**!

Abstract: A variety of diaryl acetylenes
were obtained in good yields when lith-
ium hexamethyldisilazide was added to
a solution of arylmethyl sulfone, aryl
aldehyde, and chlorodiethylphosphate
in THE In this one-shot process, a
number of transformations such as
aldol reaction, phosphorylation of aldo-
late, and double elimination of the re-
sulting f-substituted sulfone proceeded

lenes. The one-shot process was accel-
erated by the substitution of halogen
atoms on the phenyl groups, and un-
symmetrically substituted diaryl acety-
lenes were obtained without contami-
nation of the dehalogenated products.
Diaryl acetylenes with other substitu-

Keywords: alkynes - elimination -
halogens - lithium amides - sulfones

ents such as CF;, ethoxycarbonyl, di-
methylamino, TMS-acetylene groups,
as well as pyridinyl and thienyl moiet-
ies were also accessible with this
method. However, methoxy-substituted
compounds were obtained in moderate
yields under the same conditions, but
the yields were increased when lithium
diisopropylamide was used instead.

successively to afford the desired acety-

Introduction

Various acetylenic compounds are now synthesized as or-
ganic molecules with intriguing functionality."! The phenyl-
ene—ethynylene array is one of the most important compo-
nents of liquid crystals,” organic electroluminescent dis-
plays,” and carbon-rich materials,”*! to name a few. For con-
struction of phenylene—ethynylene arrays, Sonogashira cou-
pling®! between aryl halides with terminal acetylenes has
been employed routinely. Although this transition-metal-cat-
alyzed coupling reaction is indeed straightforward and ver-
satile for aryl acetylenes, the synthesis of functionalized
acetylenes requires sophisticated protection—deprotection
technologies. Selective desilylation of terminal acetylenes
protected with trimethylsilyl (TMS) and triisopropylsilyl
(TIPS) or tert-butyldimethylsilyl (TBS) groups followed by
Sonogashira coupling with aryl halides allow the preparation
of unsymmetrically substituted phenylene—ethynylenes.!®*
The dialkyltriazene group can be used as a halide equivalent
that is inert to Sonogashira coupling but can be easily trans-

[a] Prof. Dr. A. Orita, H. Taniguchi, Prof. Dr. J. Otera
Department of Applied Chemistry,
Okayama University of Science
Ridai-cho, Okayama 700-0005 (Japan)
Fax: (+81)86-256-4292
E-mail: orita@high.ous.ac.jp
otera@high.ous.ac.jp

'WILEY 2
nterScience®

430

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

formed, on demand, to iodide by treatment with Mel.[%1

However, these protocols are somewhat tedious in spite of
their remarkable usefulness. In the course of our research
into the preparation of acetylenes with various functionali-
ties, we succeeded in developing a practical and concise syn-
thetic procedure from arylmethyl sulfones and aryl alde-
hydes to diaryl acetylenes with a variety of functional
groups such as halogen, ether, ester, and heteroaromatics.

Results and Discussion

We have already developed a methodology for the prepara-
tion of acetylenes by utilizing sulfones and aldehydes as
starting compounds.”) When a solution of benzyl sulfone A
in THF was treated successively with lithium hexamethyldi-
silazide (LiHMDS), benzaldehyde B, chlorodiethylphos-
phate, and LiIHMDS again, the desired diphenyl acetylene C
was obtained (Scheme 1). This protocol involves a number
of transformations, such as aldol-type addition of A to B,
phosphorylation of the aldolate, and double elimination of
the resulting B-substituted sulfone D; these operations can
be carried out successfully in a one-pot manner without dis-
turbing base-labile halogen atoms.

Halogen-substituted acetylenes can be used as building
blocks for more complicated acetylenes, and our previous
research exemplified the usefulness of unsymmetrically sub-
stituted acetylenes as building blocks for tailor-made phenyl-
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CIP(O)(OEt), LiHMDS

SO.Ph  |iHMDS
Br
A THF

LiIHMDS, aldehyde

CIP(O)(OEt), PhSO,

D

Scheme 1. One-pot process for the preparation of diphenyl acetylenes.

ene—ethynylenes.’" In this one-pot protocol, LIHMDS was
added separately for the aldol-type reaction and the double
elimination of B-substituted sulfones. Therefore, we postu-
lated that if a carbanion of benzyl sulfone could be generat-
ed by LIHMDS in the presence
of aldehyde and chlorodiethyl-
phosphate, the aldol reaction,
phosphorylation, and LIHMDS-
induced double elimination that

LIHMDS
OP(O)(OEt), —HOP(O)(OEt),

CHEMISTRY

AN ASIAN JOURNAL

tives afforded the correspond-

I ing dibromo, bromoiodo, and
diiododiphenyl acetylenes in

good to excellent yields
(Schemes2 and3). The one-
LiHMDS]—PhSOzH shot protocol enabled easier
operations than the one-pot

O | process and afforded compara-

ble or better yields. When 2-

— bromo and 2-iodobenzyl sul-
fones were used, a longer reac-
tion time or 10 equivalents of
Br LiHMDS was necessary for
completion of the reaction, oth-
erwise the vinyl sulfone inter-
mediates remained, thus result-
ing in low yields of the desired
acetylenes. For instance, in the reaction of 2-bromobenzyl
sulfone with 2-iodobenzaldehyde to give 4, the yield was im-
proved from 24 % to 69% by the introduction of 10 equiva-
lents of LIHMDS and stirring for 20 h. The yield of the reac-

PhSO,

LiIHMDS

X X
Br/— SO,Ph =|= . - =|=

RT,15h

follow would give rise to the Br

desired acetylene in a one-shot .)|<_

manner [Eq. (1)]. This is indeed =\ 7/
the case; when a solution of

LiHMDS (5.0 mmol) in THF B X

(5 mL) was added to a solution =\

of  4-bromobenzyl  sulfone
(1.2 mmol), 3-iodobenzaldehyde X

(1.0 mmol), and chlorodiethyl- /R
phosphate (1.2 mmol) in THF Br - 7
(10 mL) at 0°C, and the mix-
ture stirred at room tempera-

ture for 1.5h, the reaction for (10equiv),20h. [d] 8 h. [e] 18 h.

S0,Ph

LIHVDS
THF

acetylene proceeded smoothly as expected, and 1-(4-bromo-
phenyl)-2-(3-iodophenyl)ethyne was obtained in 92 % yield.
This process is clean, and after the reaction, the desired
acetylene could be observed as the sole product with TLC.
Thus, purification of the product was facile, and the usual
aqueous workup followed by filtration with a thin pad of
silica gel produced the pure products. This one-shot protocol
was versatile for access to various halogen-substituted di-
phenyl acetylenes. The reaction between bromo- and/or
iodo-substituted benzyl sulfones with benzaldehyde deriva-
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X = 2-Br (1): 75%® (83%); 3-Br (2): 98% (89%); 4-Br (3): 91%”! (82%)
= 2-1 (4): 69%! (78%); 3-1 (5): 93%!¥ (84%); 4-1 (6): 93%!®! (82%)

X = 2-Br (7): 85% (82%); 3-Br (8): 85% (82%); 4-Br (9): 84% (86%)
= 2-1 (10): 93% (81%); 3-| (11): 95% (81%); 4-I (12): 95% (83%)

X = 2-Br (13): 88% (78%); 3-Br (14): 95% (75%); 4-Br (15): 89% (77%)
= 2-1 (18): 95%; 3-| (17): 92%; 4-1 (18): 92%

Scheme 2. One-shot process for the preparation of 1-18 from bromobenzyl sulfones. Yields of isolated prod-
ucts are shown; those for the corresponding one-pot process are in parentheses. [a] 45 h. [b] 20 h. [c] LIHMDS

[ tion of 2-iodobenzyl sulfone
with 3-bromobenzaldehyde to
&) : ;
give 10 was also improved from
53% to 91% by increasing the
reaction time from 1.5 to 8h.
We found that trimethylsilyl
chloride can be used instead of chlorodiethylphosphate, but
chemical yields decreased slightly: 11 was obtained from 3-
bromobenzyl sulfone and 3-iodobenzaldehyde in 82 % yield,
and 21 was obtained from 4-iodobenzyl sulfone and 3-iodo-
benzaldehyde in 75 % yield.

This one-shot protocol is also applicable to the prepara-
tion of monohalogen-substituted acetylenes (Scheme 4).
When monohalogen-substituted aldehydes were used, the
reactions proceeded smoothly to give satisfactory results
(73-93%). These can be carried out on a larger scale. For

92%
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instance, when benzyl sulfone
was treated with 3- and 4-bro-
mobenzaldehyde on a 20-mmol
scale, more than 4 g of 24 and
25 were obtained in 78 and
85% yield, respectively. When
bromo-substituted sulfones
were used, however, the reac-
tions proceeded rather sluggish-
ly, and longer reaction times
were required. Similarly, the
vinyl sulfone intermediates
were not consumed completely
after 1.5 h of reaction time and
furnished only modest yields
(21% for 23, 69% for 24, and
57% for 25).

Whereas LiHMDS worked
well as a base for access to
mono- and  dihalodiphenyl
acetylenes, other bases such as
BuOK and lithium diisopro-
pylamide (LDA) were not suit-
able. When BuOK (15 equiv)
was used in the reaction be-
tween benzyl sulfone and 3-bro-
mobenzaldehyde, the reaction
proceeded rather sluggishly to
afford 24 in only 71% yield,
though LiHMDS (5 equiv) pro-
vided 24 in 93% yield
(Scheme 4). In the preparation
of 11, tBuOK resulted in low
yields and contamination of de-
halogenated  acetylenes 24
which were inseparable from 11
(Scheme 5). The use of LDA
also failed to give a satisfactory
outcome.

Next, we investigated the
preparation of methoxy-substi-
tuted diphenyl acetylenes. The
one-shot protocol was carried
out by means of several combi-
nations of bromobenzyl sul-
fones and methoxybenzalde-
hydes and their reverse
(Scheme 6). These reactions
proceeded rather sluggishly,
and the desired acetylenes were
obtained in moderate yields
with LiHMDS (5equiv) or
tBuOK (10 equiv). Surprisingly,
in the preparation of the 3-
bromo-4'-methoxy derivative 29
from 3-bromobenzyl sulfone
and  4-methoxybenzaldehyde,
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LiHMDS X
I\\/:>_/302Ph OHcO+C'P(O (OEt) (5equw) NG N\ =|=
\ 2 )=\
RT,1.5h
' X
=|=
=\ / X = 2-Br (4): 51%@ (61%); 3-Br (10): 91% (82%); 4-Br (16): 88%°! (76%)
I X
= X = 2-Br (5): 93% (79%); 3-Br (11): 93% (83%); 4-Br (17): 95% (86%)
\ = 2-1 (19): 98% (71%); 3-1 (20): 94% (75%)
X
== X = 2-Br (6): 88% (84%); 3-Br (12): 92% (78%); 4-Br (18): 92% (84%)
N\ / =31 (21): 87%; 4 (22): 66%™

Scheme 3. One-shot process for the preparation of 4-22 from iodobenzyl sulfones. Yields of isolated products
are shown; those for the corresponding one-pot process are in parentheses. [a] LIHMDS (10 equiv), 20 h.
[b] 8 h. [c] 18 h. [d] 3 h.

LlHMDS

SO,Ph q )
©—/ OHC@ + CIP(O)(OEt), ——— @%@

RT15h

X = 2-Br (23): 90% (85%); 3-Br (24): 93% (85%), 71%!, 78%!°: 4-Br (25): 87% (86%), 85%°: 3-1 (26) 73%

L|HMDS
Br@_/SOzPh { > + CIP(O)OEH, —S3uV) | Bryg
N\ / (OX( )2 THE, RT —

X = 2-Br (23): 81%! (80%); 3-Br (24): 95%!°! (79%); 4-Br (25): 84%

Scheme 4. One-shot process for the preparation of 23-26. Yields of isolated products are shown; those for the
corresponding one-pot process are in parentheses. [a] IBuOK (15 equiv). [b] 20-mmol scale. [c] 18 h. [d] 20 h.

Br

|
BuOK
SO,Ph . (10e quw)
OHC + CIP(O)(OEt), ———
RT 1.5h 11 70%
Br
24 12%

Scheme 5. One-shot process for the preparation of 11 with /BuOK.

Br
Br
SO,Ph —(I)—Me L|HMDIS _|-
< > / +
OHC@ + CIP(O)OEt), — - =~ THF \ /

RT, 15h
X = 2-MeO (27): 39%, 31%%; 3-MeO (28): 64%, 27%"!

eO

MeO LiHMDS
= SOZPh (5 equw)
\ / + CIP(O)(OEt), ———=
RT, 15h

X = 2-MeO (27): 72%, 57%"!; 3-MeO (28): 86%, 59%® (88%); 4-MeO (29): 58%

Scheme 6. One-shot process for the preparation of 27-29. Yields of isolated products are shown; those for the
corresponding one-pot process are in parentheses. [a] tBuOK (10 equiv).
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the last elimination did not occur, and the corresponding
vinyl sulfone was obtained as the sole product. On the other
hand, the reverse combination, namely, 4-methoxybenzyl
sulfone with 3-bromobenzaldehyde, with tBuOK resulted in
the formation of 29 (58%), though LiHMDS afforded the
vinyl sulfone again.

To evaluate the one-shot process for acetylene, we pre-
pared acetylenes that bear other groups. As shown in
Scheme 7, various acetylenes were produced in fair to excel-
lent yields by treatment of the corresponding sulfones and
aldehydes with chlorodiethylphosphate and LiHMDS. Tri-

LIHMDS

SOPh @
Q—/ OHC—4 + CIP(O)OEt), ————

RT 15h

-/ =
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fluoromethyl 31 and methyl derivatives 32 were obtained in
moderate yields. Ester and amine groups (33 and 34) were
tolerated in this protocol. The incorporation of heteroaro-
matic rings such as pyridine and thiophene was effected as
seen in 35-37. TMS-acetylene-substituted benzyl sulfones
could also be used, and the corresponding bisacetylene de-
rivatives 38—41 were prepared in high yields. Dialdehydes or
disulfones gave the desired bisacetylenes 42-45 in good
yields (Scheme 8). In these reactions, the halogen-substitut-
ed sulfone and aldehyde enabled smooth elimination and re-
sulted in high yields. In the preparation of 42, trimethylsilyl
chloride gave a better yield
than chlorodiethylphosphate.
When the one-shot protocol
for 4-methoxydiphenylacetylene
(46) was attempted by use of
LiHMDS or rBuOK, the de-

sired acetylene was not ob-
tained at all, but the vinyl sul-
fone intermediate was observed

2% (30) S1% (31 0% (32 as the sole product with TLC
Br analysis. However, LDA ena-
EO0C . . MezN ble(.l sm(.)oth eliminatilon of su?—
66% (33) 57%° (34) fonic amfi from 'the 1ntern}ed1-
ate to give 46 in good yields

(Scheme 9).
( ) f z > 5 < > ( ] For this one-shot process, two
78% (35) 82% (36) 73% ( 37) pathways are plausib.Ie
(Scheme 10): In patha (solid
— line), the aldol reaction occurs
Me;Si—== /_\ =\ / Me;Si—— & first, followed by transforma-
84% (38) 94% (39) tion of the aldolate to the phos-
— = phate and double elimination.
Me3Si—= /_\ QBF Me;Si—— /7\ \ ,/ OMe In pathb (dashed line), phos-
93%" (40) 65%' (41) phonate 47, which was derived

Scheme 7. One-shot process for the preparation of 30-41. Yields of isolated products are shown. [a] 18 h.

[b] 3 h. [¢] 0-30°C, 30 min.

X
\©\/502Ph Och +CIP(O)(OEt)2

from the reaction of the sulfo-
nyl anion with chlorophosphate,

X
LiHMDS
(10 equiv)
oS v Z
THF X _
RT,1.5h — N\ /

Et
Br/\_Q

Bt 79%, 84%0

@Br

(42)

+
PhSOQ\/©\/SOZPh OHC@ CIPOXOEY —re

LiHMDS
{10 equiv) )

THF
RT,1.5h

o o

R =H (44): 35%; | (45): 72%

Scheme 8. One-shot process for the preparation of 42-45. Yields of isolated products are shown. [a] Me;SiCl was used instead of CIP(O)(OEt),.
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LDA

SOPh (7 equiv)
OHC OMe + CIP(OYOEY, o~

RT,15h

LDA

SO,Ph . (7 equiv)
MeC OHC * CIP(O)ORY), S e

RT,1.5h

Scheme 9. One-shot process for the preparation of 46 with LDA.

46 67%

AL P ocipoyory, Ay Ph LHMDs ~ Ar Ph
PhsO, O PhSO, OP(O)OEt), PhSO,
path a T LiIHMDS, PhCHO l LIHMDS
Br LiIHMDS o
+ + |
@[/SOZPh PhCHO * CIP(O)(OEt), T O — O
23
. P
pathb . LIHMDS, CIP(O)(OEt), /" LIHMDS
A LIHMDS, PhCHO Ar Ph
)—P(O)(OEt),  ---reeeeee -~ —
PhSO, 47 PhSO,

Scheme 10. Plausible mechanism of the one-shot process for the prepara-
tion of acetylenes.

undergoes a Wittig—-Horner reaction with the aldehyde fol-
lowed by elimination. To differentiate the two possibilities,
we chose the reaction of 3-bromobenzylsufone with benzal-
dehyde. When this reaction was carried out in a sequential
one-pot manner, the desired acetylene was obtained in 79 %
yield. By contrast, Wittig—-Horner reaction of 47 with benzal-
dehyde did not proceed at all, and on the basis of TLC and
'HNMR spectroscopic analyses of the crude mixture, no
evidence of the formation of 23 was observed [Eq. (2)].
These results strongly support the aldol-reaction path of the
one-shot process.®!

Br Br

LIHMDS PhCHO LiHMDS O o

SO,Ph THE
23 not detected

47 P(O)OE),

Conclusions

In summary, we have presented a convenient synthesis for
acetylenes by use of sulfones and aldehydes. This protocol
can be carried out easily by introduction of a solution of
LiHMDS in THF to a mixture of sulfone and aldehyde to
afford various acetylenes in good to excellent yield. When
the reagents contain electron-withdrawing substituents, the
reaction proceeds smoothly, but if electron-releasing sub-
stituents are present, longer reaction times and/or more
base are required for completion of reaction.
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Experimental Section

o

General
46 72%

All reactions were carried out under
argon atmosphere with freshly distilled
solvents, unless otherwise noted. THF
and Et,0 were distilled from sodium/
benzophenone. Other solvents such as
toluene, diisopropylamine, and N,N-di-
methylformamide (DMF) were distil-
led from CaH,. LiHMDS solution in
THF was purchased and used without
titration. BuLi solution in hexane was purchased and titrated by the
Gilman method prior to use. Silica gel (Daiso gel IR-60) was used for
column chromatography. NMR spectra were recorded at 25°C on JEOL
Lambda 300 and JEOL Lambda 500 instruments and calibrated with tet-
ramethylsilane as an internal reference. Elemental analyses were per-
formed with a Perkin-Elmer PE 2400 instrument.

Synthesis

Halogen-substituted sulfones were prepared according to the reported
method,”" and other sulfones were prepared by reaction of the corre-
sponding benzyl bromides and sodium benzenesulfinate.

2-Methoxyphenylmethyl phenyl sulfone: A solution of 2-methoxyphenyl-
methyl bromide (3.13 g, 20.0mmol) and PhSO,Na2H,O (4.80¢g,
24.0 mmol) in DMF (50 mL) was heated at 80°C for 12 h. After workup
with CH,Cl, and water, the combined organic layer was washed with
brine and dried over MgSO,. After evaporation, the residue was subject-
ed to recrystallization from CH,Cl,/hexane to afford pure 2-methoxy-
phenylmethyl phenyl sulfone (4.35g, 83% yield). "H NMR (500 MHz,
CDCl;): 6=3.33 (s, 3H), 4.45 (s, 2H), 6.65 (d, /=83 Hz, 1H), 6.94 (t,
J=6.8Hz, 1H), 7.27-7.33 (m, 2H), 7.41 (t, J=7.7Hz, 2H), 7.56 (t, J=
7.3 Hz, 1H), 7.61 ppm (d, J=7.0 Hz, 2H); *C NMR (125 MHz, CDC1,):
0=>54.9, 56.5, 110.2, 116.7, 120.6, 128.3, 128.7, 130.3, 132.4, 133.2, 138.6,
157.3 ppm.

3- and 4-methoxyphenylmethyl phenyl sulfones: These compounds were
prepared according to the same procedure above. 3-Methoxyphenylmeth-
yl phenyl sulfone: 4.52 g, 86% yield. 'H NMR (500 MHz, CDCl;): 6=
3.71 (s, 3H), 4.29 (s, 2H), 6.61 (s, 1H), 6.45 (d, J=6.5 Hz, 1H), 6.86 (d,
J=8.0Hz, 1H), 7.16 (t, J=8.0 Hz, 1H), 7.46 (t, J=8.0 Hz, 2H), 7.61 (t,
J=74Hz, 1H), 7.66ppm (d, J=7.4Hz, 2H); "CNMR (125 MHz,
CDCl3): 6=55.2, 62.9, 114.8, 115.8, 123.1, 128.6, 128.9, 129.4, 129.5,
133.7, 137.8, 159.5 ppm. 4-Methoxyphenylmethyl phenyl sulfone: 4.20 g,
80% yield. 'HNMR (500 MHz, CDCl;): 6=3.79 (s, 3H), 4.25 (s, 2H),
6.79 (d, J=8.6 Hz, 2H), 7.01 (d, J=8.6 Hz, 2H), 7.46 (t, J=7.7 Hz, 2H),
761 (t, J=7.7Hz, 1H), 7.64ppm (d, J=7.7Hz, 2H); “CNMR
(125 MHz, CDC1;): 6=55.2, 62.2, 114.0, 119.9, 128.6, 128.9, 132.0, 133.6,
137.9, 160.0 ppm.

4-(Trimethylsilylethynyl)phenylmethyl phenyl sulfone: Trimethylsilyl-
acetylene (4.24 mL, 30.0 mmol), [(Ph;P),Pd] (1.16g, 1.0 mmol), Cul
(190 mg, 1.0 mmol), diisopropylamine (20 mL), and toluene (20 mL)
were added to a solution of 4-bromophenylmethyl phenyl sulfone (5.00 g,
20.0 mmol) in THF (150 mL). The mixture was heated at 60°C for 12 h.
The mixture was filtered through a pad of celite, and the filtrate was
washed with aqueous NH;. The aqueous layer was extracted with
CH,Cl,, and the combined organic layer was washed with brine and dried
over MgSO,. After evaporation, the residue was subjected to column
chromatography over silica gel (CH,Clyhexane (40%) to CH,Cl,
(100%)) to afford pure 4-(trimethylsilylethynyl)phenylmethyl phenyl sul-
fone (5.98 g, 91 % yield). M.p.: 155-160°C; '"H NMR (500 MHz, CDCl,):
0=0.25 (s, 9H), 4.29 (s, 2H), 7.01 (d, J=7.9 Hz, 2H), 7.34 (d, /=83 Hz,
2H), 7.46 (t, J=7.7, 2H), 7.59-7.62 ppm (m, 3H); *CNMR (125 MHz,
CDCl;): 0=-0.14, 62.6, 95.6, 104.2, 123.7, 128.4, 128.6, 129.0, 130.6,
132.1, 133.8, 137.6 ppm.

4-Ethoxycarbonylphenylmethyl phenyl sulfone: A solution of ethyl 4-
methylbenzoate (3.28 g, 20.0 mmol), N-bromosuccinimide (3.92 g,
22.0 mmol), and benzoyl peroxide (484.5 mg, 2.0 mmol) in CCl, (100 mL)
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was heated at reflux for 12 h. The mixture was filtered, and the filtrate
was washed with aqueous NaHCO,. The aqueous layer was extracted
with CH,Cl, three times, and the combined organic layer was washed
with brine and dried over MgSO,. After the mixture was filtered, the fil-
trate was evaporated, and the residue was subjected to column chroma-
tography over silica gel (EtOAc/hexane (5%)) to afford an inseparable
mixture of 4-ethoxycarbonylphenylmethyl bromide and dibromide
(4.67 g). A solution of this mixture (4.67 g) and PhSO,Na-2H,0O (4.80 g,
24.0 mmol) in DMF (50 mL) was then heated at 80°C for 12 h. After
workup with CH,Cl, and water, the combined organic layer was washed
with water and brine. After drying over MgSO, followed by evaporation,
the residue was subjected to recrystallization from CH,Cly/hexane to
afford pure 4-ethoxycarbonylphenylmethyl phenyl sulfone (4.80 g, 79 %
yield). 'HNMR (500 MHz, CDC1;): 6=1.39 (t, J=7.2 Hz, 3H), 4.36 (s,
2H), 437 (q, /=72 Hz, 2H), 7.16 (d, J=8.3 Hz, 2H), 7.47 (t, J=8.3 Hz,
2H), 7.60-7.64 (m, 3H), 7.94ppm (d, /J=83Hz, 2H); “CNMR
(125 MHz, CDCl1;): 6=14.3, 30.9, 61.2, 62.6, 128.6, 129.0, 129.7, 130.8,
132.9, 133.9, 137.5, 166.0 ppm.

4-Dimethylaminophenylmethyl —phenyl sulfone: NaBH, (340 mg,
9.0 mmol) was added to a solution of 4-dimethylaminobenzaldehyde
(2.24 g, 15.0 mmol) in methanol (10 mL), and the mixture was heated at
60°C for 2.5 h. After introduction of water at 0°C, workup with EtOAc
and water was carried out, and the combined organic layer was washed
with brine and dried over Na,SO,. After filtration followed by evapora-
tion, the residue was subjected to column chromatography over silica gel
(EtOAc/hexane (40%)) to afford pure 4-dimethylaminophenylmethanol
(221g, 97%). '"HNMR (300 MHz, CDCl,): 6=2.94 (s, 6H), 4.55 (s,
2H), 6.73 (d, J=8.6 Hz, 2H), 7.23 ppm (d, J=8.6 Hz, 2H); “C NMR
(75 MHz, CDCl;): 0=40.6, 65.3, 112.6, 128.6, 128.9, 150.3 ppm. 4-Dime-
thylaminophenylmethanol (998 mg, 6.6 mmol) and HCI (12N, 2.5mL)
were then placed in a stainless autoclave, and the mixture was heated at
100°C for 15h. Evaporation provided crude 4-(dimethylhydroammo-
nium)phenylmethyl chloride, which was used for sulfonylation without
further purification. '"H NMR (500 MHz, CDC1;): §=3.20 (s, 6H), 4.61
(s, 2H), 7.56 (brs, 2H), 7.82ppm (brs, 2H); "CNMR (75 HMz,
CDCl,): 0=44.6,47.2, 121.4, 130.6, 139.7, 142.5 ppm. A solution of 4-(di-
methylhydroammonium)phenylmethyl chloride (4.12 g, 20.0 mmol) and
PhSO,Na-2H,0 (3.94 g, 24.0 mmol) in DMF (50 mL) was then heated at
80°C for 12 h. After workup with CH,Cl, and water, the combined or-
ganic layer was washed with water, aqueous NaHCO;, and brine. After
drying over Na,SO, followed by evaporation, the residue was subjected
to column chromatography over silica gel (Et;N was eluted prior to use
to deactivate the silica gel. EtOAc/hexane (5%) was used for elution of
the remaining chloride, and EtOAc/hexane (40%) was used for elution
of the desired sulfone) followed by recrystallization from ethanol to
afford pure 4-dimethylaminophenylmethyl phenyl sulfone (2.86 g, 52%).
'"H NMR (500 MHz, CDC15): §=2.93 (s, 6H), 4.22 (s, 2H), 6.58 (d, J=
8.6 Hz, 2H), 6.93 (d, J=8.6 Hz, 2H), 7.46 (t, /=83 Hz, 2H), 7.59 (t, /=
7.4 Hz, 1H), 7.66 ppm (d, J=8.2 Hz, 2H); *C NMR (75 MHz, CDCl,):
0=40.3, 62.4,112.1, 114.8, 128.7, 128.8, 131.6, 133.4, 138.2, 150.6 ppm.

1,3-Bis(phenylsulfonylmethyl)benzene: A solution of 1,3-bis(bromo-
methyl)benzene (1.32g, 5.0mmol) and PhSO,Na2H,0 (3.94¢,
24.0 mmol) in DMF (10 mL) was heated at 80°C for 12 h. After workup
with CH,Cl, and water, the combined organic layer was washed with
brine and dried over MgSO,. After evaporation, the residue was subject-
ed to recrystallization from CH,Cl,/hexane to afford pure 1,3-bis(phenyl-
sulfonylmethyl)benzene (1.72g, 89% yield. 'HNMR (500 MHz,
CDCl;): 6=4.24 (s, 4H), 6.98 (s, 1H), 7.05 (d, /=8.0Hz, 2H), 7.17 (t,
J=76Hz, 1H), 748 (t, J=73Hz, 4H), 7.61-7.66 ppm (m, 6H);
BCNMR (125 MHz, CDCly): 6=62.4, 128.5, 128.6, 128.8, 129.0, 131.2,
133.2, 133.9, 137.8 ppm.

Benzaldehyde, 4-methylbenzaldehyde, 4-methoxybenzaldehyde, thio-
phene-2-carboaldehyde, 2,6-dibromopyridine, and 2-, 3-, and 4-bromo-
benzaldehyde were commercially available. 2-, 3-, and 4-iodobenzalde-
hyde were prepared according to the reported method,” and other alde-
hydes such as 1,4-diethyl-2,5-diformylbenzene and 2-bromo-6-formylpyri-
dine were prepared as described below.
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1,4-Diethyl-2,5-diiodobenzene: lodine (6.10g, 24.0 mmol) and HsIOq4
(2.74 g, 120 mmol) were added to a mixture of 1,4-diethylbenzene
(4.03 g, 30.0 mmol), acetic acid (45mL), water (9.0mL), and H,SO,
(1.35 mL). The mixture was heated at 80°C for 16 h, after which aqueous
NaHSO; was added at 0°C and the mixture stirred for 2 h. After filtra-
tion, the solids obtained were washed with water and dissolved in
EtOAc. After drying over MgSO,, the solution was evaporated, and the
residue was subjected to recrystallization from hexane to furnish pure
1,4-diethyl-2,5-diiodobenzene (9.74 g, 84% yield). '"H NMR (500 MHz,
CDCl;): 6=1.18 (t, J=7.5Hz, 6H), 2.65 (q, J=7.5 Hz, 4H), 7.62 ppm (s,
2H); "CNMR (75 MHz, CDCl;): 6=14.4, 33.1, 100.3, 138.6, 145.9 ppm.
1,4-Diethyl-2,5-diformylbenzene: A solution of fBuLi (1.46M, 33.0 mL,
48.2 mmol) in pentane was added to a solution of 1,4-diethyl-2,5-diiodo-
benzene (3.86 g, 10.0 mmol) in THF (60 mL) at —78°C, and the mixture
was stirred at —78°C for 1 h. DMF (4.62 mL, 61.3 mmol) was then added
at —78°C, and the mixture was stirred at room temperature for 3 h. After
workup with EtOAc and aqueous NH,CI, the combined organic layer
was washed with brine and dried over MgSO,. After evaporation, the res-
idue was subjected to column chromatography over silica gel (CH,CL/
hexane (40%)) to furnish pure 14-diethyl-2,5-diformylbenzene (1.63 g,
86% yield). 'HNMR (500 MHz, CDCl;): 6=1.30 (t, J=7.7 Hz, 6H),
3.11 (q, J=7.6Hz, 4H), 7.76 (s, 2H), 10.4ppm (s, 2H); “CNMR
(75 MHz, CDCl,): =16.2, 25.0, 132.7, 136.7, 144.5, 191.8 ppm.
2-Bromo-6-formylpyridine: A solution of BuLi (1.41m, 142mL,
20.0 mmol) in hexane was added to a solution of 2,6-dibromopyridine
(4.73 g, 20.0 mmol) in Et,0 (100 mL) at —78°C, and the mixture was stir-
red at —78°C for 30 min. DMF (1.81 mL, 24.0 mmol) was then added at
—78°C, and the mixture was stirred for 20 min. After warming to 0°C,
HCI (1N) was added, followed by saturated aqueous NaHCO; until the
pH of the solution was greater than 7. After workup with EtOAc and
water, the combined organic layer was washed with brine and dried over
MgSO,. After evaporation, the residue was subjected to column chroma-
tography over silica gel (EtOAc/hexane (10 %)) to furnish pure 2-bromo-
6-formylpyridine (3.01 g, 81% yield). '"H NMR (300 MHz, CDCl;): 6=
7.72-7.79 (m, 2H), 7.90-7.95 (m, 1H), 10.01 ppm (s, 1H); "CNMR
(75 MHz, CDCl1;): 6=120.3, 132.7, 139.4, 142.6, 153.4, 191.7 ppm.

11: A solution of LiHMDS (1.0m, 10.0 mL, 10.0 mmol) in THF was
added to a solution of 3-bromophenylmethyl phenyl sulfone (747 mg,
2.4 mmol), 3-iodobenzaldehyde (464 mg, 2.0 mmol), and diethyl chloro-
phosphate (0.35 mL, 2.4 mmol) in THF (10 mL) at 0°C, and the mixture
was stirred at room temperature for 1.5 h. After workup with EtOAc and
aqueous NH,CI, the mixture was dried over MgSO,. After evaporation,
the residue was subjected to column chromatography over a thin pad of
silica gel (R;=0.40, hexane) to furnish pure 11 (728 mg, 95%).

This one-shot double elimination method was also used to prepare 1-41
and 46. The preparation of all dihalogen-substituted diphenyl acetylenes
1-22 were reported in the previous paper,” and 30 is commercially
available.

23: THNMR (300 MHz, CDCl;): 6=7.18 (t, J=8.2 Hz, 1H), 7.30 (t,
J=82Hz, 1H), 7.34-7.38 (m, 3H), 7.53-7.64 ppm (m, 4H); “C NMR
(75 MHz, CDCl1;): 6=88.0, 93.9, 122.9, 125.4, 125.6, 127.0, 128.4, 128.6,
129.4,131.7, 132.4, 133.2 ppm.

24:" "TH NMR (300 MHz, CDCl1;): 6=7.22 (t, J=7.9 Hz, 1H), 7.33-7.38
(m, 3H), 7.43-7.48 (m, 2H), 7.51-7.55 (m, 2H), 7.67-7.69 ppm (m, 1H);
BCNMR (75 MHz, CDCl;): 6=87.8, 90.7, 122.1, 122.7, 125.3, 128.4,
128.6, 129.7, 130.1, 131.3, 131.6, 134.0 ppm.

25:12 M.p.: 80-83°C; 'HNMR (300 MHz, CDCl;): 6=7.34-7.41 (m,
5H), 7.47-7.54 ppm (m, 4H); ®*CNMR (75 MHz, CDC15): 6=88.3, 90.5,
122.2,122.5,122.9, 128.4, 128.5, 131.6, 131.7, 133.0 ppm.

26: M.p.: 45-47°C; "TH NMR (500 MHz, CDC1;): 6=7.08 (t, J=7.7 Hz,
1H), 7.33-7.37 (m, 3H), 7.46-7.54 (m, 3H), 7.66 (d, J=7.4 Hz, 1H),
7.90 ppm (s, 1H); *CNMR (125 MHz, CDCl;): 6=87.6, 90.7, 93.8,
122.7,125.3, 128.4, 128.6, 129.8, 130.7, 131.6, 137.2, 140.1 ppm.

27: 'H NMR (300 MHz, CDC1;): 6=3.92 (s, 3H), 6.90-6.97 (m, 2H), 7.21
(t, J=7.9 Hz, 1H), 7.30-7.37 (m, 1H), 7.43-7.50 (m, 3H), 7.71 ppm (s,
1H); ®C NMR (75 MHz, CDCl;): 6=55.8, 87.1, 91.8, 110.6, 111.9, 120.5,
122.0, 125.6, 129.7, 130.1, 130.2, 131.2, 133.6, 134.3, 160.0 ppm; elemental
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analysis: caled (%) for C;sH;;BrO: C 62.74, H 3.86; found: C 62.94, H
3.64.

28:M M.p.: 78-79°C; 'HNMR (300 MHz, CDCl;): 6=3.83 (s, 3H),
6.88-6.95 (m, 1H), 7.03-7.07 (m, 1H), 7.12 (d, J=7.5 Hz, 1H), 7.19-7.30
(m, 2H), 7.44-7.49 (m, 2H), 7.67-7.71 ppm (m, 1 H); *C NMR (75 MHz,
CDCl;): 6=55.3, 87.6, 90.6, 115.3, 116.3, 122.1, 123.7, 124.2, 125.2, 129.5,
129.8, 130.1, 131.4, 134.3, 159.3 ppm.

29:°1 M.p.: 65-67°C; '"HNMR (300 MHz, CDCl,): 6=3.83 (s, 3H),
6.90-6.93 (m, 1H), 7.04-7.06 (m, 1H), 7.12 (d, J=6.3 Hz, 1H), 7.20-7.28
(m, 2H), 7.44-7.48 (m, 2H), 7.68-7.69 ppm (m, 1 H); *C NMR (75 MHz,
CDCl;): 6=55.3, 86.6, 90.7, 114.0, 114.8, 122.1, 125.6, 129.7, 129.9, 131.0,
133.1, 134.1, 159.8 ppm.

31:1% M.p.: 100-103°C; 'HNMR (300 MHz, CDCl,): 6=7.35-7.39 (m,
3H), 7.53-7.58 (m, 2H), 7.58-7.65 ppm (m, 4H); "CNMR (75 MHz,
CDCl,): 6=87.9, 91.7, 122.5, 123.9 (/=271.9 Hz), 1252 (J=3.6 Hz),
127.1, 128.4, 128.8, 129.8 (J=32.6 Hz), 131.7, 131.8 ppm.

32: M.p.: 89-91°C; '"HNMR (500 MHz, CDCl;): 6=2.38 (s, 3H), 7.16
(d, J=4.8 Hz, 2H), 7.20 (t, J=8.0 Hz, 1H), 7.40-7.45 (m, 4H), 7.67 ppm
(s, 1H); "CNMR (75 MHz, CDCl;): §=21.5, 87.2, 90.9, 119.6, 122.1,
125.5,129.2, 129.7, 130.1, 131.2, 131.6, 134.2, 138.8 ppm; elemental analy-
sis: caled (%) for C;sH;,Br: C 66.44, H 4.09; found: C 66.50, H 4.03.

33: M.p.: 70-72°C; '"HNMR (500 MHz, CDC1;): 6=1.41 (t, J=7.3 Hz,
3H), 439 (q, J=7.3 Hz, 2H), 7.24 (t, J=8.0 Hz, 1H), 7.48 (dd, J=8.0,
7.7Hz, 2H), 7.58 (d, J=84Hz, 2H), 7.70 (s, 1H), 8.03 ppm (d, J=
8.4 Hz, 2H); "CNMR (125 MHz, CDCl,): 6=14.3, 61.2, 89.8, 90.5,
1222, 1247, 1272, 129.5, 129.8, 130.2, 130.2, 131.5, 131.8, 134.4,
165.9 ppm; elemental analysis: caled (%) for C;H;;BrO,: C 62.03, H
3.98; found: C 62.34, H 3.61.

34: M.p.: 116-118°C; 'H NMR (300 MHz, CDCl5): 6=2.99 (s, 6H), 6.65
(d, J=92Hz, 2H), 7.17 (t, J=7.7Hz, 1H), 7.38-7.41 (m, 4H), 7.63-
7.65ppm (m, 1H); *CNMR (75 MHz, CDCl;): 6=40.1, 85.9, 92.2,
109.3, 111.7, 122.0, 126.2, 129.6, 129.7, 130.4, 132.8, 133.9, 150.3 ppm; ele-
mental analysis: caled (%) for C,(H;,BtN: C 64.02, H 4.70, N 4.67;
found: C 64.22, H 4.43, N 4.75.

35:07 M.p.: 79-81°C; 'HNMR (500 MHz, CDCl;): 6=7.35-7.40 (m,
3H), 7.43-7.49 (m, 2H), 7.54 (t, J=7.5 Hz, 1H), 7.57-7.61 ppm (m, 2H);
BCNMR (125 MHz, CDCl;): 6=87.4, 90.8, 121.7, 126.0, 127.4, 128.4,
129.3, 132.1, 138.3, 141.8, 143.8 ppm.

36: M.p.: 116-118°C; 'H NMR (300 MHz, CDCl;): 6=7.24 (t,J=7.9 Hz,
1H), 7.45-7.49 (m, 2H), 7.51-7.57 (m, 3H), 7.73-7.75 ppm (m, 1H);
BCNMR (75 MHz, CDCl,): 6=88.4, 88.9, 122.2, 123.7, 126.1, 127.7,
129.9, 130.6, 132.4, 134.7, 138.4, 141.9, 143.4 ppm; elemental analysis:
caled (%) for C3H,Br,N: C 46.33, H 2.09, N 4.16; found: C 46.54, H
1.92, N 4.14.

37:81 M.p.: 48-50°C; 'H NMR (300 MHz, CDC1;): 6=7.01 (dd, J=5.0,
3.5Hz, 1H), 7.27-7.30 (m, 2H), 7.33-7.37 (m, 3H), 7.50-7.53 ppm (m,
2H); B*CNMR (75 MHz, CDCl,): 6=82.6, 93.0, 122.8, 123.1, 127.0,
127.2,128.3, 128.3, 131.3, 131.8 ppm.

38:1% M.p.: 115-118°C; '"HNMR (300 MHz, CDCl;): 6=0.26 (s, 9H),
7.34-7.37 (m, 3H), 7.42-7.48 (m, 4H), 7.50-7.55 ppm (m, 2H); "C NMR
(75 MHz, CDCl;): 6=0.0, 89.0, 91.4, 96.3, 104.7, 123.0, 123.1, 123.4,
128.5, 128.6, 131.5, 131.7, 132.0 ppm.

39: M.p.: 101-103°C; 'H NMR (300 MHz, CDCl5): 6=0.26 (s, 9H), 7.08
(t, J=7.7Hz, 1H), 7.43-7.48 (m, SH), 7.67 (d, /=79 Hz, 1H), 7.87-
7.89 ppm (m, 1H); *CNMR (75 MHz, CDCl;): §=0.0, 89.5, 90.4, 93.8,
96.6, 104.6, 1229, 123.4, 1251, 130.0, 130.8, 131.5, 132.0, 137.5,
140.2 ppm; elemental analysis: caled (%) for C,H,;ISi: C 57.00, H 4.28;
found: C 57.26, H 4.43.

40:2 M.p.: 145-148°C; 'THNMR (500 MHz, CDCl;): 6=0.26 (s, 9H),
7.38 (d, J=8.5Hz, 2H), 7.44 (s, 4H), 748 ppm (d, /=83 Hz, 2H);
BCNMR (125 MHz, CDC1;): 6=0.0, 90.2, 90.3, 96.6, 104.6, 122.0, 122.8,
123.0, 123.3, 131.5, 131.8, 132.0, 133.1 ppm.

41:21 M.p.: 155-157°C; '"HNMR (500 MHz, CDCl;): 6=0.25 (s, 9H),
3.83 (s, 3H), 6.88 (d, J=8.9 Hz, 2H), 7.43-7.47 ppm (m, 6H); °C NMR
(125 MHz, CDCl;): 6=-0.1, 55.3, 88.1, 92.0, 96.5, 104.4, 114.0, 115.0,
122.6, 123.8, 131.2, 131.8, 133.0, 160.4 ppm.
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46:% M.p.: 57-61°C; '"H NMR (300 MHz, CDC1;): =3.82 (s, 3H), 6.89
(d, J=8.7 Hz, 2H), 7.30-7.37 (m, 3H), 7.45-7.53 ppm (m, 4H); *C NMR
(75 MHz, CDCl,): 6=55.2, 88.0, 89.3, 114.0, 115.3, 123.5, 127.9, 1283,
131.4, 133.0, 159.6 ppm.

45: A solution of LIHMDS (1.0m, 10.0 mL, 10.0 mmol) in hexane was
added to a solution of 1,3-bis(phenylsulfonylmethyl)benzene (384 mg,
1.0 mmol), 3-iodobenzaldehyde (510 mg, 2.2 mmol), and diethyl chloro-
phosphate (0.35 mL, 2.4 mmol) in THF (20 mL) at 0°C, and the mixture
was stirred at room temperature for 1.5 h. After workup with EtOAc and
aqueous NH,CI, the mixture was dried over MgSO,. After evaporation,
the residue was subjected to column chromatography over silica gel
(CH,Cly/hexane (10%)) to furnish pure 45 (382 mg, 72%). M.p.: 159-
161°C; '"H NMR (500 MHz, CDC1;): 6=7.10 (t, J=7.9 Hz, 2H), 7.35 (t,
J=7.6Hz, 1H), 749 (d, J=7.6Hz, 4H), 7.67-7.70 (m, 3H), 7.88-
7.91 ppm (m, 2H); "CNMR (75 MHz, CDCl;): 6=88.3, 89.7, 93.8,
123.2, 125.0, 128.6, 129.9, 130.7, 131.6, 134.6, 137.5, 140.2 ppm; elemental
analysis: caled (%) for C,H;,1,: C 49.84, H 2.28; found: C 49.73, H 2.01.
This one-shot double elimination method was also used to prepare 42-44.
42: M.p.: 138-140°C; 'H NMR (300 MHz, CDC15): =129 (t, J=7.5 Hz,
6H), 2.84 (q, J=7.5Hz, 4H), 7.38 (s, 2H), 7.39 (d, /=84 Hz, 4H),
7.48 ppm (d, J=8.4 Hz, 4H); *C NMR (75 MHz, CDCl,): 6 =147, 27.1,
89.3, 93.1, 122.2, 122.3, 122.5, 131.6, 131.7, 132.9, 143.5 ppm; elemental
analysis: caled (%) for C,sH,Br,: C 63.44, H 4.10; found: C 63.39, H
3.81.

43:231 M.p.: 133-136°C; '"HNMR (300 MHz, CDCl;): 6=7.33-7.37 (m,
6H), 7.48 (d, J=7.7 Hz, 2H), 7.59-7.63 (m, 4H), 7.68 ppm (t, J=7.7 Hz,
1H); "*CNMR (75 MHz, CDCl;): 6=882, 89.6, 122.0, 126.1, 128.3,
129.0, 132.0, 136.3, 143.7 ppm.

44:2% M.p.: 105-109°C; '"H NMR (300 MHz, CDCl;): 6=7.31-7.40 (m,
7H), 7.48-7.56 (m, 6H), 7.71-7.73 ppm (m, 1H); *CNMR (75 MHz,
CDCl3): 6=88.5, 89.9, 123.0, 123.6, 128.4, 128.4, 128.5, 131.3, 131.6,
134.6 ppm.

47: A solution of LIHMDS (1.0M, 11.0mL, 11.0 mmol) in THF was
added to a solution of 2-bromophenylmethyl phenyl sulfone (3.11 g,
10.0 mmol) in THF (30 mL) at —78°C, and the mixture was stirred at
—78°C for 30 min. Diethyl chlorophosphate (1.73 mL, 12.0 mmol) was
then added to the mixture at —78°C, which was then stirred at room tem-
perature for 2 h. After workup with EtOAc and aqueous NH,CI, the mix-
ture was dried over MgSO,. After evaporation, the residue was subjected
to column chromatography over silica gel (EtOAc/hexane (20%) to
EtOAc (100%)) to furnish pure 47 (2.32 g, 52%). 'HNMR (500 MHz,
CDCl;): 6=1.16, 1.33 (1:1, t, J=7.0 Hz, 3H), 3.96-4.03, 4.08-4.13, 4.26-
4.32 (1:1:2, m, 2H), 5.57 (d, J=21.7Hz, 1H), 7.18 (t, /=8.0 Hz, 1H),
7.35-7.42 (m, 4H), 7.56 (t, J=7.3Hz, 1H), 7.65 (d, /J=7.4Hz, 2H),
8.11 ppm (d, J=8.0 Hz, 1H); ®C NMR (125 MHz, CDCl;): §=16.0, 16.2
(/J=6.2Hz), 64.0, 64.1 (J=6.7 Hz), 67.4 (J=136 Hz), 126.6 (J=9.3 Hz),
127.6, 127.8 (/=4.1Hz), 128.6, 128.9, 130.6, 132.3 (/=4.1 Hz), 132.6,
133.9, 138.4 ppm; elemental analysis: caled (%) for C;;H,BrOsPS: C
45.65, H 4.51; found: C 45.66, H 4.28.

23: A solution of LIHMDS (1.0m, 1.2 mL, 1.2 mmol) in THF was added
to a solution of 47 (447 mg, 1.1 mmol) in THF (10 mL) at —78°C, and
the mixture was stirred at —78°C for 30 min. Benzaldehyde (106 mg,
1.0 mmol) was then added to the mixture at —78°C, and the mixture was
stirred at room temperature for 1 h. Next, a solution of LIHMDS (1.0m,
2.0 mL, 2.0 mmol) in THF was added to the mixture at —78°C, and the
mixture was stirred at room temperature for 2 h. According to TLC anal-
ysis, there was no evidence of the formation of 23.
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Abstract: A study involving the rela-
tively rare combination of heterogene-
ous catalysis conducted under micro-
wave conditions is presented. Carbon—
carbon bond formation, including Ne-
gishi and Suzuki couplings, can be
quickly effected with aryl chloride part-

sorbed in the pores of activated char-
coal. Aminations were also studied,
along with cross-couplings of vinyl

Keywords: aryl halides - cross-
coupling - heterogeneous catalysis -
microwaves - nickel

alanes with benzylic chlorides as a
means to stereodefined allylated aro-
matics. Reaction times for all these
processes are typically reduced from
several hours to minutes in a micro-
wave reactor.

ners by using a base metal (nickel) ad-

Introduction

Transition-metal-based heterogeneous catalysis has been
broadly embraced by industrial labs, perhaps for obvious
reasons.l'! Ease of reaction workup, catalyst removal, recov-
ery, and (often) recycling offer significant economic benefits
as well as positive outcomes with regard to environmental
issues (Figure 1). Less common, however, are metal-mediat-
ed cross-couplings,” which have been developed mainly
under homogeneous conditions. In other words, the vast ma-
jority of carbon—carbon and carbon-heteroatom bond con-
structions, usually reserved for Group 10 (in particular Ni
and Pd) or 11 (mainly Cu) metals, take place in solution
rather than on (or within) a solid support. Given the extra-
ordinary popularity of palladium chemistry,”) documented
recently by monumental works such as Negishi’'s Handbook
of Organopalladium Chemistry™® and Tsuji’s updated mono-
graph on this subject™! (among other valued contributions),
it is curious that relatively few alternatives exist for carrying
out these now commonplace reactions in a heterogeneous
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Heterogeneous Catalysis

Benefits: workup
recycling
environment

economics

Disadvantages: reaction rates

Figure 1. Benefits and drawbacks of heterogeneous catalysts.

fashion.”! Until recently, nickel, an obvious potential alter-
native with a rich history in organometallics,[é] had no coun-
terpart to, for example, Pd/C as a heterogeneous catalyst.
As nickel is a base metal (as opposed to the classification of
palladium as a “precious” metal; Figure 2), there is consider-

Representative Base Metals Examples of Precious Metals
Rh, Ir, Pd, Pt
Ag, Au

Mo, Pb, Al, Zn, Co

[le.

Figure 2. Base and precious metals.

able incentive to develop a source of active nickel(0) that
could be used in a heterogeneous context in key cross-cou-
plings. This reasoning led us to develop nickel-in-charcoal
(Ni/C; Scheme 1),” shown to be capable of catalyzing sever-
al important reactions (Negishi,® Suzuki,® Kumada,®]
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1) sonication (30 min)
in water

2) A, H,O removal

3) dry under vacuum

Ni(NO3),* 6H20  + Ceparconr Ni'/C

Scheme 1. Formation of nickel-in-charcoal.

amination,®™ and reduction;®! Figure 3) by using aryl chlo-
rides as substrates. Although each reaction type is of reason-
able generality and proceeds in synthetically useful yields,

Negishi RZnX
Suzuki RB(OH),

- Cl
Kumada RMgX + |\
Buchwald/Hartwig amines R
reductions Me,NH « BH,

Timeframe for reactions: 6 to >24 h

Figure 3. Couplings catalyzed heterogeneously by Ni/C with conventional
heating.

reaction rates are lowered relative to the corresponding ho-
mogeneous-catalysis versions, as might be expected from
their heterogeneous nature. To address this remaining char-
acteristic issue, use of microwave irradiation to thermally
enhance reaction rates was considered. To our knowledge,
there are no reports on heterogeneous sources of nickel in
cross-couplings assisted by microwave conditions.”¥ Herein,
the dramatic influence of mi-
crowaves on Ni/C-catalyzed re-

prisingly robust in their Ni/C-catalyzed cross-couplings with
aryl halides under microwave conditions even at 200°C
(Scheme 2), we studied four additional types of reaction:
Negishi couplings with organozinc reagents, Suzuki cou-
plings, aminations, and couplings between benzylic chlorides
and vinyl alanes prepared in situ.

Ni/C, THF, 2 Ph,P

P mw, 200 °C, 15 min
SNENOTIPS —m8m8m————

oo
F

Scheme 2. Ni/C-promoted vinyl zirconocene cross-coupling with aryl hal-
ides under microwave irradiation. Cp=cyclopentadienyl, TIPS =triiso-
propylsilyl, mw =microwave.

CICp,zr x OTIPS

(86%)

Negishi Couplings

Although organozinc halides tend to be sensitive to mois-
ture and limitations exist regarding their preparation in the
presence of some functional groups, they are still among the
most useful coupling partners.'” Indeed, the facility with
which they undergo transmetalation from zinc to Group 10
metals leads to enhanced reaction rates under mild (usually
room) temperatures. With catalysis by Ni/C,* typical condi-
tions require refluxing THF over a 12-24-h period. Under
the influence of microwave irradiation, however, reaction
times drop to 15-30 min (Table 1). Most couplings can be ef-
fected in the 150-200°C range, whether involving biaryl for-
mation (Table 1, entries 1-6) or alkyl-substituted aromatics

Table 1. Negishi couplings catalyzed by Ni/C under microwave irradiation.

actions is discussed.

Results and Discussion

From the outset, it was far
from obvious to us that orga-
nometallics commonplace to 2
cross-couplings would tolerate
microwave irradiation, a large-
ly thermal phenomenon."” Re- 4

agents such as organozinc hal-
ides and organozirconocenes
are rarely utilized in refluxing
ethereal or chlorinated media,
let alone at the far-higher tem-
peratures (and pressures) at-
tainable in a microwave reac-

tor. Moreover, anticipation
that the nickel in our Ni/C
would remain impregnated

within the charcoal matrix at
such thermal extremes had no
literature-based support.
Having tested the concept
with alkenylzirconocenes de-
rived in situ,""! which were sur-
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Entry  Organozinc halide  Aryl chloride Product Ni/C [%]/ ¢ T Yield
PhP[%] [min] [)C] [%]"
0 0
1 Meo—{_)—znCl Et0 8:30 15 150 94
! Meo <))
OMe OMe
Meo—{_)—znCl {é MeO 8:40 30 200 75
OMe OMe
ZnCl %j% 8:30 15 150 90
. F
0
0
4 FOZnCI CIW FH 8:30 30 150 80
H
CN
5 —)—2znci /©/ —O)—< N 8:30 15 150 95
cl
CN
6 znel /©/ & ) )-cN 8:30 15 150 95
cl
o o
7 ~~_-2ZnCl W“ 8:30 15 150 91
. OR®
O CN 0 CN
Kz )K/\/O 8:30 30 70 85
EtO Cl EtO

[a] Isolated, chromatographically purified material. [b] Used 3 equivalents in this reaction.
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(Table 1, entries 7 and 8). The electronic nature of the zinc Table 2. Study on pre-reduction of Ni'"/C in Negishi couplings.
O (0]

reagent appears to play a minor role, as both electron-rich
and -poor ArZnCl readily participate. Both activated and (nBu)ZnCl
deactivated substituted aromatic chlorides afford good cl

yields of biaryls. In addition to the aryl chlorides used in

nBu

; . . Conditions Yield [%]
this study, the highly substituted tosylate 1 was also found to - -
. . . .. 1) Pre-reduced Ni’, mw, 150°C, 115 min 91
react smoothly to give biaryl 2 within 15 min in close to 2) NilYC, mw, 150°C, 115 min 0
quantitative yield (Scheme 3). 3) Ultrasound + Ni%/C, ~40°C, 18 h 95

MeO
8% Ni/C, PhsP O

MeO .
dioxane MeQ' CHO
MeO CHO mw, 150°, 15 min O liance on palladium (e.g., Pd/C) is still maintained. These

O1TS highly valued cross-couplings have also been shown to be
2 (96%) subject to Ni/C catalysis (7-10% ), employing conventional
. . . [8b] . . .
Scheme 3. Ni/C-promoted Negishi coupling under microwave irradiation. heating in toluene or dioxane™' with reaction times on the
Ts=p-toluenesulfonyl. order of up to one day. When an aryl boronic acid and aryl

Normally, complete reduction — Table 3. Microwave-assisted Ni/C-catalyzed Suzuki couplings.?!

of the catalyst to active Ni%C is  Entry Aryl halide Boronic acid  Product Base t T  Yield
done by using nBuLi in THF at [min] [°C]  [%]"™
room temperature prior to in- cl Y

troduction of the coupling part- | N
ners. However, we have found |
that with zinc reagents this is
unnecessary, as direct use of
Ni'/C in a microwave-assisted
coupling (e.g., Table 1, entry 7) 3 equiv LiOH
gave excellent results under CN

otherwise identical reaction cl

conditions (Table 2). Interest-

ingly, a third alternative that in- 3

)2 g
YN e v m
voked ultrasonication for d
mixing purposes (no microwave CN 0
l CN
3 equiv KF,
YO 3 equiv LiOH 3 200 8l

3 equiv KF,

3 equiv LIOH 30 20090

B
o
T
7\
(@]
M
%)

N CFs N

OMe 3 equiv KF,

30 200 91

[\S}
gy ©
o o
z k-
N
=z z
(@] @]
%
=
@

irradiation, with pre-reduced cl B(OH),
Ni%C, bath temperature up to
only 40°C) afforded the same ,
high yield of n-butylated prod-

—

uct. CN )O\ 0
B(OH
. . cl O CF,
Suzuki Couplings O
Owing, in part, to the remarka- 5 O 3 equiv KF, 35 200 80
bl . . 0 3 equiv LIOH
e tolerance to functionality o o \r
present in either the aryl boron- CFy )\ 0

ic acid or aryl halide or pseudo- cl B(OH), CF,

halide, Pd-catalyzed Suzuki O

couplings are usually regarded 7 equis KF “ A
as the method of choice for

biaryl constructions,'¥ especial-
ly in the total synthesis of com- cl B(OH), cN
plex molecules.™ Heterogene-
ous versions are becoming 7
more popular as new technolo-
gies are developed for these

and related reactions (e.g., [a] Reactions were performed with Ni/C (2%), Ph,P (12%), and boronic acid (1.5 equiv) in dioxane. [b] Yield
Heck reactions),'” although re-  of isolated product. [c] With Ni/C (3%). [d] Boronic acid (2 equiv) was used.
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w
O

3 equiv KF,
3 equiv LIOH
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O OMe
OMe O
B(OH), 2% Ni/C, 12% PhsP ’—» 84%
KF, LiOH, dioxane
Br | mw,200°C, 35min O
O OMe p-toluenesulfonyl.
B(OH), 88%

Scheme 4. Ni/C-promoted Suzuki coupling of aryl bromides under micro-

wave irradiation.

chloride are exposed to micro-
wave  heating at 180°C
(Table 3), with only 2% Ni/C
(pre-reduced to Ni%C with
nBuLi), reaction times can be
significantly  decreased to
40 min or less. The best results
are observed when KF
(3 equiv) is present, which pos-
sibly generates insitu fluoro-
borate salts as the active spe-
cies undergoing transmetala-
tion.'"”! In most cases, inclusion
of LiOH (3 equiv) led to im-
proved levels of conversion.
While activated aryl chlorides
coupled readily, electron-rich
cases were disappointingly not
reproducible despite extensive
efforts to track the source of
the observed highly variable
levels of conversion. Switching
to the corresponding bromide
(Scheme 4) gave clean biaryl
couplings in good yields. As
with the Negishi reaction
(Scheme 3), aryl tosylates were
examined (Figure4). In all
cases, even at 200°C and inde-
pendent of the substitution
pattern on the ring (i.e., acti-
vating or not), little or no cou-
pling (<20%) was observed;
the recovered mass was mainly
the starting tosylate. Use of
KF in the absence of LiOH
also led to low levels of con-
version. These unexpected re-
sults, however, may present
unique opportunities to use Ni/
C for substitutions of halides,
while tosylates (and mesylates)
may then, in tandem, be sus-
ceptible to nickel-on-graphite-
catalyzed chemistry.'®!
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Table 4. Aminations of aryl halides catalyzed by Ni/C under microwave irradiation.!

Aminations

B. H. Lipshutz et al.

TsO TsO TsO
MeO.
MeO ; CHO
OMe CN F OTs

Figure 4. Aryl tosylates that failed to undergo Suzuki-like couplings. Ts=

As illustrated in Table 4, the combination of Ni/C and mi-
crowave irradiation can be very effective for generating aryl
amines from precursor iodides (Table 4, entries 1 and 2),

Entry Aryl halide Amine Product Ni/dppt™® ¢ Yield
[min] [%]"
| H
N
PN nBu
1 H,N 525 10 80
CFs CF,
FiC [
2 \©/ (N\/© FsC N 525 10 88
H
SN
3 P . (Nj@ E“j/% 525 15 91
H /
F Br Q
4 ©/ M F\©/N 525 10 92
Cl K\O '\OD
5 /©/ 10:5 10 95
HN
NC NG
cl
6 /©/ (N\/© /@/% 10:5 10 84
Ne H NC
oN CN
7 @[ H@ @EN 10:5 0 92
cl
FiC o o N(\;O
[d] .
8 \© HN 8 \@/ 10:5 15 &
Cl (\N fe) I\ll/\]\l
9 Q/ HN\)A@> 10:5 15 89
NC 0
NC
cl
N
10 /©/ H% % 10:5 20 91
Ph o
(o}
MeO cl
o
11 O/ B 10:10 0 86

C

[a] Reactions were performed in dioxane at 200°C. [b] Mol% with respect to substrate; dppf=1,1'-bis(di-

phenylphosphanyl)ferrocene. [c] Yield of isolated product. [d] Performed in toluene at 200°C.
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bromides (Table 4, entries 3 and 4), and chlorides (Table 4,
entries 5-11). As anticipated, activated chlorides reacted
most rapidly (within 15 min; Table 4, entries 5-9), while
less-activated (Table 4, entry 10) or electron-rich (Table 4,
entry 11) substrates took up to 40 min to reach completion
of reaction. In the absence of catalyst, no amination took
place. Aryl chlorides required 10 % Ni/C, whereas bromides
and iodides reacted to completion with half this amount of
catalyst. Only in the case of m-chloroanisole (Table 4,
entry 11) was an additional ligand (dppf) relative to Ni/C
needed: a 1:1 rather than 1:0.5 ratio was essential. Substrate
concentration is also an important variable; the optimum
concentration to achieve rapid and complete conversion
while maintaining safety requirements is 0.33 M (see below).
Pre-reduction of the Ni"/C with nBuLi at room temperature
is necessary prior to amination. Prior work® had shown
that under conventional conditions over time, in situ conver-
sion of Ni''/C to active Ni%C occurs. However, the shortened
reaction time in the microwave vial allows for only about
25% conversion (e.g., Table 4, entry 5). At 200°C, use of
either dioxane or toluene as solvent led to similar results.
These data parallel earlier findings realized under conven-
tional refluxing conditions,® except for reaction times,
which previously took several hours or even days with deac-
tivated substrates. This cross-coupling technology can be ap-
plied to the preparation of trisubstituted aromatic 3, a pre-
cursor to the oxazolidinone antibacterial linezolid,'"” in
good vyield within 30min in a microwave reactor
(Scheme 5).

10% Ni/C, 20% dppf
LiOtBu, dioxane

mw, 200°, 30 min

Bf@@ﬁ - O

D03,

CHEMISTRY
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o}
Cl Cl Cl
4 5 6

Figure 5. Substrates that are incompatible with Ni/C-catalyzed amina-
tions.

i oy
RN & MeA Y _cat NirC A N
Ve THF, RT P

Scheme 6. Ni/C-promoted cross-coupling of benzylic chlorides with vinyl
alanes.

couplings proceeded at ambient temperatures (0.33M in
THF) and in high yields, times on the order of 10-15 h were
to be expected. In the light of the potential for Ni/C cataly-
sis to serve as mediator of this key coupling reaction en
route to coenzyme Q,, (CoQ,.),”" an effort was made to
hasten these couplings. Microwave irradiation applied to the
reaction between the tailor-made CoQyrelated educt 7%
and model vinyl alane 8 led to rapid formation of product 9
in good yield (Scheme 7). Under identical conditions, the
“real” coupling partner 11, derived from alkyne 10,?* under-
went conversion to the fully fashioned CoQ,, precursor 12
in 80 % yield (Scheme 8). Subsequent two-step processing to
arrive at the increasingly important dietary supplement
CoQ,, (removal of Ts with nBuLi followed by [Co(salen)]-
catalyzed autoxidation; salen =
N,N'-ethylenebis-(salicylidene-
iminato)) is well-established.?*!

TBDPSO 3(6%) OT1BDPS Sample Manipulation for
Microwave Reactor
F Q

d N C N%O All reactions were performed
—~ \)\ in microwave vials that fit the
) ~ Zyvox ~ NHAc chamber of an Emrys Optimiz-

linezolid (antibacterial) 125] .
er. They required proper

Scheme 5. Ni/C-promoted amination reaction resulting in a precursor to linezolid. TBDPS =tert-butyldiphenyl-

silyl.

Aryl chlorides that bear aldehyde, ketone, and ester func-
tionalities (e.g., 4-6; Figure 5) are incompatible with the
amines used in this high-temperature coupling, presumably
due to the presence of electrophilic centers. Each educt was
consumed, although none of the desired aniline could be de-
tected.

Benzylic Chlorides and Vinyl Alanes

In a previous study, we showed that Ni/C is a viable catalyst
for bond construction between a variety of benzylic chlo-
rides and vinylalanes formed in situ from alkynes through
Negishi carboalumination (Scheme 6).”"! Although these

Chem. Asian J. 2006, 1, 417 -429
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handling to maximize conver-
sion given their heterogeneous

MeO. Me
OTIPS
I :[ Cl + MeAl” S
Meo . /ﬁ/\/
OTs
7 8
cat. Ni/C | mw (200 °C)
THF 20 min
MeO Me
MeO N OTIPS
OTs
9 (82%)

Scheme 7. Ni/C-promoted coupling resulting in a CoQ,-related adduct.
Yield quoted is of isolated product.
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MeO Me
cl o+ MezAIWH
MeQ 9

B. H. Lipshutz et al.

OTs
7 11
cat. Ni/C| mw (200 °C)
THF 20 min
MeO Me
X
MeQ H
OTs 10
12 (80%) o ] ‘
Figure 6. a) Properly prepared reaction mixture with all solids covered by
u solvent; b) insufficient solvent volume leaving solids exposed.
0]
MeO Me
MeO = H LiBr to decrease homocoupling, alternative (lower-weight)
© 10 combinations such as KF/LiOH were developed.
CoQqp

Scheme 8. Ni/C-promoted coupling of “real” CoQ,, educts and subse-
quent conversion to the natural product. Yield quoted is of isolated prod-
uct.

state. Each vial contained a magnetic stirrer bar; however,
the effectiveness was variable depending on the nature and
amount of additives present. Thus, although conventional
heating at reflux maintains all solids within a solvent-bathed
reaction mixture, this may not be the case (at least initially)
in a microwave experiment. For solid materials visible
above the solvent level, they are likely not to be involved in
the desired chemistry. Moreover, since the magnetron emits
microwave radiation that can be absorbed directly by solids
(e.g., salts) situated above a reaction medium, overheating
can easily occur, leading to generation of pinhole(s) within
the glass vessel and, therefore, leakage. In extreme cases the

ICP-AES Analyses of Nickel Bleed: Conventional versus
Microwave Reactions

To investigate the extent of nickel bleed from the solid sup-
port under conditions of microwave irradiation, inductively
coupled plasma-atomic emission spectrometry (ICP-AES)
analyses™® were applied to a representative Suzuki cross-
coupling (Scheme 9a). With each analysis run in duplicate,
the data (Table 5) obtained upon completion of the reaction
followed by filtration establish that only 0.24 % of the nickel
(2%) used in the reaction was in solution. This corresponds
to a substrate/nickel ratio in solution of >20000:1, which is

B(OH), cl

a) @CF3+ © — CN

vials can crack or even shatter. By covering all solids simply cl

through the expedient adding of solvent to wash down the Y //\
b — —< :}—

sides of the vial, these potential pitfalls are averted. Fig- ) [N] ’ NG N_°

ure 6a illustrates the appearance of a representative Ni/C- H CN

catalyzed reaction mixture, while Figure 6b shows an insuffi-
cient volume of solvent present and the protruding solids.
These factors played a major role in our choice of conditions
for the Ni/C-catalyzed Suzuki cross-couplings described
herein (see above). Thus, rather than using bases of higher
molecular weight such as K;PO,, along with salts such as

o CI (nBu)ZnCl nBu

Scheme 9. ICP-AES analyses of a) Suzuki coupling, b) amination, and
¢) Negishi coupling.

Table 5. ICP-AES data for reactions performed under microwave versus conventional heating conditions.

Ni/C (microwave irradiation)

Ni/C (conventional heating)

Reaction Ni Trial 1 Trial2 ~ Average  Average %Niof Reaction Ni Trial 1 Trial 2 Average  Average %Ni of
[ppm]  [ug Ni]  [ugNi]  [ug Ni] Ni/C in solution [ppm]  [ug Ni]  [ug Ni] [pg Ni] Ni/C in solution

1 0.0296 1.10 1.94 1.52 0.24 1 0.1186 6.96 5.25 6.11 0.94

2 02781  14.37 16.18 15.28 0.35 2 0.8456  41.16 45.92 43.56 1.00

3 0.7298  24.93 4231 33.62 0.57 3 0.9009  45.68 47.43 46.56 1.06

Ni/C+base - 0.01 0.42 - 0.01 Ni/C+base - 0.01 0.72 - 0.02
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far below the amount of nickel necessary for this reaction to
proceed. The same reaction performed with conventional
heating (analyses again run in duplicate) showed that leach-
ing was also minimal (0.94 % ), but approximately four times
greater than under microwave irradiation (corresponding to
a substrate/nickel ratio of >5300:1). This unforeseen result
led us to question whether the same trend would be ob-
served with aromatic aminations (Scheme 9b). Results simi-
lar to the Suzuki cross-couplings were indeed found, indicat-
ing that aromatic aminations under conventional heating
conditions afforded approximately three times more leach-
ing of nickel into solution than with the corresponding mi-
crowave-assisted method. Nonetheless, the leaching in each
case is still quite low (0.35% of the nickel (10%) used in
the microwave, 1% of the nickel (10 %) used under conven-
tional heating conditions).”*”

For the Negishi cross-coupling reaction (Scheme 9c),
heating under conventional reaction conditions led to twice
as much leaching as the microwave-irradiated process
(1.06% vs. 0.57 %), in line with the trend. The control reac-
tion, in the absence of coupling partners, suggested that al-
though the level of bleed was extremely low, conventional
heating led to twice as much leached nickel in solution com-
pared to microwave heating (0.02% vs. 0.01 % ). Thus, under
microwave-irradiation conditions, the much-shorter times
are likely due to higher reaction temperatures and not a
result of greater amounts of leached nickel into the macro-
scopic medium. It therefore appears that these heterogene-
ous Ni/C-catalyzed cross-couplings that employ microwave
irradiation not only proceed significantly faster than conven-
tionally heated reactions, but also result in lower levels of
metal bleed from the charcoal.

Handling and Safety of Ni/C

The reagent as prepared from commercially available acti-
vated charcoal and Ni(NOs;), is routinely stored in an inert
atmosphere to maximize shelf life, which is on the order of
several months. Exposure to air over time decreases activity,
even after reduction to the more active Ni° state. The re-
agent that has been reduced to presumably Ni’/C, as is true
for Ni'/C, remains intact when left open in air for short pe-
riods of time, suggesting that neither is pyrophoric to any
extent. Ni”/C also tested negative for shock sensitivity.

Summary and Outlook

Nickel-in-charcoal (Ni/C) when used in a conventional sense
is an inexpensive and effective heterogeneous catalyst for
several types of C—C and C-heteroatom cross-coupling reac-
tions, but heat applied in the form of microwave irradiation
has been found to enhance greatly the rates of these pro-
cesses. Although conducted on a relatively small scale (i.e.,
milligrams), recent advances in microwave technology have
led to reactors that are capable of larger-volume reactions
under fully controlled, safe conditions (e.g., Advancer, Bio-
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tage). Thus, heterogeneous catalysis by Ni/C together with
microwaves can be considered a plausible combination for
bond construction at both the discovery and process devel-
opment levels.

Experimental Section
General

Reactions were performed in oven-dried glassware with a teflon-coated
stirrer bar and dry septum under argon atmosphere. THF and 1,4-dioxane
were freshly distilled from Na/benzophenone ketyl prior to use. Ni/C was
stored and weighed out as a black powder in a glove box. All coupling
reagents were obtained commercially and used as received. All micro-
wave experiments were performed with a Personal Chemistry (now Bio-
tage) Emrys Optimizer in pyrex reaction vessels (2-5mL) that were
flame-dried under argon atmosphere. Each contained a teflon stirrer bar
and teflon-coated reaction vessel cap. ICP-AES analyses were performed
on a Thermo Jarrell Ash IRIS plasma spectrometer. GC analyses were
carried out with an HP-5 capillary column (0.25 um, £=30m; cross-
linked 5% PH ME siloxane) and a time program beginning with 5 min at
50°C, followed by a ramp at 20°Cmin 'to 280°C, then 20 min at this
temperature. Column chromatography was performed with Davisil
Grade 633 Type 60 A silica gel. TLC analyses were performed on com-
mercial Kieselgel 60 Fs, silica-gel plates. NMR spectra were obtained on
Varian Inova systems using CDCI; as solvent, with proton and carbon
resonances at 400 and 100 MHz, respectively. FTIR spectra were ob-
tained on an ATI Mattson Infinity series spectrometer with neat samples
on NaCl plates and are reported in cm™'. Mass-spectral data were ac-
quired on a VF Autospec or an analytical VG-70-250 HF instrument.

Preparation of Ni'/C

Darco KB (100 mesh) activated carbon (5.00 g, 25% H,O content) was
added to a 100 mL round-bottomed flask containing a stirrer bar. A solu-
tion of Ni(NO;),-6H,0O (727 mg, 2.30 mmol; Aldrich catalogue #24,407-4;
Ni content by ICP determination: 92%) in deionized H,O (35 mL) was
added to the activated carbon, and deionized H,O (40 mL) was added to
wash down the sides of the flask. The flask was purged under argon, the
contents stirred vigorously for 1 min, then the flask was submerged in an
ultrasonic bath under a positive argon flow for 30 min. The flask was
then attached to an argon-purged distillation setup and placed in a pre-
heated (175-180°C) sand bath over a stir plate. As the distillation ended,
the flask temperature rose automatically but was held below 210°C for a
further 15 min. Upon cooling to room temperature, the black solid was
washed with H,O (2x50 mL) under argon into a pre-dried evacuated
course-fritted funnel (150 mL). The H,O used to wash the Ni/C was re-
moved by rotary evaporation and analyzed for any remaining nickel. The
fritted funnel was turned upside down under vacuum for 3 h until the
Ni/C fell from the frit into the collection flask. The collection flask was
then dried in vacuo at 100°C for 18 h. Using these specific amounts, all
of the nickel was mounted onto the support, which corresponds to
0.552 mmol Ni'Y/g catalyst, or 3.2 % Ni/catalyst by weight.

Representative Procedure for Ni/C-Catalyzed Negishi Coupling

(4-butylphenyl)phenylmethanone (Table 1, entry7): Ni'/C (135 mg,
0.08 mmol, 0.59 mmolg) ' and PPh; (78 mg, 0.30 mmol) were added to a
flame-dried Biotage process vial (2-5 mL) under argon at room tempera-
ture. Dry dioxane (1 mL) was added by syringe, and the slurry was stirred
for 20 min. n-Butyllithium (62 pL, 2.5m in hexanes, 0.16 mmol) was then
added dropwise with swirling. After 5min, 4-chlorobenzophenone
(216 mg, 1.0 mmol) in THF and n-butylzinc chloride (1.50 mmol, in dry
THF) were added by cannula. The resulting heterogeneous mixture was
then heated in an Emrys Optimizer with the following settings: tempera-
ture: 150°C, time: 900 s, fixed hold time: on, sample absorption: normal,
pre-stirring: 10s. After cooling to room temperature, the crude reaction
mixture was filtered through celite, and the filter cake was further rinsed
with ethyl acetate. The filtrate was collected, the solvent was removed
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with a rotary evaporator, and the residue was purified by flash chroma-
tography on silica gel with hexanes/EtOAc (9:1) to yield the pure prod-
uct (216 mg, 91%) as an oil. The '"H NMR, "*C NMR, and IR spectro-
scopic and HRMS data agreed with spectral data already reported.!

Procedure for Ni"/C-Catalyzed Negishi Coupling without Prior Reduction
of Ni/C

(4-butylphenyl)phenylmethanone: Ni'yC (135 mg, 0.08 mmol,
0.59 mmolg)~' and PPh; (78 mg, 0.30 mmol) were added to a flame-dried
Biotage process vial (2-5 mL) under argon at room temperature. Dry di-
oxane (1 mL) was added by syringe, and the slurry was stirred for 20 min.
4-Chlorobenzophenone (216 mg, 1.0 mmol) in THF and n-butylzinc chlo-
ride (1.50 mmol, in dry THF) were added by cannula. The resulting het-
erogeneous mixture was then heated in an Emrys Optimizer with the fol-
lowing settings: temperature: 150°C, time: 900 s, fixed hold time: on,
sample absorption: normal, pre-stirring: 10 s. After cooling to room tem-
perature, the crude reaction mixture was filtered through celite, and the
filter cake was further rinsed with ethyl acetate. The filtrate was collect-
ed, the solvent was removed with a rotary evaporator, and the residue
was purified by flash chromatography on silica gel with hexanes/EtOAc
(9:1) to yield the pure product (218 mg, 92%) as an oil.

Representative Procedure for Ni/C-Catalyzed Negishi Coupling with
Ultrasonication

(4-butylphenyl)phenylmethanone: Ni'/C (135mg,  0.08 mmol,
0.59 mmolg) ' and PPh; (78 mg, 0.30 mmol) were added to a flame-dried
Biotage process vial (2-5 mL) under argon at room temperature. Dry di-
oxane (1 mL) was added by syringe, and the slurry was stirred for 20 min.
n-Butyllithium (62 pL, 2.5M in hexanes, 0.16 mmol) was then added drop-
wise with swirling. After 5min, 4-chlorobenzophenone (216 mg,
1.0 mmol) in THF and n-butylzinc chloride (1.50 mmol, in dry THF)
were added by cannula. The resulting heterogeneous mixture was then
subjected to ultrasonication for 18 h. The crude reaction mixture was fil-
tered through celite, and the filter cake was further rinsed with ethyl ace-
tate. The filtrate was collected, the solvent was removed with a rotary
evaporator, and the residue was purified by flash chromatography on
silica gel with hexanes/EtOAc (9:1) to yield the pure product (226 mg,
95%) as an oil.

4’-Methoxybiphenyl-2-carboxylic acid ethyl ester (Table 1, entry 1): The
representative procedure was used with 2-chlorobenzoic acid ethyl ester
(184 mg, 1.0 mmol) and 4-methoxyphenylzinc chloride (1.50 mmol, in dry
THF). The pure product (240 mg, 94 % ) was obtained as an oil after flash
chromatography on silica gel with hexanes/EtOAc (9:1). IR: P=2979,
1714, 1610, 1517, 1282, 1047, 833 cm™'; "H NMR (400 MHz, CDCL,): 6 =
7.89 (d, J=7.6Hz, 1H), 7.51 (t, J=7.6 Hz, 1H), 7.40-7.35 (m, 2H), 7.25
(d, /=64 Hz, 2H), 6.93 (d, /J=6.8 Hz, 2H), 4.12 (q, /=6.8 Hz, 2H), 3.85
(s, 3H), 1.06 ppm (t, J=8 Hz, 3H); "C NMR (100 MHz, CDCL,): 6=
169.3, 159.2, 142.1, 134.0, 131.5, 131.3, 130.9, 129.8, 127.7, 127.0, 113.7,
61.2, 55.5, 14.1 ppm; MS (EI): m/z (%): 257 (17), 256 (100), 212 (11), 211
(69), 168 (16), 140 (10), 139 (17); HRMS: caled for C;sH;405: 256.1099;
found: 256.1095.

3,5,4-Trimethoxybiphenyl (Table 1, entry 2): The representative proce-
dure was used with PPh; (104 mg, 0.4 mmol), 5-chloro-1,3-dimethoxyben-
zene (172 mg, 1 mmol), and 4-methoxyphenylzinc chloride (3.0 mmol, in
dry THF). Temperature: 200°C, time: 1800 s. The pure product (183 mg,
75%) was obtained as an oil after flash chromatography on silica gel
with hexanes/EtOAc (9:1). IR: P=3053, 2935, 2839, 1598, 1515, 1504,
1253, 1041, 1029, 825, 727 cm™'; '"H NMR (400 MHz, CDCLy): 6=7.25 (d,
J=8Hz, 2H), 6.98 (d, /=8 Hz, 2H), 6.70 (d, J=2.4 Hz, 2H), 6.44 (t, /=
2.4 Hz, 1H), 3.85 ppm (s, 9H); "C NMR (100 MHz, CDCl,): 6=161.2,
159.5, 143.3, 133.9, 128.4, 114.3, 105.3, 98.9, 55.6, 55.6 ppm; MS (EI): m/z
(%): 245 (15), 244 (100), 229 (10); HRMS (EI): caled for C;sH,40;:
244.1099; found: 244.1105.

5'-Fluoro-2,4,6,2'-tetramethylbiphenyl (Table 1, entry 3): The representa-
tive procedure was used with 2-chloro-4-fluorotoluene (144 mg,
1.0 mmol) and 24,6-trimethylphenylzinc chloride (1.50 mmol, in dry
THF). The pure product (205 mg, 90 % ) was obtained as an oil after flash
chromatography on silica gel with hexanes/EtOAc (9:1). IR: #=2920,
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1612, 1587, 1479, 1167, 877 cm™'; '"H NMR (400 MHz, CDCl;): 6 =722 (t,
J=2.4Hz, 1H), 6.97-6.94 (m, 3H), 6.75 (dd, J=7.2, 2.8 Hz, 1H), 2.34 (s,
3H), 1.93 ppm (s, 9H); "CNMR (100 MHz, CDCl;): 6=161.5 (d, J=
242.8 Hz), 142.5, 137.4, 137.0, 135.7, 131.8, 131.3, 128.3, 116.0 (d, /=
20.5 Hz), 113.80 (d, /=20.5 Hz), 21.26, 20.93, 18.84 ppm; MS (EI): m/z
(%): 229 (15), 228 (92), 214 (16), 213 (100), 198 (25), 197 (20), 196 (14),
183 (21); HRMS: caled for C¢H;F: 228.1314; found: 228.1313.
4'-Fluorobiphenyl-4-carbaldehyde (Table 1, entry 4): The representative
procedure was used with 4-chlorobenzaldehyde (140 mg, 1.0 mmol) and
4-fluorophenylzinc chloride (1.50 mmol, in dry THF). The pure product
(160 mg, 80%) was obtained as an oil after flash chromatography on
silica gel with hexanes/EtOAc (9:1). IR: P=3026, 3043, 2850, 2754, 1703,
1604, 1566, 1519, 1494, 1228, 827 cm™'; '"H NMR (400 MHz, CDCl;): § =
10.06 (s, 1H), 7.95 (d, /=8 Hz, 2H), 7.10 (d, /=8 Hz, 2H), 7.63-7.59 (m,
2H), 7.18 ppm (t, J=8 Hz, 2H); *C NMR (100 MHz, CDCl,): 6 =190.0,
163.3 (d, J=247.3 Hz), 146.3, 136.1, 135.4, 130.5, 129.3 (d, J=7.6 Hz),
127.7, 116.2 ppm (d, J=21.3 Hz); MS (EI): m/z (%): 201 (13), 200 (100),
199 (93), 172 (10), 171 (36), 170 (46), 85 (10); HRMS (EI): calcd for
C3HyF: 200.0637; found: 200.0632.

4’-Methylbiphenyl-4-carbonitrile (Table 1, entry5): The representative
procedure was used with 4-chlorobenzonitrile (137 mg, 1.0 mmol) and
4-methylphenylzinc chloride (1.50 mmol, in dry THF). The pure product
(183 mg, 95%) was obtained as an oil after flash chromatography on
silica gel with hexanes/EtOAc (9:1). The 'HNMR, *C NMR, and IR
spectroscopic and HRMS data agreed with spectral data already report-
ed.?)

2' 4 ,6'-Trimethylbiphenyl-4-carbonitrile (Table 1, entry 6): The represen-
tative procedure was used with 4-chlorobenzonitrile (137 mg, 1.0 mmol)
and 2,4,6-trimethylphenylzinc chloride (1.50 mmol, in dry THF). The
pure product (209 mg, 95%) was obtained as an oil after flash chroma-
tography on silica gel with hexanes/EtOAc (9:1). The 'HNMR,
BCNMR, and IR spectroscopic and HRMS data agreed with spectral
data already reported.””

4-(4-Cyanophenyl)butyric acid ethyl ester (Table 1, entry 8): The repre-
sentative procedure was used with 4-chlorobenzonitrile (137 mg,
1.0 mmol) and ethoxycarbonylpropylzinc iodide (1.50 mmol, in dry
THF). Temperature: 70°C. The pure product (184 mg, 85%) was ob-
tained in an oil after flash chromatography on silica gel with hexanes/
EtOAc (7:3). The '"H NMR, “C NMR, and IR spectroscopic and HRMS
data agreed with spectral data already reported.*”

2: The representative procedure was used with Ni/C (38.5 mg,
0.022 mmol, 0.59 mmolg '), PhyP (18.5 mg, 0.09 mmol), toluene-4-sulfon-
ic acid  2-formyl-5,6-dimethoxy-3-methylphenyl  ester (100 mg,
0.29 mmol), and 4-methylphenylzinc chloride (1.50 mmol, in dry THF).
The crude product was purified by flash chromatography on silica gel
with hexanes/EtOAc (8:2) to yield 2 (74 mg, 96%) as a solid. IR: P=
2927.4, 2765.7, 1681.8, 1330.8, 1112.8, 768.9 cm™'; 'H NMR (400 MHz,
CDCLy): 6=9.64 (s, 1H), 7.23 (d, /=8 Hz, 2H), 7.18 (d, J=8 Hz, 2H),
6.78 (s, 1H), 3.96 (s, 3H), 3.50 (s, 3H), 2.64 (s, 3H), 2.42 ppm (s, 3H).
CNMR (100 MHz, CDCly): 6 =193.6, 156.2, 144.5, 142.1, 138.2, 137.7,
131.4, 130.6, 128.9, 126.6, 114.6, 60.9, 56.1, 22.3, 21.6 ppm; MS (EI): m/z
(%): 271 (18), 270 (100), 169 (29), 255 (38), 254 (16), 240 (13), 127 (14),
115 (10); HRMS: calcd for C;H;30;: 270.1256; found: 270.1256.

Representative Procedure for Ni/C-Catalyzed Suzuki Coupling

3-(3-Trifluoromethylphenyl)pyridine (Table 3, entry 1): Ni'/C (32 mg,
0.02 mmol, 0.59 mmolg™") and Ph;P (32.40 mg, 0.12 mmol) were added to
a flame-dried Biotage process vial (2-5 mL) under a blanket of argon at
room temperature. Dry dioxane (1.0 mL) was added by syringe, and the
mixture was allowed to stir for 1h. n-Butyllithium (0.020 pL, 2.55™ in
hexanes, 0.05 mmol) was then added dropwise. The mixture was allowed
to stir for 5 min while the nickel was reduced. In a second flame-dried,
argon-flushed container, potassium fluoride (174 mg, 3.0 mmol), lithium
hydroxide (75 mg, 3.0 mmol), and 3-trifluoromethylphenylboronic acid
(344 mg, 2.0 mmol) were weighed out under a blanket of argon. The cap
of the process vial was removed and the solids in the second container
were quickly added to the vial. The cap was replaced and the vial was
flushed with argon. 2-Chloropyridine (114 mg, 1.0 mmol, 96.0 uL) was
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then added to the vial by syringe. The sides of the vial were rinsed free
of solids with dioxane (1.5 mL), and the resulting heterogeneous mixture
was heated in an Emrys Optimizer with the following settings: tempera-
ture: 200°C, time: 1800s, fixed hold time: on, sample absorption:
normal, pre-stirring: 30s. After cooling to room temperature, the crude
reaction mixture was filtered through celite, and the filter cake was fur-
ther rinsed with ethyl acetate. The filtrate was collected, the solvent was
removed with a rotary evaporator, and the crude product was purified by
flash chromatography on silica gel with hexanes/EtOAc (4:1) to yield a
pale yellow oil (208 mg, 90 %). The '"H NMR, *C NMR, and IR spectro-
scopic and HRMS data agreed with spectral data already reported.”!!

2'-Methoxybiphenyl-4-carbonitrile (Table 3, entry 2): The representative
procedure was used with 4-chlorobenzonitrile (136 mg, 1.0 mmol) and
2-methoxyphenylboronic acid (230 mg, 1.5 mmol), and the reaction mix-
ture was heated for 1800 s at 200°C. The crude product was purified by
flash chromatography on silica gel with hexanes/EtOAc (6:1) to yield a
white solid (175 mg, 84 %). The '"H NMR, *C NMR, and IR spectroscop-
ic and HRMS data agreed with spectral data already reported.™

3'-Acetylbiphenyl-4-carbonitrile (Table 3, entry 3): The representative
procedure was used with 4-chlorobenzonitrile (136 mg, 1.0 mmol) and
3-acetylphenylboronic acid (246 mg, 1.5 mmol), and the reaction mixture
was heated for 1800 s at 180°C. The crude product was purified by flash
chromatography on silica gel with hexanes/EtOAc (5:1) to yield an off-
white solid (224 mg, 86 %). The 'H NMR, *C NMR, and IR spectroscop-
ic and HRMS data agreed with spectral data already reported.!
4'-Cyanobiphenyl-4-carboxylic acid isopropyl ester (Table 3, entry 4): The
representative procedure was used with 4-chlorobenzonitrile (136 mg,
1.0mmol) and 4-isopropoxycarbonylphenylboronic acid (213 mg,
1.5 mmol), and the reaction mixture was heated for 2100 s at 200°C. The
crude product was purified by flash chromatography on silica gel with
hexanes/EtOAc (10:1) to yield a white solid (215 mg, 81%). R;=0.33
(hexanes/ethyl acetate =10:1); IR (thin film): #=2989, 2225, 1700, 1607,
1282, 1099, 840, 772 cm™'; 'H NMR (400 MHz, CDCl;): 6 =8.10-8.13 (m,
2H), 7.67-7.73 (m, 4H), 7.62-7.64 (m, 2H), 5.30 (sept, /=6 Hz, 1H),
1.40 ppm (d, J=6.4, 6H); *C NMR (100 MHz, CDCl;): §=165.6, 144.5,
143.2, 132.7, 131.0, 130.3, 128.0, 127.2, 118.8, 111.7, 68.7, 22.0 ppm; MS
(ED): m/z (%): 265 (58), 223 (77), 206 (100), 177 (26), 151 (27), 127 (5),
59 (29); HRMS (EI): m/z caled for C;;H;sNO,: 265.1109; found:
265.1103.

4'-Trifluoromethylbiphenyl-4-carboxylic acid isopropyl ester (Table 3,
entry 5): The representative procedure was used with 4-isopropoxycar-
bonylphenylboronic acid (312 mg, 1.5mmol) and 4-chlorotrifluoro-
methylbenzene (181 mg, 1.0 mmol, 134.0 uL), and the reaction mixture
was heated for 1500 s at 200°C. The crude product was then purified by
flash chromatography on silica gel with hexanes/EtOAc (10:1) to yield a
clear oil (246 mg, 80%). R;=0.30 (hexanes/ethyl acetate =10:1); IR (thin
film): #=2996, 1708, 1335, 1283, 1167, 1120, 1073, 832, 773, 739 cm™;
"H NMR (400 MHz, CDCl,): 6 =8.14-8.16 (m, 2H), 7.73 (br's, 4H), 7.66—
7.69 (m, 2H), 5.261 (sept, /=6 Hz, 1H), 1.41 ppm (d, J=6.4 Hz, 6H);
BCNMR (100 MHz, CDCly): 6=165.8, 143.9, 143.7, 130.6, 130.3, 130.1
(q, J=114.4), 127.7, 127.2, 125.9 (d, J=16), 1242 (q, J=1082.0), 68.7,
22.0 ppm; MS (EI): m/z (%): 308 (45), 289 (7), 266 (75), 249 (100), 221
(7), 201 (31), 152 (35), 59 (26); HRMS (EI): m/z caled for C;H;50,F;:
308.1036; found: 308.1024.

1-(4'-Trifluoromethylbiphenyl-4-yl)ethanone (Table 3, entry 6): The rep-
resentative procedure was used with 4-trifluoromethylphenylboronic acid
(380 mg, 2.0 mmol) and 4-chloroacetophenone (154 mg, 1.0 mmol,
130.0 uL), and the reaction mixture was heated for 2400 s at 180°C. The
crude product was purified by flash chromatography on silica gel with
hexanes/EtOAc (8:1) to yield a clear oil (211 mg, 80%). R;=0.50 (hex-
anes/ethyl acetate=8:1); IR (thin film): P=1685, 1605, 1395, 1328, 1158,
1131, 1071, 823, 592 cm™'; "H NMR (400 MHz, CDClL): §=8.06 (d, /=
8.4, 2H), 7.73 (bs, 4H), 7.69 (d, J=8.4, 2H), 2.65 ppm (s, 3H); *C NMR
(100 MHz, CDClLy): 0=197.8, 144.3, 143.5, 136.7, 130.3 (q, J=130.8),
129.2, 127.8, 127.6, 126.1 (d, J=16.4), 124.3 (q, J=1082.4), 26.9 ppm; MS
(EX): m/z (%): 264 (68), 249 (100), 221 (6), 201 (24), 152 (22), 124 (2), 75
(5); HRMS (EI): m/z caled for C;sH,,OF;: 264.0756; found: 264.0762.
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3'-Trifluoromethylbiphenyl-4-carbonitrile (Table 3, entry 7): The repre-
sentative procedure was used with 4-chlorobenzonitrile (136 mg, 1 mmol)
and m-trifluoromethylphenylboronic acid (285 mg, 1.5 mmol), and the re-
action mixture was heated for 1800 s at 180°C. The crude product was
purified by flash chromatography on silica gel with hexanes/EtOAc
(20:1) to yield a white solid (224 mg, 91 %). R;=0.2 (hexanes/ethyl ace-
tate=20:1); IR (thin film): P=3057, 2230, 1609, 1439, 1337, 1263, 1169,
1128, 1097, 1076, 1054, 845, 804, 739, 700, 561 cm™'; '"H NMR (400 MHz,
CDCl,): 6=7.83 (brs, 1H), 7.76-7.80 (m, 3H), 7.68-7.72 (m, 3H), 7.61-
7.65 ppm (m, 1H); "*CNMR (100 MHz, CDCL,): 6 =144.1, 140.0, 132.9,
131.6 (q, /=130.4), 130.6, 129.8, 127.9, 125.4, 124.1, 123.9 (q, /=1086.0),
118.7, 111.9 ppm; MS (EI): m/z (%): 247 (100), 228 (8), 208 (2), 177 (11),
151 (7), 145 (3), 99 (2), 75 (5); HRMS (EI): m/z calcd for CHgNF:
247.0610; found: 247.0609.

3’-Methoxy-3-methylbiphenyl (Scheme 4): The representative procedure
was used with 3-tolylboronic acid (274 mg, 2.0 mmol) and 3-bromoanisole
(188 mg, 1.0 mmol, 128.0 uL), and the reaction mixture was heated for
2100 s at 180°C. The crude product was purified by flash chromatography
on silica gel with hexanes/EtOAc (10:1) to yield a clear oil (178 mg,
89%). The 'H NMR, “C NMR, and IR spectroscopic and HRMS data
agreed with spectral data already reported.’*

3’-Methoxy-2,3-dimethylbiphenyl (Scheme 4): The representative proce-
dure was used with 2,3-dimethylphenylboronic acid (304 mg, 2.0 mmol)
and 3-bromoanisole (188 mg, 1.0 mmol, 128.0 uL), and the reaction mix-
ture was heated for 2100 s at 180°C. The crude product was purified by
flash chromatography on silica gel with hexanes/EtOAc (15:1-10:1) to
yield a clear oil (180mg, 84%). R;=0.70 (hexanes/EtOAc=10:1);
'HNMR (400 MHz, CDCLy): §=7.35-7.40 (m, 1H), 7.14-7.23 (m, 3H),
6.90-6.95 (m, 3H), 3.87 (s, 3H), 2.40 (s, 3H), 2.22 ppm (s, 3H); "C NMR
(100 MHz, CDCLy): 6=159.4, 144.2, 142.3, 137.4, 134.2, 129.14, 129.08,
127.7, 125.4, 122.1, 115.2, 112.3, 55.4, 20.9, 17.2 ppm; MS (EI): m/z (%):
212 (100), 197 (27), 181 (46), 165 (18), 153 (13), 115 (6), 84 (18), 58 (16),
43 (60); HRMS (EI): m/z caled for C;sH;s0: 212.1194; found: 212.1201.

Representative Procedure for Ni/C-Catalyzed Amination of Aryl Halides

4-Morpholinobenzonitrile (Table 4, entry 5): Ni'/C (135 mg, 0.08 mmol,
0.59 mmolg™"), dppf (22mg, 0.04 mmol), and lithium tert-butoxide
(164 mg, 2.0 mmol) were added to a flame-dried Biotage process vial (2-
SmL) under a blanket of argon at room temperature. Dry dioxane
(1.5 mL) was added by syringe, and the slurry was stirred for 1 h. n-Butyl-
lithium (62.0 uL, 2.55M in hexanes, 0.16 mmol) was then added dropwise
and, after 5 min, morpholine (140 uL, 1.60 mmol) and 4-chlorobenzoni-
trile (110 mg, 0.80 mmol) in dioxane (1 mL) were added by cannula. The
resulting heterogeneous mixture was then heated in the Emrys Optimizer
with the following settings: temperature: 200°C, time: 600 s, fixed hold
time: on, sample absorption: normal, pre-stirring: 30 s. After cooling to
room temperature, the crude reaction mixture was filtered through celite,
and the filter cake was further rinsed with ethyl acetate. The filtrate was
collected, the solvent was removed with a rotary evaporator, and the
crude product was purified by flash chromatography on silica gel with
hexanes/EtOAc (7:3; R;=0.20) to yield a white solid (143 mg, 95%). The
"H NMR, "C NMR, and IR spectroscopic and HRMS data agreed with
the spectral data already reported.!

n-Butyl-3-(trifluoromethyl)benzeneamine (Table 4, entry 1): The repre-
sentative procedure was used with Ni'/C (67.3mg, 0.04 mmol,
0.59 mmolg™"), dppf (11 mg, 0.02mmol), and lithium tert-butoxide
(82mg, 1.0mmol) in dry dioxane (2.5mL). n-Butylamine (158 pL,
1.60 mmol) and 3-iodobenzotrifluoride (115 puL, 0.80 mmol) were then
added dropwise, and the mixture placed in the microwave reactor at
180°C for 600s. The pure product (139 mg, 80%) was obtained after
flash chromatography on silica gel with hexanes/EtOAc (9:1; R;=0.68).
'"HNMR (400 MHz, CDCL): 6=7.23 (t, J=7.2Hz, 1H), 6.89 (d, J=
7.6 Hz, 1H), 6.77 (s, 1H), 6.70 (d, J=7.2Hz, 1H), 3.78 (s, 1H), 3.11 (t,
J=72Hz, 2H), 1.60 (tt, /=7.3,7.3 Hz, 2H), 1.42 (tt, J=7.3, 7.3 Hz, 2H),
0.96 ppm (t, J=7.3 Hz, 3H); "CNMR (100 MHz, CDCL,): 6=148.38,
133.7 (q, /=189 Hz), 129.8, 124.8 (q, /=281 Hz), 1158, 113.5 (q, J=
3.8 Hz), 108.8 (q, /=3.8 Hz), 43.6, 31.6, 20.5, 14.1 ppm; MS (EI): m/z
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(%): 217 (15), 174 (100); HRMS: m/z caled for C;H F;N: 217.1078
[M]*; found: 217.1078.

1-(3-(Trifluoromethyl)phenyl)-1,2,3 4-tetrahydroquinoline (Table 4,
entry 2): The representative procedure was used with Ni'"/C (67.3 mg,
0.04 mmol, 0.59 mmolg™"), dppf (11 mg, 0.02 mmol), and lithium tert-but-
oxide (82 mg, 1.00 mmol) in dry dioxane (1 mL). 1,2,3,4-Tetrahydroquino-
line (200 pL, 1.60 mmol) and 3-iodobenzotrifluoride (115 pL, 0.80 mmol)
were added dropwise, and the mixture placed in the microwave reactor
at 200°C for 600 s. The pure product (195 mg, 88 % )was obtained after
flash chromatography on silica gel with hexanes/EtOAc (9:1; R;=0.22).
'"HNMR (400 MHz, CDCL): 6=7.49 (s, 1H), 7.43-7.42 (m, 2H), 7.29
(dd,J=7.1,7.1Hz, 1H), 7.11 (d, J=7.2 Hz, 1H), 7.02 (dd, J=7.1, 7.1 Hz,
1H), 6.89 (d, J=7.5Hz, 1H), 6.83 (dd, /=7.3, 7.3 Hz, 1H), 3.68 (t, J=
6.4, Hz, 2H), 2.87 (t, J=6.4 Hz, 2H), 2.07 ppm (dd, /J=6.4, 6.4 Hz, 2H);
BCNMR (100 MHz, CDCly): 6=149.0, 143.4, 131.9 (q, J=31.9 Hz),
129.9, 129.7, 124.3 (q, /=272 Hz), 126.7, 126.4, 119.8, 119.7, 119.3, 119.2,
116.9, 50.5, 27.8, 23.2 ppm; MS (EI): m/z (%): 277 (100), 261 (6), 248 (7),
180 (5), 91 (6); HRMS: m/z caled for C,H,F3N: 277.1071 [M]*; found:
277.1078.

1-(Pyridin-2-yl)-1,2,34-tetrahydroquinoline (Table 4, entry 3): The repre-
sentative procedure was used with Ni'/C (67.3mg, 0.04 mmol,
0.59 mmolg™"), dppf (11mg, 0.02mmol), and lithium tert-butoxide
(82 mg, 1.0 mmol) in dry dioxane (1 mL). 1,2,34-Tetrahydroquinoline
(200 pL, 1.60 mmol) and 2-bromopyridine (76 pL, 0.80 mmol) were then
added dropwise, and the mixture placed in the microwave reactor at
200°C for 900s. The pure product (152 mg, 91%) was obtained after
flash chromatography on silica gel with hexanes/EtOAc (9:1; R;=0.42).
The '"HNMR, “CNMR, and IR spectroscopic and HRMS data agreed
with the spectral data already reported.”

1-(3-Fluorophenyl)pyrrolidine (Table 4, entry 4): The representative pro-
cedure was used with Ni'/C (67.3 mg, 0.04 mmol, 0.59 mmolg™"), dppf
(11 mg, 0.02 mmol), and lithium fert-butoxide (82 mg, 1.0 mmol) in dry
dioxane (1 mL). Pyrrolidine (134 puL, 1.60 mmol) and 1-bromo-3-fluoro-
benzene (89 pL, 0.80 mmol) were then added dropwise, and the mixture
placed in the microwave reactor at 200°C for 600s. The pure product
(121 mg, 92%) was obtained after flash chromatography on silica gel
with hexanes/EtOAc (9:1; R;=0.20). The 'HNMR, “C NMR, and IR
spectroscopic and HRMS data agreed with the spectral data already re-
ported.P”)

4-(3,4-Dihydroquinolin-1-yl)benzonitrile (Table 4, entry 6): The represen-
tative procedure was used with 1,23 4-tetrahydroquinoline (200 uL,
1.60 mmol) and 4-chlorobenzonitrile (110 mg, 0.80 mmol) in dioxane
(1 mL). The pure product (157 mg, 84 %) was obtained after flash chro-
matography on silica gel with hexanes/EtOAc (9:1; R;=0.25) followed by
recrystallization (Et,0). The 'H NMR, C NMR, and IR spectroscopic
and HRMS data agreed with the spectral data already reported.!

2-(Indolin-1-yl)benzonitrile (Table 4, entry 7): The representative proce-
dure was used with indoline (180 pL, 1.60 mmol) and 4-chlorobenzoni-
trile (110 mg, 0.80 mmol) in dioxane (1 mL). The pure product (163 mg,
92%) was obtained after flash chromatography on silica gel with hex-
anes/EtOAc (9:1; R;=0.25). IR (nujol): P=2923, 2854, 2221, 1592, 1490,
1459, 1376 cm™'; 'HNMR (400 MHz, CDCL): 6=7.65 (dd, J=7.8,
1.7Hz, 1H), 7.57-7.48 (m, 2H), 7.23 (dd, J=7.7, 0.9 Hz, 1H), 7.12-7.08
(m, 2H), 6.86 (m, 2H), 4.17 (t, J=8.5Hz, 2H), 3.21 ppm (t, /=85 Hz,
2H); "CNMR (100 MHz, CDCL,): 6=148.9, 146.6, 134.5, 133.6, 131.3,
126.8, 125.2, 123.0, 120.9, 120.5, 118.3, 110.3, 106.0, 54.3, 28.9 ppm; MS
(ED): m/z (%): 221 (12), 220 (82), 219 (100), 218 (11), 91 (15); HRMS:
m/z caled for C;sH,N,: 220.1001 [M]*; found: 220.1000.

4-(3-(Trifluoromethyl)phenyl)morpholine (Table 4, entry 8): The repre-
sentative procedure was used with dioxane (2.5mL), morpholine
(140 pL, 1.60 mmol), and 3-chlorobenzotrifluoride (108 puL, 0.80 mmol),
and the reaction mixture was heated for 900 s. The pure product (152 mg,
82%) was obtained after flash chromatography on silica gel with hex-
anes/EtOAc (9:1; R;=0.20). The '"HNMR, "CNMR, and IR spectro-
scopic and HRMS data agreed with the spectral data already reported.”!
4-(4-Piperonylpiperazin-1-yl)benzonitrile (Table 4, entry 9): The repre-
sentative procedure was used with 1-piperonylpiperazine (352 mg,
1.60 mmol) and 4-chlorobenzonitrile (110 mg, 0.80 mmol) in dioxane
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(1 mL), and the reaction mixture was heated for 900 s. The pure product
(228 mg, 89%) was obtained after flash chromatography on silica gel
with hexanes/EtOAc (4:1; R;=0.20). IR (nujol): #=2923, 2853, 2220,
1606, 1514, 1490, 1441, 1250, 1183, 1038 cm™'; 'HNMR (400 MHz,
CDCl;): 6=7.48 (d, J=9.1 Hz, 2H), 6.90-6.75 (m, 5H), 5.95 (s, 2H), 3.46
(s, 2H), 3.32 (t, J=5.2 Hz, 4H), 2.56 ppm (t, J=5.2 Hz, 4H); "C NMR
(100 MHz, CDCly): 6=153.5, 147.8, 146.8, 133.5, 131.7, 122.3, 120.2,
114.2, 109.5, 108.0, 101.0, 100.1, 62.7, 52.5, 47.2 ppm; MS (EI): m/z (%):
320 (38), 185 (43), 162 (42), 161 (15), 135 (17), 134 (100), 129 (12), 128
(14), 104 (10), 101 (17), 76 (32), 55 (52), 50 (24); HRMS: m/z calcd for
CyHgN;0,: 321.1477 [M]*; found: 321.1477.
N-4-Biphenyl-2,3-dihydroindole (Table 4, entry 10): The representative
procedure was used with indoline (180 puL, 1.60 mmol) and 4-chlorobi-
phenyl (150 mg, 0.80 mmol) in dioxane (1 mL), and the reaction mixture
was heated for 1200s. The pure product (199 mg, 91%) was obtained
after flash chromatography on silica gel with hexanes/EtOAc (19:1; R;=
0.25). The '"HNMR, “CNMR, and IR spectroscopic and HRMS data
agree with the spectral data already reported.*’!

4-(3-Methoxyphenyl)morpholine (Table 4, entry 11): The representative
procedure was used with dioxane (2.5mL), morpholine (280 uL,
3.2 mmol), and 3-chloroanisole (98 uL, 0.80 mmol), and the reaction mix-
ture was heated for 2400s. The pure product (133 mg, 86%) was ob-
tained after flash chromatography on silica gel with hexanes/EtOAc (9:1;
R;=0.20). The 'HNMR, *CNMR, and IR spectroscopic and HRMS
data agree with the spectral data already reported.*!!

3: The representative procedure was used with Ni'/C (33.7 mg,
0.02 mmol, 0.59 mmolg™), dppf (22 mg, 0.04 mmol), and lithium fert-but-
oxide (21 mg, 0.25 mmol) in dry dioxane (1 mL). Morpholine (53 pL,
0.60 mmol) and 3-(4-bromo-3-fluorophenyl)-5-((tert-butyldiphenylsilyl-
oxy)methyl)oxazolidin-2-one (105.7 mg, 0.20 mmol) in dioxane (0.5 mL)
were added by cannula, and the mixture placed in the microwave reactor
at 200°C for 1800 s. The crude product was purified by flash chromatog-
raphy on silica gel with hexanes/EtOAc (3:1; R;=0.25) to yield 3 (93 mg,
86%). 'HNMR (400 MHz, CDCLy): §=7.64 (dd, J=7.4, 7.4 Hz, 5H),
7.48-7.33 (m, 6H), 7.15 (dd, /=8.8, 2.8 Hz, 1H), 6.95 (t, J=9.1 Hz, 1H),
3.81 (d, J=3.8 Hz, 1H), 3.77 (d, J=3.8 Hz, 1H), 4.68 (tt, J=5.4, 5.4 Hz,
1H), 4.00-3.93 (m, 2H), 3.89 (t, J=4.7 Hz, 4H), 3.08 (t, J=4.7 Hz, 4H),
1.02 ppm (s, 9H); "CNMR (100 MHz, CDClL,): §=154.9, 153.2 (d, J=
250 Hz), 135.8, 132.8 (d, J=41.7 Hz), 130.2, 128.1, 128.0, 127.8, 119.0,
113.9, 107.4 (d, J=26.6 Hz), 72.5, 67.2, 64.4, 51.3, 47.0, 26.9, 19.4 ppm;
MS (EI): m/z (%): 534 (90), 479 (32), 348 (30), 313 (34), 254 (100), 225
(70), 199 (32), 183 (46), 163 (14), 135 (26), 124 (29), 114 (42), 70 (25);
HRMS: m/z caled for C;)H3sFN,O,Si: 534.2353 [M]*; found: 534.2350.

9: Carboalumination: [Cp,ZrCl] (73 mg, 0.25 mmol) was added to a
round-bottomed flask (10 mL) under argon. Me;Al (0.75 mL, 2.0M in
hexanes, 1.5 mmol) was then added by syringe at 0°C, and the solution
stirred under reduced pressure until the hexanes were removed. 1-Triiso-
propylsiloxy-3-butyne (0.26 mL, 1.0 mmol) dissolved in CICH,CH,CI
(1.0 mL) was transferred by cannula to the reaction mixture. After 3 h at
0°C, the carboalumination was complete and the solvent was removed in
vacuo. Freshly distilled hexanes (2 mL) were added and then also re-
moved in vacuo. More hexanes (5 mL) were then added to the flask so as
to precipitate the zirconium salts. The vinyl alane in hexanes was then
transferred to a second flask by cannula (with great care taken to avoid
contamination by the zirconium salts). The golden-yellow solution of
hexanes was concentrated under reduced pressure, and the residue was
redissolved in THF (1 mL) in preparation for the coupling.

Nickel-on-charcoal catalyzed coupling in the microwave: Ni/C (67 mg,
0.04 mmol) and PPh; (21 mg, 0.08 mmol) were added to a flame-dried mi-
crowave vessel (5 mL) purged with argon. THF (1 mL) was then added,
followed by nBuLi (30 pL, 2.7mM, 0.08 mmol). A solution of 7 (300 mg,
0.80 mmol) in THF (1 mL) was transferred by cannula to the Ni/C cata-
lyst, followed by the solution of vinyl alane. The reaction mixture was
subjected to microwave irridiation at 200°C for 30 min, at which point
GC analysis indicated complete consumption of the benzylic chloride.
The reaction mixture was diluted with petroleum ether and quenched
with aqueous HCl (0.10M). The mixture was filtered to removed the
Ni/C, and the aqueous layer was extracted with Et,0 (3x10mL). The
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combined organic extracts were dried over anhydrous Na,SO,, filtered,
and concentrated in vacuo. Silica-gel chromatography (EtOAc/hexanes=
10%) afforded the product as a colorless oil (370 mg, 82%). R;=0.42
(EtOAc/hexanes=20%); '"HNMR (400 MHz, CDCl;): 6=7.94 (d, J=
8.4 Hz, 2H), 7.34 (d, /=84 Hz, 2H), 6.65 (s, 1H), 5.06 (dt, J=6.6,
0.8 Hz, 1H), 3.82 (s, 3H), 3.71 (t, J=7.5Hz, 2H), 3.47 (s, 3H), 3.32 (d,
J=6.6 Hz, 2H), 2.47 (s, 3H), 2.24 (s, 3H), 2.21 (t, J=7.5Hz, 2H), 1.71
(d, J=0.8Hz, 3H), 1.08 (m, 3H), 1.05ppm (d, 18H); “CNMR
(400 MHz, CDCl;): 6=12.2, 18.2, 20.0, 21.9, 26.6, 29.9, 43.3, 56.2, 60.7,
62.9, 113.2, 123.8, 127.1, 128.4, 129.6, 133.0, 133.1, 139.0, 142.5, 142.6,
144.7, 151.1 ppm; MS (EI): m/z (%): 533 (95), 334 (24), 269 (53), 247
(100), 233 (12), 219 (25), 205 (26), 181 (28), 163 (20), 139 (13), 115 (16),
91 (33), 75 (22), 59 (31); HRMS (EI): m/z caled for C;HO4SSi:
533.2393 [M—C;H,]*; found: 533.2379.

12: Carboalumination: [Cp,ZrCl,] (39 mg, 0.13 mmol) was added to a
round-bottomed flask (25 mL) under argon. Me;Al (0.40 mL, 2.0M in
hexanes, 0.80 mmol) was then added by syringe at 0°C, and the solution
stirred under reduced pressure until the hexanes were removed. Solane-
sol-derived alkyne 10 (351 mg, 0.537 mmol) was dissolved in CH,Cl,
(0.54 mL) and transferred by cannula to the reaction mixture. After 6 h
at 0°C, the carboalumination was complete and the solvent was removed
in vacuo. Freshly distilled pentane (2 mL) was added and then also re-
moved in vacuo. More pentane (5 mL) was added to the flask so as to
precipitate the zirconium salts. The vinyl alane in pentane was then trans-
ferred to a second flask by cannula (with great care taken to avoid con-
tamination by the zirconium salts). The golden-yellow solution of pen-
tane was concentrated under reduced pressure, and the residue dissolved
in THF (1 mL) in preparation for the coupling.

Nickel-in-charcoal-catalyzed cross-couplings in a microwave reactor:
Ni/C (36 mg, 0.02 mmol) and PPh; (11 mg, 0.04 mmol) were added to a
flame-dried microwave vessel (5 mL) purged with argon. THF (0.5 mL)
was then added, followed by nBuLi (16 pL, 2.7 M, 0.04 mmol). A solution
of 7 (219 mg, 0.59 mmol) in THF (1 mL) was transferred by cannula to
the Ni/C catalyst, followed by the solution of vinyl alane. The reaction
mixture was subjected to microwave irradiation at 200°C for 30 min,
then diluted with petroleum ether and quenched with aqueous HCI
(0.10m). The mixture was filtered to remove the Ni/C, and the aqueous
layer was extracted with petroleum ether (3x10 mL). The combined or-
ganic extracts were dried over anhydrous Na,SO, and then concentrated
in vacuo. Silica-gel chromatography (EtOAc/hexanes=10%) afforded
the product as a colorless oil (424 mg, 80 % ). R;=0.28 (CH,Cl,/petroleum
ether=5%). Spectral data matched that previously reported.!

Preparation of Samples for ICP-AES of Negishi Couplings

(4-Butylphenyl)phenylmethanone under microwave irradiation: Ni'/C
(135 mg, 0.08 mmol, 0.59 mmolg™') and PPh; (78 mg, 0.30 mmol) were
added to a flame-dried Biotage process vial (2-5mL) under argon at
room temperature. Dry dioxane (1 mL) was added by syringe, and the
slurry was stirred for 20 min. n-Butyllithium (38 pL, 2.5M in hexanes,
0.10 mmol) was then added dropwise. After 5 min, 4-chlorobenzophe-
none (216 mg, 1.0 mmol) was dissolved in THF (1 mL), and it and n-bu-
tylzinc chloride (1.5 mmol, in dry THF) prepared in situ were both added
by cannula to the Ni/C. The resulting heterogeneous mixture was then
heated in the Emrys Optimizer with the following settings: temperature:
150°C, time: 900 s, fixed hold time: on, sample absorption: normal, pre-
stirring: 10 s. After cooling to room temperature, the crude reaction mix-
ture was filtered through celite, and the filter cake was further rinsed
with ethyl acetate. The solvent was evaporated under reduced pressure,
and the mixture was treated with HNO; (20 %, 10 mL) and concentrated
HCI (5 mL) and heated at reflux for 8 h. Upon cooling to room tempera-
ture, the residue was dissolved in aqueous HCI (2%, 5 mL) and filtered
through a cotton plug to remove any solids. The ICP-AES sample was
prepared by adding HCI (2 %) such that the final (estimated) nickel con-
centration was between 1 and 35 ppm. The analytical sample prepared
was determined to have 0.73 ppm of Ni, which amounts to 0.025 mg of Ni
in solution. This amount of nickel corresponds to 0.57% of the 8%
nickel used in the reaction, which corresponds to a substrate/nickel ratio
of 2192:1 in the reaction solution.
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(4-Butylphenyl)phenylmethanone with conventional heating: Ni'"/C
(135 mg, 0.08 mmol, 0.59 mmolg™') and PPh; (78 mg, 0.30 mmol) were
added to a flame-dried round-bottomed flask (10 mL) under argon at
room temperature. Dry dioxane (1 mL) was added by syringe, and the
slurry was stirred for 20 min. n-Butyllithium (38 pL, 2.5M in hexanes,
0.10 mmol) was then added dropwise. ZnCl, and nBuLi were added to a
second flame-dried round-bottomed flask (10 mL) purged under argon to
prepare in situ the n-butylzinc chloride as described above, and the mix-
ture was then added by cannula to the Ni/C. In a third flame-dried
round-bottomed flask (10 mL) purged under argon, 4-chlorobenzophe-
none (216 mg, 1.0 mmol) dissolved in THF (1mL) was added. The
4-chlorobenzophenone was added by cannula to the Ni/C; the flask was
then equipped with a reflux condenser. The flask was placed in a pre-
heated sand bath at 65°C and the mixture refluxed overnight until the re-
action was complete by TLC analysis. After cooling to room temperature,
the crude reaction mixture was filtered through celite, and the filter cake
was further rinsed with ethyl acetate. The solvent was evaporated under
reduced pressure, and the mixture was treated with HNO; (20 %, 10 mL)
and concentrated HCI (5 mL) and heated at reflux for 8 h. Upon cooling
to room temperature, the residue was dissolved in aqueous HCl (2%,
5mL) and filtered through a cotton plug to remove any solids. The ICP-
AES sample was prepared by adding HCI (2%) such that the final (esti-
mated) nickel concentration was between 1 and 35 ppm. The analytical
sample prepared was determined to have 0.90 ppm of Ni, which equates
to 0.046 mg of Ni in solution. This amount of nickel corresponds to
1.06 % of the 8 % nickel used in the reaction, which corresponds to a sub-
strate/nickel ratio of 1179:1 in the reaction solution.

Preparation of Samples for ICP-AES of Suzuki Couplings

3'-Trifluoromethylbiphenyl-4-carbonitrile under microwave irradiation:
Ni'/C (32 mg, 0.02 mmol, 0.59 mmolg ') and Ph;P (27 mg, 0.10 mmol)
were added to a flame-dried Biotage process vial (2-5 mL) under a blan-
ket of argon at room temperature. Dry dioxane (1.0 mL) was added by
syringe, and the mixture was allowed to stir for 1h. n-Butyllithium
(0.020 mL, 2.55m in hexanes, 0.05 mmol) was then added dropwise. The
mixture was allowed to stir for 5min. In a second flame-dried, argon-
flushed container, potassium fluoride (174 mg, 3.00 mmol), lithium hy-
droxide (75 mg, 3.00 mmol), 4-chlorobenzonitrile (136 mg, 1.00 mmol),
and m-trifluoromethylphenylboronic acid (285 mg, 1.50 mmol) were
weighed out under a blanket of argon. The cap of the process vial was re-
moved and the solids in the second container were quickly added to the
vial. The cap was replaced and the vial was flushed with argon. The sides
of the vial were rinsed free of solids with dioxane (1.5 mL), and the re-
sulting heterogeneous mixture was heated in an Emrys Optimizer with
the following settings: temperature: 180°C, time: 1800 s, fixed hold time:
on, sample absorption: normal, pre-stirring: 30s. After cooling to room
temperature, the crude reaction mixture was filtered through celite, and
the filter cake was further rinsed with ethyl acetate. The solvent was
evaporated under reduced pressure, and the mixture was treated with
HNO; (20%, 10 mL) and concentrated HCI (5 mL) and heated at reflux
for 8 h. Upon cooling to room temperature, the residue was dissolved in
aqueous HCl (2%, 5 mL) and filtered through a cotton plug to remove
any solids. The ICP-AES sample was prepared by adding HCI (2 %) such
that the final (estimated) nickel concentration was between 1 and
35ppm. The analytical sample prepared was determined to have
0.03 ppm of Ni, which amounts to 0.001 mg of Ni in solution. This
amount of nickel corresponds to 0.24 % of the 2% nickel used in the re-
action, which corresponds to a substrate/nickel ratio of 20833:1 in the re-
action solution.

3"-Trifluoromethylbiphenyl-4-carbonitrile with conventional heating:
Ni'/C (32 mg, 0.02 mmol, 0.59 mmolg™") and PhyP (27 mg, 0.10 mmol)
were added to a flame-dried round-bottomed flask (10 mL) under a blan-
ket of argon at room temperature. Dry dioxane (1.0 mL) was added by
syringe, and the mixture was allowed to stir for 1h. n-Butyllithium
(0.020 mL, 2.55m in hexanes, 0.05 mmol) was then added dropwise. The
mixture was allowed to stir for 5min. In a second flame-dried, argon-
flushed container, potassium fluoride (174 mg, 3.00 mmol), lithium hy-
droxide (75 mg, 3.00 mmol), 4-chlorobenzonitrile (136 mg, 1.00 mmol),
and m-trifluoromethylphenylboronic acid (285 mg, 1.50 mmol) were
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weighed out under a blanket of argon. The solids in the container were
quickly added to the round-bottomed flask, which was equipped with a
reflux condenser. The sides of the flask were rinsed free of solids with di-
oxane (1.5mL), and the flask placed in a preheated oil bath at 110°C
overnight until the reaction was complete according to TLC. After cool-
ing to room temperature, the crude reaction mixture was filtered through
celite, and the filter cake was further rinsed with ethyl acetate. The sol-
vent was evaporated under reduced pressure, and the mixture was treat-
ed with HNO; (20%, 10 mL) and concentrated HCI (5 mL) and heated
at reflux for 8 h. Upon cooling to room temperature, the residue was dis-
solved in aqueous HCI (2%, 5 mL) and filtered through a cotton plug to
remove any solids. The ICP-AES sample was prepared by adding HCI
(2%) such that the final (estimated) nickel concentration was between 1
and 35 ppm. The analytical sample prepared was determined to have
0.12 ppm of Ni, which amounts to 0.007 mg of Ni in solution. This
amount of nickel corresponds to 0.94 % of the 2% nickel used in the re-
action, which corresponds to a substrate/nickel ratio of 5319:1 in the re-
action solution.

Preparation of Samples for ICP-AES of Aminations

4-Morpholinobenzonitrile under microwave irradiation: According to the
standard procedure for amination reactions outlined above, Ni'/C
(135 mg, 0.08 mmol, 0.59 mmolg™'), dppf (22 mg, 0.04 mmol), and lithium
tert-butoxide (164 mg, 2.0 mmol) were added to a flame-dried Biotage
process vial (2-5mL) under a blanket of argon at room temperature.
Dry dioxane (1.5 mL) was added by syringe, and the slurry was stirred
for 1 h. n-Butyllithium (0.062 mL, 2.55Mm in hexanes, 0.16 mmol) was then
added dropwise, and after 5 min, morpholine (140 pL, 1.60 mmol) and 4-
chlorobenzonitrile (110 mg, 0.80 mmol) in dioxane (1 mL) were added by
cannula. The resulting heterogeneous solution was then heated in the
Emrys Optimizer with the following settings: temperature: 200°C, time:
600 s, fixed hold time: on, sample absorption: normal, pre-stirring: 30 s.
After cooling to room temperature, the crude reaction mixture was then
filtered through celite, and the filter cake was further rinsed with ethyl
acetate. The solvent was evaporated under reduced pressure, and the
mixture was treated with HNO; (20%, 10 mL) and concentrated HCI
(5 mL) and heated at reflux for 8 h. Upon cooling to room temperature,
the residue was dissolved in aqueous HCl (2%, SmL) and filtered
through a cotton plug to remove any solids. The ICP-AES sample was
prepared by adding HCI (2 %) such that the final (estimated) nickel con-
centration was between 1 and 35 ppm. The analytical sample prepared
was determined to have 0.27 ppm of Ni, which amounts to 0.014 mg of Ni
in solution. This corresponds to 0.35% of the 10 % nickel used in the re-
action, which equates to a substrate/nickel ratio of 2285:1 in the reaction
mixture.

4-Morpholinobenzonitrile ~ conventional —heating: Ni'/C (135 mg,
0.08 mmol, 0.59 mmolg™"), dppf (22 mg, 0.04 mmol), and lithium tert-but-
oxide (164 mg, 2.0 mmol) were added to a flame-dried round-bottomed
flask (10 mL) purged under argon. Dry dioxane (1.5 mL) was then added
by syringe, and the slurry was stirred for 1 h. n-Butyllithium (0.062 mL,
2.55 m in hexanes, 0.16 mmol) was then added dropwise, and after 5 min,
morpholine (140 uL, 1.60 mmol) and 4-chlorobenzonitrile (110 mg,
0.80 mmol) in dioxane (1 mL) were added by cannula. The round-bot-
tomed flask was equipped with a reflux condenser and was heated in a
preheated oil bath at 110°C until the reaction was judged complete by
TLC. After cooling to room temperature, the crude reaction mixture was
filtered through celite, and the filter cake was further rinsed with ethyl
acetate. The solvent was evaporated under reduced pressure, and the
mixture was treated with HNO; (20%, 10 mL) and concentrated HCI
(5mL) and heated at reflux for 8 h. After cooling to room temperature,
the residue was dissolved in aqueous HCl (2%, 5mL) and filtered
through a cotton plug to remove any solids. The ICP-AES sample was
prepared by adding HCI (2 %) such that the final (estimated) nickel con-
centration was between 1 and 35 ppm. The analytical sample prepared
was determined to contain 0.84 ppm of Ni, which amounts to 0.041 mg of
Ni in solution. This amount of nickel corresponds to 1.0% of the 10%
nickel used in the reaction, which corresponds to a substrate/nickel ratio
of 800:1 in the reaction solution.
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Vancomycin Analogues Containing Monosaccharides Exhibit Improved
Antibiotic Activity: A Combined One-Pot Enzymatic Glycosylation and
Chemical Diversification Strategy

Desiree A. Thayer'® and Chi-Huey Wong *!*"!

Abstract: Many natural products contain carbohydrate moieties that contribute to
their biological activity. Manipulation of the carbohydrate domain of natural prod-

ucts through multiple glycosylations to identify new derivatives with novel biologi-
cal activities has been a difficult and impractical process. We report a practical
one-pot enzymatic approach with regeneration of cosubstrates to synthesize ana-
logues of vancomycin that contain an N-alkyl glucosamine, which exhibited

Keywords: antibiotics - chemoenzy-
matic synthesis - enzyme catalysis -
glycopeptides - vancomycin

marked improvement in antibiotic activity against a vancomycin-resistant strain of

Enterococcus.

Introduction

A diversity of natural products that exhibit a variety of
useful biological activities have been isolated and character-
ized. Many of these bioactive compounds contain sugar
units, which are often required for function in vivo, at specif-
ic positions on the aglycon core, but their role at the molec-
ular level is not well-understood. Glycosylation of natural
products may affect solubility, stability, or molecular recog-
nition associated with the biological target."?! Consequently,
development of practical methods for modification of the
carbohydrate domain of natural products may lead to a
better understanding of the process and identification of
new therapeutics.

The glycans on natural products are structurally diverse,
with sugar lengths ranging from monosaccharides to oligo-
saccharides. Though O-linked glycosylation is most
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common, natural products that contain C- or N-linked gly-
cosylation (e.g., urdamycin and rebeccamycin) are also
known. Regardless of the type of linkage, the glycosylated
compounds are biosynthesized by glycosyltransferases,
which transfer sugars, often late in the biosynthesis, to the
aglycon or to elaborate an existing incomplete glycan.

We have been interested in studying the role of glycosyla-
tion on glycopeptide antibiotics and the effects of adding
sugars to peptide antibiotics. In our previous study of pep-
tide antibiotics, we examined the effects of glycosylating a
naturally nonglycosylated natural product, tyrocidine A.F!
Our study and work with Walsh and co-workers resulted in
some glycosylated analogues with preservation or improve-
ment of biological selectivity, along with improvements in
solubility.*! In this complementary study, we examined the
effects of modifying and reducing the sugar complexity of a
naturally glycosylated natural product. It is hoped that new
antibiotics with a minimized number of sugar units discov-
ered in this study can be prepared on a large scale for fur-
ther development. Herein we report the use of vancomycin
as a model for the development of a practical and efficient
chemoenzymatic synthesis of lipoglycopeptide analogues
containing a simplified monosaccharide instead of the natu-
ral L-vancosaminyl-1,2-p-glucosyl disaccharide.

Vancomycin is a glycopeptide antibiotic used for the treat-
ment of life-threatening methicillin-resistant Gram-positive
bacterial infections caused by pathogens such as Staphylo-
coccus aureus, Enterococcus faecium, and E. faecalis.[7’8] It is
effective against Gram-positive but not Gram-negative bac-
teria, owing to the outer membrane of Gram-negative bacte-
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ria acting as a permeability barrier that prevents the glyco-
peptide from accessing its targets at the periplasmic face of
the inner membrane.

Vancomycin was the first glycopeptide antibiotic to be dis-
covered, and was isolated in the 1950s during the screening
of natural products from a soil sample.”’! Since then, other
glycopeptide antibiotics (characterized by a heptapeptide
core with oxidative cross-linking, a triphenyl ether moiety,
and various sites of glycosylation) have been reported, for
example, teicoplanin, chloroeremomycin, ristocetin A, and
A47934. Isolated from Amycolatopsis orientalis, vancomycin
functions by binding to the terminal pb-Ala-p-Ala dipeptide
of peptidoglycan precursors, thereby precluding the matura-
tion of bacterial cell walls.">'Yl Resistance occurs in VanA
and VanB bacterial phenotypes when bacteria alter the ter-
minal dipeptide of peptidoglycan precursors to the depsi-
peptide p-Ala-p-Lac,™” thus weakening the binding 1000-
fold by virtue of the disruption of a hydrogen bond and for-
mation of electrostatic repulsion.'®!? Furthermore, a VanC
phenotype has been observed whereby p-Ala-p-Ser is the
terminal dipeptide of peptidoglycan precursors.'® Over the
past decade, the global emergence of vancomycin-resistant
enterococci (VRE) and vancomycin-resistant S. aureus
(VRSA) reveals the need for more potent antibiotics.!'*?!
Consequently, the search for vancomycin analogues with im-
proved activity against VRE and VRSA is an apposite and
active area of research.

The first glycopeptides with lipophilic substituents on the
carbohydrate moiety displaying activity against vancomycin-
resistant strains were made from vancomycin by reductive
animation.”""* Since then, semisynthetic glycopeptide ana-
logues with lipophilic portions have been in human clinical
trials.”! Moreover, monoglycosylated lipoglycopeptide ana-
logues of vancomycin have been made by chemoenzymatic
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synthesis,* " though only one has reported activity against
VRE. Additionally, some lipoglycopeptides have been
shown to act by direct inhibition of the major transglycosy-
lases of Escherichia coli and S. aureus.”®>? To identify new
vancomycin analogues with a reduced glycan and to explore
the effect of lipidation on antibiotic activity, we report
herein a combination of one-pot enzymatic glycosylation
and chemical glycan modification as an effective method for
synthesizing lipoglycopeptide analogues of vancomycin.
These analogues were then examined for antibiotic activity
against vancomycin-sensitive and -resistant strains, as well as
methicillin-resistant S. aureus (MRSA).

We designed a one-pot enzymatic approach to make mon-
oglycosylated glycopeptide antibiotics. This enzymatic meth-
odology is more straightforward and practical compared to
lengthy chemical procedures for glycosylation of glycopep-
tide aglycons. As an initial example, we used vancomycin
aglycon as the platform for glycosylation with native and
nonnative monosaccharides. GtfE, the biosynthetic enzyme
that glucosylates vancomycin aglycon at the phenolic hy-
droxy group of the Phegly, residue to produce desvancosa-
minyl vancomycin (1),**7 was used in this one-pot method
to generate glycopeptide 1 and a glucosamine-containing
vancomycin analogue 2 (Figure 1). The synthesis of desvan-

HO
NH,

1 X=0H
2 X=NH, glucosamine-containing analogue

desvancosaminyl vancomycin

Figure 1. The glycopeptide antibiotic vancomycin and analogues with
reduced glycan complexity.
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cosaminyl vancomycin in this way is the first application of
a one-pot enzymatic strategy with an antibiotic glycosyl-
transferase. This approach is more efficient than two-step
enzymatic procedures with Ep and GtfE, as it decreases
product inhibition of GtfE by uridine diphosphate (UDP)
and lowers the cost of cosubstrates by regenerating catalytic
amounts of nucleotide. Application of the one-pot strategy
to make a glucosamine-containing vancomycin analogue is
possible owing to the relaxed substrate specificities of Ep®®
and GtfEP? though greater amounts of cosubstrates and en-
zymes are required relative to the natural glucose substrate.
The glucosamine-containing vancomycin provided an amine
as a chemoselective handle for subsequent chemical deriva-
tization. Reductive alkyl- and arylation of the primary
amine on the glucosamine moiety would afford a series of
vancomycin analogues. Thus, our one-pot enzymatic strategy
is designed for generating glycopeptide antibiotics that con-
tain monosaccharides, and coupling this approach with
chemical diversification may afford lipoglycopeptide ana-
logues with activity against vancomycin-resistant bacteria.
This simple chemoenzymatic approach should achieve modi-
fication of the vancomycin glycan by a divergent method
that facilitates identification of new antibiotics, and is more
amenable to large-scale synthesis than lengthy and complex
glycosylation strategies.

Results

Design for Synthesis of Monoglycosylated Lipoglycopeptide
Vancomycin Analogues

Although enzymaticP®® and chemical®*" approaches have
been used to glycosylate vancomycin aglycon, we pursued
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enzymatic synthesis as a means to make a monoglycosylated
vancomycin intermediate that could be modified directly to
lipoglycopeptide analogues (Figure 2). This chemoenzymatic
strategy®*?#!l is straightforward and practical as it circum-
vents protection®! (and the corresponding deprotection) of
the peptide aglycon required in chemical procedures, yet
provides access to a wider range of analogues than could be
obtained by only enzymatic methods. Compared to previous
enzymatic strategies, we decided to use a one-pot approach
with regeneration of cosubstrate (Scheme 1) for the enzy-
matic glycosylation to minimize product inhibition and
lower cosubstrate cost. We envisioned that this one-pot
method could provide sufficient quantities of product for di-
vergent chemical modification and biological testing.

Improving the Thermal Stability of Gt{E

Before attempting the one-pot glycosylation method (de-
scribed below; Scheme 1) the GtfE reaction was investigated
and optimized. Vancomycin aglycon, prepared by HF-medi-
ated cleavage of the disaccharide,*” was glycosylated enzy-
matically with GtfE by using UDP-glucose as the glycosyl
donor (Figure 3a). Previous work has shown that GtfE has
optimal activity at 37°C."*l However, it became evident that
GtfE loses its catalytic activity at 37°C after about 12 h (Fig-
ure 3b). Therefore, chemical thermal stabilizers were ex-
plored to prolong enzymatic activity and to achieve respect-
able product formation. Polyols, including ethylene glycol,
glycerol, and several sugars, were tested as additives to
extend GtfE activity (Figure 3b). Such polyols are known to
stabilize protein native structures in certain cases when used
as cosolvents.*" In general, additives with more hydroxy
groups or higher concentrations of those with fewer such

OH OH
HN Y RHN._}Y
one-pot ( {
enzymatic
OH glycosylation oo 9

o yé

OH

CH,OH
o)

vancomycin

protection and

deglycosylation chemical

OH
I
3
PG PG
protected aglycon

with cofactor
regeneration

vancomycin aglycon L

glycosylation
T e

chemical
diversification

‘
T chemical
T global diversification

deprotection I and

global
deprotection

OR' OR'

Ne
PG" P PG“ PG*
pg2 PG PG?

PG?

selective
deprotection
o

Figure 2. Comparison of enzymatic and chemical approaches for glycosylation of vancomycin aglycon, with our strategy highlighted in bold. Chemical
diversification of the glycan provides access to lipoglycopeptide analogues. PG =protecting group.

Chem. Asian J. 2006, 1, 445—-452

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemasianj.org 447





FULL PAPERS

UDP-sugar
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PPase l UTP
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0 > oH
HO OH

PK OPO,%
)\COQ,

Bt

XoPoy?

1: X = OH, sugar = glucose

ube 2: X = NH,, sugar = glucosamine

co,

Scheme 1. One-pot enzymatic glycosylation of vancomycin aglycon to desvancosaminyl vancomycin 1 and analogue 2 with glycosyltransferase (GtfE),
thymidylyltransferase (Ep), pyruvate kinase (PK), and inorganic pyrophosphatase (PPase). UDP =uridine 5'-diphosphate, UTP =uridine 5'-triphosphate.

groups were better thermal stabilizers. Other additives such
as alcohols (methanol, ethanol, iso-propanol, n-propanol,
tert-butanol) and detergents (tween 80 and BRIJ35) were
also tried, but they did not improve the reaction (data not
shown). With the knowledge that some polyols could extend
the activity of GtfE to 48 h, we included such a thermal sta-
bilizer in our one-pot approach.

One-pot Conditions for the Synthesis of Desvancosaminyl
Vancomycin

As a one-pot enzymatic approach had not yet been reported
for an antibiotic glycosyltransferase, we used the glucosyla-
tion of vancomycin aglycon as an initial prototype to test
our enzymatic one-pot procedure. We considered that the
synthesis of desvancosaminyl vancomycin from the aglycon
could be reconstituted in vitro by using a one-pot approach
with four enzymes (Scheme 1). Starting from a-p-glucose-1-
phosphate (Glc-1-P), thymidylyltransferase (Ep) condenses
Glc-1-P with uridine 5'-triphosphate (UTP) to form uridine
5'-diphosphoglucose (UDP-Glc) and inorganic pyrophos-
phate (PP)). Since the equilibrium of this reaction lies to-
wards Glc-1-P and UTP, the desired UDP-Glc is seques-
tered by hydrolysis of PP; with inorganic pyrophosphatase
into two equivalents of inorganic phosphate (P;). UDP-Glc
then acts as substrate for GtfE for glucosylation of vanco-
mycin aglycon to desvancosaminyl vancomycin, along with
release of uridine 5'-diphosphate (UDP). Pyruvate kinase
then converts UDP into UTP by using one equivalent of
phosphoenolpyruvate (PEP) as the phosphoryl donor.
Although all enzymes except GtfE have optimal activities
near pH 7.5, GtfE has a very strict requirement for pH 9.1’
For this reason, the one-pot enzymatic synthesis of glyco-
peptide 1 was best carried out by using pH 9 tricine buffer
with glycerol as a thermal stabilizer. Furthermore, Ep re-
quires a divalent metal cation,” and, among those evaluat-
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ed, including Ca, Ni, Co, and Zn, magnesium and manga-
nese gave the optimal yield for coupling Ep and GtfE (data
not shown). For the one-pot procedure, magnesium chloride
was used to satisfy the prerequisite for a divalent metal.

Unlike previous reports of generating 1 enzymatically
through two steps (by using Ep and GtfE sequentially),F!
this one-pot procedure uses catalytic amounts of UTP
(0.125 equiv per equiv of aglycon) and only a slight excess
of cosubstrates (1.25 equiv each of Glc-1-P and PEP). Sub-
stoichiometric amounts of UTP and regeneration of UTP by
pyruvate kinase are advantageous for minimizing product
inhibition of GtfE by UDP.

Modification of One-Pot Conditions for Introduction of
Glucosamine

With the optimized conditions for one-pot glycosylation
with Glc-1-P, we were encouraged to use our method to in-
corporate a nonnatural glucose analogue that could serve as
a substrate for Ep and GtfE and provide a chemoselective
handle for chemical lipophilic modification. Previous work
has shown the general applicability of using Ep for the syn-
thesis of UDP-sugars and GtfE for nonnatural glycosylation
of vancomycin aglycon.’ We envisioned that our one-pot
method could provide sufficient quantities of product for di-
vergent chemical modification and biological testing. We
chose glucosamine as the desired glycan, as lipophilic modi-
fication of the primary amine of the vancosamine moiety of
vancomycin was shown to yield lipoglycopeptide antibiotics
with activity against VRE.?"*l A glucosamine-containing
vancomycin derivative with a lipophilic modification has
also been reported with VRE activity.””! Furthermore, the
corresponding sugar-1-phosphate and UDP-sugar are
known substrates of Ep®! and GtfE,* respectively.

The one-pot synthesis of vancomycin analogue 2 is analo-
gous to that developed for desvancosaminyl vancomycin,

Chem. Asian J. 2006, 1, 445-452
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Figure 3. Prolonged enzymatic activity of a)the GtfE reaction was ob-
served by b) addition of polyol thermal stabilizers. m Sucrose, o glycerol
(1.5 ™), m ethylene glycol (2 M), A sorbitol, A trehalose, A lactose, @ glu-
cose, O maltose, @ ethylene glycol, ¥ none. All polyols were tested at
0.5M unless noted otherwise.

with a-D-glucosamine-1-phosphate (GIlcNH,-1-P) replacing
Glc-1-P, thereby changing the sugar nucleotide substrate of
GtfE to uridine 5'-diphosphoglucosamine (UDP-GIcNH,;
Scheme 1). Earlier work showed that Ep accepts GlcNH,-1-
P as it does Glc-1-P.**! Previous kinetic studies of GtfE with
several NDP-sugar substrates demonstrated the substrate
flexibility of GtfE.P® These studies report a relative specific-
ity constant (k./Ky;) for UDP-Glc that is 13 times that for
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UDP-GIcNH,, with the difference due completely to a re-
duction in k. To obtain the favorable conversion of vanco-
mycin aglycon to glucosamine-containing vancomycin ana-
logue 2, the one-pot method was modified for the new sub-
strate with additional amounts of cosubstrates and enzymes.
Two equivalents of cosubstrates were required in this
method, which is still an advance over the five equivalents
applied to two sequential enzymatic reactions with Ep and
GtfE.

Chemical Diversification of Glucosamine-Containing
Vancomycin

As we predicted, replacing glucose with glucosamine provid-
ed a chemoselective handle for chemical diversification. Se-
lective reductive alkyl- and arylation of the primary amine
on the glucosamine moiety with a series of aldehydes was
achieved by imine formation followed by reduction with
sodium cyanoborohydride (Scheme 2). Alkyl chains with
even numbers of carbon atoms from 6 to 18, benzyl, and 4-
chloro-4'-methylbiphenyl substituents were appended to the
primary amine of glycopeptide 2.

2 R=H

1. R'CHO, /Pr,NEt, DMF

2. NaBH,CN, CF,CO,H, MeOH
311 R=alkyl, aryl aBHCN, CF,CO-H, MeO

Scheme 2. Chemical modification of glycopeptide analogue 2 by selective
reductive alkyl- and arylation of the primary amine on the glucosamine
moiety. R=C,,H,,,; (n=3-9), Bn, 4-chloro-4'-methylbiphenyl; R'=
C,,_1Hy,_, (n=3-9), Ph, 4'-chlorobiphenyl.

Biological Activity Assays of Vancomycin Analogues

Minimal inhibitory concentration (MIC) tests were per-
formed on all synthesized vancomycin derivatives. The de-
rivatives were purifed by reverse-phase HPLC prior to MIC
determination with MRSA (ATCC 33591), vancomycin-sen-
sitive E. faecalis (VSE; ATCC 29212), and VRE (ATCC
51575, VanB). The MRSA and VSE strains were tested at
concentrations of 0.1 to 10 um, and the VRE strain was
tested at 0.5 to 50 um (except vancomycin, which was tested
to 2 mm). All derivatives displayed activity against the van-
comycin-sensitive strains, and derivatives containing alkyl
chains of 12, 14, and 16 carbon atoms showed the best activ-
ity against the VRE strain (Table 1).
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Table 1. MIC values of synthesized glycopeptides against methicillin-re-
sistant S. aureus (MRSA), vancomycin-sensitive E. faecalis (VSE), and
vancomycin-resistant E. faecalis (VRE).

Glycopeptide MRSA MIC VSE MIC VRE MIC
[uM] [uM] [uM]
vancomycin 1 2 1000
vancomycin aglycon 1 5 >50
2R=H 2 10 >50
3R=CH;; 2 5 >50
4R=CH,, 1 2 50
5 R=CH,, 0.5 0.5 10
6 R=C,H,;s 1 0.5 2
7 R=CH, 2 1 1
8 R=CHj; 2 2 2
9 R=CHjy, 5 10 50
10 R=CH,Ph 2 5 50
11 R =chlorobiphenyl 0.5 0.5 10
Discussion

We have developed the first one-pot enzymatic method with
an antibiotic glycosyltransferase for the glycosylation of van-
comycin aglycon (Scheme 1). This approach is more conven-
ient and direct than traditional chemical or stepwise enzy-
matic glycosylation of glycopeptide aglycon structures.
Chemical methods®" involve lengthy procedures for pro-
tecting the aglycon prior to glycosylation, followed by fur-
ther deprotection steps (Figure 2). Also, reports of chemical
glycosylation of vancomycin aglycon include extensive and
difficult syntheses of the sugar donor, due to the poor reac-
tivity of the aromatic hydroxy group of Phegly,. However,
the advantage is that chemical synthesis can, in principle,
generate a large diversity of glycans, as illustrated in the use
of the reactivity-based one-pot glycosylation method“”,
whereas enzymatic methods are limited by substrate specif-
icity. The limitation of the diversity of glycans that can be
incorporated enzymatically is lessened in our approach by
coupling the enzymatic glycosylation with chemical diversifi-
cation.’*?”*l Furthermore, this one-pot approach regener-
ates the nucleotide cosubstrate, which is an improvement
over sequential two-step enzymatic methods with Ep and
GtfE, as smaller amounts of cosubstrates and substrates are
required.

Key conditions for the one-pot synthesis of desvancosa-
minyl vancomycin include the use of a thermal stabilizer for
prolonged turnover by GtfE, pH 9 buffer for optimal GtfE
activity, and magnesium for the divalent-metal requirement
of Ep. Despite this slight improvement, the conditions have
yet to be optimized for use on a larger scale. Owing to the
relaxed substrate specificity of the Ep and GtfE enzymes,
modification of this one-pot procedure resulted in the incor-
poration of glucosamine to generate derivative 2. This meth-
odology, with slight modification, should also be amenable
to other glucose derivatives that are substrates for Ep and
GtfE. Furthermore, the substrate specificity of Ep has been
expanded by structure-based protein engineering,™® and di-
rected evolution or structure-based engineering of GtfE
would create the potential for more glycopeptide antibiotic
analogues.
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As mentioned previously, an alternative to direct enzy-
matic incorporation of a particular glycan is chemical modi-
fication of a precursor glycan after enzymatic glycosylation.
This approach was used to generate monoglycosylated lipo-
glycopeptide analogues of vancomycin. The primary amine
present on the glucosamine moiety of vancomycin derivative
2 served as a chemoselective site of direct chemical diversifi-
cation (i.e. no protection of 2 was necessary before modifi-
cation). Selective reductive alkyl- and arylation of this pri-
mary amine over the secondary amine in the peptide back-
bone was performed with a variety of aldehydes to create a
series of monoglycosylated vancomycin derivatives 3-11. In-
itially a reported procedure was followed for the reductive
alkylation,”?? though these conditions resulted in mixtures
of mono- and dialkylated products with mostly unreacted
starting material. A more recent method at lower tempera-
ture with acidic conditions during the reduction proved to
be very selective for the primary amine and resulted in
nearly complete conversion into the desired products
(Scheme 2).5Y With this improved procedure, we were able
to prepare a number of analogues with different alkyl chain
lengths in order to examine their antibiotic activities.

The antibiotic activities of the synthesized glycopeptides
were tested by invitro MIC assays. Three Gram-positive
strains were assayed: the MRSA, VSE, and VRE strains
(Table 1). All the tested vancomycin derivatives showed an-
tibiotic activity against the MRSA strain, with the glucosa-
mine-containing derivative with the decyl chain 5 and the p-
chlorobiphenyl analogue 11 having the best MIC values. All
derivatives also displayed activity against the VSE strain in
vitro, although glucosamine-containing derivative 2 and oc-
tadecyl derivative 9 have the least favorable MIC values.
For the VRE (VanB) strain, MIC values for alkylated deriv-
atives 3-9 displayed a trend of optimal alkyl chain lengths.
Derivatives that contain dodecyl, tetradecyl, and hexadecyl
chains (6-8) have the best antibiotic activity, whereas those
with longer or shorter alkyl chains have diminished activity
against VRE. For the aryl derivatives, the p-chlorobiphenyl
derivative 11 has some activity, but that of the smaller
benzyl derivative 10 was only modest.

Although the exact mechanism of action of glycopeptides
3-11 remains to be determined, it is possible that these gly-
copeptides with lipophilic chains are direct inhibitors of
transglycosylase. Some vancomycin analogues that contain a
lipophilic group on the disaccharide moiety were shown to
inhibit transglycosylation by binding with decreased affinity
to the substrate (i.e. the p-Ala-p-Ala terminus of peptido-
glycan precursor lipid IT), while also binding directly to the
transglycosylation complex.”? Further inhibition studies
are required to establish the mechanism underlying the bio-
logical activity of the lipoglycopeptides synthesized here.

Conclusions

The combined approach of one-pot enzymatic glycosylation
and chemical modification reported herein has been an ef-
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fective and convenient means of synthesizing lipoglycopep-
tide analogues of vancomycin. These derivatives contain a
reduced glycan (monosaccharide instead of disaccharide,
thus better candidates for large-scale synthesis), yet main-
tain activity against MRSA and VSE, and some have strik-
ing activity against VRE. The one-pot enzymatic glycosyla-
tion strategy should also be applicable to other glycopeptide
antibiotic peptide scaffolds with the proper biosynthetic an-
tibiotic glycosyltransferase. This chemoenzymatic method
may be useful for creating analogues of other glycosylated
natural products, for example, other glycopeptides, poly-
ketides, and hybrid nonribosomal peptide/polyketide com-
pounds.

Experimental Section

Purification of Ep and GtfE

Plasmids encoding His-tagged Ep (gift from Prof. Jon S. Thorson, Univer-
sity of Wisconsin) and His-tagged GtfE (gift from Prof. Christopher T.
Walsh, Harvard Medical School) were expressed in E. coli (BL21(DE3))
and purified by affinity chromatography as described previously.*

Effect of Chemical Thermal Stabilizers on GtfE Activity

A variety of polyols were tested in enzymatic reactions with GtfE in an
attempt to prolong the activity of GtfE at 37°C. Ethylene glycol, glucose,
lactose, maltose, sorbitol, sucrose, and trehalose (all 0.5m) were added to
reaction mixtures containing tricine (75 mm), MgCl, (2 mm), KCI (5 mm),
tris-(2-carboxyethyl)phosphine (2 mm), bovine serum albumin (BSA;
1 mgmL™"), vancomycin aglycon (2mm), UDP-Glc (2 mm), and GtfE
(500 nm) at pH 9.0. The reaction mixtures were incubated at 37°C. Ali-
quots were removed after 4, 8, 12, 24, 30, and 48 h, quenched with an
equal volume of cold methanol, and analyzed by reverse-phase (RP)
HPLC (Cjg). Ethylene glycol and glycerol were also tested at 2.0 and
1.5M, respectively.

Syntheses

1: The one-pot enzymatic reaction mixtures at pH 9.0 contained the fol-
lowing: tricine (50 mm), MgCl, (1 mm), glycerol (10% v/v), tris-(2-car-
boxyethyl)phosphine (2 mm), BSA (0.2 mgmL™"), UTP (0.25 mm), Glc-1-
P (2.5 mm), phosphoenolpyruvate (PEP; 2.5 mm), vancomycin aglycon
(2 mm),? inorganic pyrophosphatase (4 UmL™'), Ep (50nm), GtfE
(500 nm), pyruvate kinase (4 UmL™). Reaction mixtures of up to 20 mL
were incubated at 37°C and monitored by RP-HPLC. Typically over
85% substrate conversion was observed after 48h. Reactions were
quenched with an equal volume of cold methanol, and any precipitate
was removed by centrifugation. The supernatant was concentrated by
rotary evaporation and lyophilization. The desired glycopeptide 1 was pu-
rified by preparative RP-HPLC and characterized by HRMS (ESI-TOF):
m/z caled for CsyHg;CLNO,,: 1305.3428 [M+H]*; found: 1305.3436.

GIcNH,-1-P:  a-p-glucosamine-1-phosphate  was synthesized from 2-
deoxy-2-trifluoroacetamido-1,3,4,6-tetra-O-acetyl-p-glucose according to
a published procedure for the synthesis of 2-deoxy-o-Dp-glucose-1-phos-
phate,*! except that the MacDonald reaction was done in neat crystalline
phosphoric acid at 55°C for 8 h under vacuum.

2: Enzymatic reaction mixtures of up to 20 mL were incubated at 37°C
and pH 9.0 with the following: tricine (50 mm), MgCl, (1 mm), glycerol
(10% v/v), tris-(2-carboxyethyl)phosphine (2 mm), BSA (0.2 mgmL™),
UTP (2mm), GIcNH,-1-P (2mm), PEP (2mm), vancomycin aglycon
(1 mm)," inorganic pyrophosphatase (4 UmL™), Ep (250 nm), GtfE
(5 um), pyruvate kinase (20 UmL™'). When more than 80% yield of
product was observed, typically after about 48 h at 37°C, the reactions
were quenched with an equal volume of cold methanol and subjected to
centrifugation to remove any precipitate. The supernatant was concen-

Chem. Asian J. 2006, 1, 445—-452

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CHEMISTRY

AN ASIAN JOURNAL

trated by rotary evaporation and lyophilization. The desired vancomycin
derivative 2 was purified by preparative RP-HPLC (Cg) and character-
ized by HRMS (ESI-TOF): m/z caled for CsHgCLNyO,: 1304.3588
[M+H]™; found: 1305.3588.

Chemical diversification of 2: Vancomycin derivative 2 (1.3 mg, 1 umol)
was dissolved in dry N,N-dimethylformamide (DMF; 20 uL). A solution
of the aldehyde (1.3 umol) in dry DMF (10 uL) was added to the glyco-
peptide. N,N-diisopropylethylamine (2 umol) was added to the reaction
mixture, which was stirred at room temperature for 1 h. Then sodium cy-
anoborohydride (1 pmol) in dry MeOH (5 uL) was added, and the mix-
ture was diluted with dry MeOH (10 pL). Trifluoroacetic acid (3 umol)
was added, and stirring was continued for another hour at room tempera-
ture. Products 3--11 were purified by preparative RP-HPLC (Cjg) and
characterized by HRMS (ESI-TOF). 3: m/z caled for CgiHysCLNO,;:
1388.4527 [M+H]*; found: 1388.4512; 4: m/z caled for CgHgCLN,O,;:
1416.4840 [M+H]*; found: 1388.4512; 5: m/z caled for CgHgCLN,O,;:
1444.5153 [M+H]*; found: 1444.5147; 6: m/z caled for C;HgCLN,O,;:
1472.5466 [M+H]*; found: 1472.5449; 7: m/z caled for Ci;3;Hg,CLN,O,;:
1500.5779 [M+H]*; found: 1500.5749; 8: m/z caled for CisHooCLN,O,;:
1528.6092 [M+H]*; found: 1528.6102; 9: m/z caled for C;;H,;0CLN,O,;:
1556.6405 [M+H]*; found: 1556.6416; 10: m/z calcd for CeHyoCLN,O,;:
1394.4058 [M+H]*; found: 1394.4066; 11: m/z caled for Cp,H,;CLN,O,;:
1504.3981 [M+H]*; found: 1504.3984.

MIC Assays of Glycopeptide Antibiotics

In vitro MIC assays were performed according to benchmarks of the Na-
tional Committee for Clinical Laboratory Standards. The glycopeptides
were assayed against MRSA (ATCC 33591), vancomycin-sensitive E. fae-
calis (ATCC 29212), and vancomycin-resistant E. faecalis (ATCC 51575).
The MRSA and VSE strains were tested in 96-well plates in serial 2-fold
dilutions (0.1-10 um), and the VRE strain was tested in serial 2-fold dilu-
tions (0.5-50 um), except for vancomycin, which was tested to 2 mm. The
S. aureus strain was grown overnight at 35°C in nutrient broth and then
diluted 1:10000 in Mueller-Hinton broth for the assay. The E. faecalis
strains were grown overnight at 35°C in Brain Heart Infusion (BHI)
broth and diluted 1:10000 in new BHI broth for the assay. The plates
were incubated at 35°C overnight, and the concentrations necessary for
complete inhibition of bacterial growth were determined visually.
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Readily Synthesized Chiral Sulfides as Reagents for Asymmetric Epoxidation
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Abstract: Chiral oxathianes were de-
signed, synthesized, and successfully
used for asymmetric sulfur ylide medi-
ated epoxidation. A considerable em-
phasis has been placed upon the design
of sulfides with suitable architecture in
a small number of steps (three or
four). The use of (4aR,6S,8aR)-6-iso-
propenyl-8a-methyloctahydro-1,4-ben-

Introduction

The reactions of sulfur ylides with carbonyl compounds
have emerged as a useful and powerful method in the arsen-
al of asymmetric transformations.””! Two processes have
been developed: a catalytic one which shows somewhat lim-
ited substrate scope/™® and a more general stoichiometric
process.*1 A process that uses stoichiometric amounts of
chiral sulfides clearly requires ready access, and on a large
scale, to such material, so we began a program of research
to deliver this. In addition to ready availability in a short
number of steps, certain structural features are required to
promote high selectivity.”'! We have identified the most
important factors that control enantioselectivity as ylide
conformation and ylide face selectivity.”’! If the sulfide is in-
corporated into a six-membered ring, both of these factors
can be controlled by judicious choice of the substituents R
and R? (Scheme 1). Other requirements include sufficient
reactivity and high diastereoselectivity in the sulfide-alkyla-
tion step and control in the conformation of the thiane.
Based on the above criteria, conformationally locked
chiral sulfides 2, 4, and 5 were designed (Scheme 2). In each
case alkylation was expected to occur at the more accessible
equatorial lone pair of electrons, and ylide conformation
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zoxathiane in asymmetric epoxidation
resulted in good diastereo- and enan-
tioselectivity in the formation of stil-
bene oxide, and (2S,65)-2-allyl-2,3,3,6-
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tetramethyl-1,4-oxathiane produced
even better results. Moderate to good
diastereoselectivities with essentially
complete enantioselectivities were ob-
served in the formation of alkyl-aryl-,
vinyl-aryl-, and propargyl-aryl-substi-
tuted epoxides. The selectivities were
rationalized and supported by density
functional theory calculations.

R? Zi 2
iR% iy
M 3 - R%
PhCHO Ph™™ § H/*k‘s
e
/ 1a 1b

PhCHO

Scheme 1. Facial selectivity and conformational control.

PhCHO
) 0 _\—: \%o Pﬁﬂo
S Ph/l\S/w\/ H)—\s/\/
N Me + Me + Me
2 / 3a 3b
PhCHO
PhCHO
k\ H
.\J/\\'Lﬁ J/\L\g - " o
5TR Ph™=8 H gl
-‘- + R + R
4(R=H) / 6a 6b
5 (R = allyl) PhCHO

Scheme 2. Design features of sulfides 2, 4, and 5.

and face selectivity would be controlled by the substituents
at the 2-position of the oxathiane ring. The oxygen atom of
the oxathiane was incorporated to facilitate synthesis.

Results and Discussion

Sulfide 2 was synthesized in three steps (Scheme 3). The
thioacetate acetal precursor 8 was obtained in 88 % yield by
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Br OEt i)

OEt 88%

o i)
45%

9
55:45 (trans/cis)!

11

Scheme 3. Synthesis of sulfides 2 and 11: Reagents and conditions:
i) KSAc, DMF, RT, 24 h; ii) 8, NaOMe, MeOH, RT, 18 h; iii) BF;-OEt,
(1 equiv), Et;SiH (5 equiv), CH,Cl,, 18 h; iv) TMSOTI (5 equiv), Et;SiH
(5 equiv), CH,Cl,, RT, 18 h. DMF = N,N-dimethylformamide, Tf=tri-
fluoromethanesulfonyl, TMS =trimethylsilyl. [a] The trans diastereomer
of 9 has the methyl and propenyl groups on opposite sides of the cyclo-
hexane ring.

reaction of bromoacetal 7 with potassium thioacetate.'”! The
thioacetate 8 underwent reaction with the commercially
available mixture of (—)-cis- and trans-limonene oxide 9 in
the presence of sodium methoxide in methanol to give the
hydroxy sulfide 10 as a single diastereomer in 45% yield. In
this process, the reactive thiolate anion is generated in situ.
This procedure is especially useful as it avoids the handling
of the intermediate thiol, which we found to be prone to ox-
idative disulfide formation. Furthermore, a highly selective
kinetic resolution occurs in this process: only the trans
isomer reacts, leaving the cis isomer in solution. This type of
kinetic resolution has been observed previously™ and is a
consequence of the trans isomer undergoing ring opening
via an energetically favorable “chair-like” transition state,
whereas the cis isomer must pass through a less-favorable
“boat-like” transition state. The acetal 10 was then subjected
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to a reductive ring-closure reaction mediated by boron tri-
fluoride etherate to provide the target sulfide 2 in good
yield. In contrast, an excess of trimethylsilyl trifluorometh-
anesulfonate (5 equiv) as Lewis acid resulted in alkene iso-
merization and ring closure to give the product 11.

Chiral sulfides 2 and 11 were alkylated to give single dia-
stereomers of sulfonium salts 12 and 13, respectively, by
using benzyl bromide and sodium tetrafluoroborate under
biphasic conditions (Scheme 4). In these reactions, the rela-
tively nucleophilic bromide ion is exchanged for the less-nu-
cleophilic tetrafluoroborate counterion to avoid reversion to
the starting materials.

S 64% BF,
2

oj

HS 50% BF,
1 13

Scheme 4. Alkylation of sulfides 2 and 11: Reagents and conditions:
BnBr, NaBF,, CH,Cl,/H,O (1:1), room temperature, 48 h.

The synthesis of chiral sulfide 4 followed similar lines to
sulfide 2 and was efficiently prepared in four steps
(Scheme 5). The first step involved the synthesis of the
known bromide 15,'" and the second step its conversion

(0] . (0] (0]
) })J\ ) ))J\
51% 7%
Br SAc
14 15 16

o}
i) o iv) J\,Lo
SAc OH

16 17 4

Scheme 5. Synthesis of sulfide 6. Reagents and conditions: i) Br,, CCl,,
reflux, 4 h; ii) KSAc, DMF, room temperature, 18 h; iii) NaSMe, MeOH,
propylene oxide, room temperature, 4 h; iv) BF;-OEt,, Et;SiH, CH,ClL,,
room temperature, 18 h.

into the requisite thioacetate precursor 16. This then reacted
with sodium thiomethoxide in the presence of propylene
oxide, and the crude mixture of lactols 17 was reduced with
boron trifluoride etherate in the presence of triethylsilane to
give the sulfide 4 in 79 % yield.

Sulfide 4 required more-forcing alkylation conditions than
sulfides 2 or 11, indicating that it was substantially more hin-
dered. Silver tetrafluoroborate was used to mediate the re-
action of 4 with benzyl bromide (Scheme 6).7 However,
when this sulfide was alkylated, a mixture of sulfonium salt
diastereomers 18 and 19 resulted. This meant that one of
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the criteria outlined in the Introduction was not being fulfil-
led as both lone electron pairs of sulfide 4 were reactive.

A way to block reaction of the axial lone electron pair of
4 would be to incorporate an axial substituent on the carbon

Lo B T
S/?P 66% ©/\§/?& + S/\P
BF,

4 18 2:1 19

Scheme 6. Alkylation of sulfide 4. Reagents and conditions: BnBr,
AgBF,, acetone, 40°C, 18 h.

adjacent to the oxygen atom. It was anticipated that this
could be achieved by treating 17 with boron trifluoride
etherate in the presence of a nucleophile other than hydride.
Thus, thioacetate 16 was treated with (S)-propylene oxide,
and the resulting mixture of lactols 17 was treated with
boron trifluoride etherate and triethylallyl silane. This re-
sulted in the formation of the desired chiral sulfide 5 in
78 % yield (Scheme 7).

SAc OH

16 17 5

Scheme 7. Synthesis of sulfide 5. Reagents and conditions: i) KOH,
MeOH/H,O0, (S)-propylene oxide, room temperature, 4 h; ii) BF;-OEt,,
Et;SiCH,CH=CH,, CH,Cl,, room temperature, 18 h.

Sulfide 5§ proved to be incompatible with the silver tetra-
fluoroborate-mediated alkylation conditions employed for
sulfide 4, and a complicated reaction mixture resulted. This
is most likely due to the presence of the alkene, which pre-
sumably coordinates and reacts with silver tetrafluoroborate.
However, sulfide § was successfully alkylated by using an
acid-mediated alkylation with benzyl alcohol™ to give a
single diastereomer of sulfonium salt 20, the result of alkyla-
tion of the equatorial lone pair of electrons on the sulfur
atom (Scheme 8). Thus, the extra bulk of the allyl moiety
proved sufficient to block alkylation of the axial lone elec-
tron pair of 5.

The chiral sulfonium salts 12, 13, and 20 were treated with
base and benzaldehyde under two sets of reaction conditions
to evaluate their potential for asymmetric epoxidation

J\Lo
H 81% + H

5 20

Scheme 8. Alkylation of sulfide 5. Reagents and conditions: BnOH,
HBF,, dioxane, room temperature, 4 h.
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(Table 1): Method A: KOH, EtOH, —50°C, and Method B:
EtP, base (N,N,N,N'-tetramethyl-N"-[tris(dimethylamino)-
phosphoranylidene]phosphoric triamide ethylamine),

Table 1. Results for stoichiometric asymmetric epoxidation with sulfoni-
um salts 12, 13, 20, and 21.

.0 o
ﬂj; or HS; o

Ph B Ph) ) PIS

BF, BF, Ph™ H
12 13 KOH (Method A) O _pn
L EtP, b O(rM thod B) P
B o~ > base (Metho
: O s "Ph
or or
o _
j* _ BF,
ph~ BF4
20 21
Entry Salt Aldehyde Method® Yield d.r. ee
[%]® (transi  [%]
cis)
1 12 benzaldehyde A 54 72:28 89l
2 13 benzaldehyde A 58 54:46 91!l
3 20 benzaldehyde A 56 79:21 93¢l
4 12 benzaldehyde B 75 99:1 87!l
5 13 benzaldehyde B 67 72:28 80!l
6 20 benzaldehyde B 78 99:1 > 99l
7 20  methacrolein B 67 99:1 > 99lel
8 20 cinnamaldehyde B 91 93:7 99!cl
9 20 TIPS-propargyl- B 70 70:30 99l
aldehyde g7ul
10 20  valeraldehyde B 99 70:30 > 99l
L
11 217" valeraldehyde B 64 92:8 971l

[a] Method A: aldehyde, KOH, EtOH, —50°C. Method B: aldehyde,
EtP, base, CH,Cl,, —78°C; [b] yield of isolated product; [c]ee (trans);
[d] ee (cis). TIPS = triisopropylsilyl.

CH,Cl,, —78°C. Also included for comparison is the result
of epoxidation with sulfonium salt 21.77 The results show
that use of protic solvents (Method A) leads to lower diaste-
reoselectivity than with aprotic solvents (Method B) (com-
pare entries 1-3 with entries 4-6). This can be rationalized
based on our understanding of the factors that control dia-
stereoselectivity.”) The high trans selectivity observed under
aprotic conditions is a result of unproductive, reversible for-
mation of the syn betaine 25a (Scheme 9). This compound,
though easily formed, suffers a high activation barrier to
bond rotation as two large groups have to pass each other,
so it reverts to the starting materials instead. Under protic
conditions, the barriers to bond rotation in the betaines are
reduced because the charges are better solvated and so
more easily separated. Thus, syn betaine formation becomes
partially productive, leading to mixtures of trans and cis ep-
oxides.

The diastereo- and enantioselectivities obtained for epoxi-
dations with sulfonium salt 20 were significantly superior to
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o 0]

anti betaine

25a 25b

syn betaine

Scheme 9. Reversible syn betaine formation leading to high trans selectivity in epoxidation.

those with 12 and 13 (compare entries 4-6), so other alde-
hydes were explored with this salt (entries 7-10), and again
good yields were accompanied by excellent enantioselectivi-
ties. The yield and selectivity obtained with 20 compare fa-
vorably with those obtained with sulfonium salt 21 (compare
entry 10 with 11). Sulfonium salt 21 was previously found to
be highly effective in stoichiometric epoxidation, but a five-
step synthesis is required to obtain the parent sulfide.”

The good to excellent enantioselectivity observed with
salts 12, 13, and 20 results from the design features discussed
in Scheme 2. We believe that the facial selectivity of all the
ylides is well-controlled and that the relatively low enantio-
selectivity with the sulfonium salts 12 and 13 compared to
20 (and 21) is likely to be poor conformational control of
the ylide (Scheme 2). To investigate this issue further, we
calculated the relative energies of the ylide conformers. For
this we used density functional theory (DFT) calculations

)H\ H o AE=169keal mol* ph M s
Ph7 3/\/ - ~/
+ Me H § Me
3a 3b
H— M l AE=43Tkealmor®  H~—cH ﬁ)ih
s >ph T s H
o o
26a 26b
- -1
HJ\LO AE = 3.78 kcal mol Pfﬂ\L
- o)
- gy A
PR HS R
6a 6b

Scheme 10. Results of DFT calculations on ylides 3, 26, and 6.
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with geometry optimization at
O the B3LYP/6-31* level followed
Ar/Q “R by single-point calculations at
the B3LYP/6-311G** 4 level in
acetonitrile.'"”  Indeed, the
energy difference between 3a
and 3b (1.69 kcal) was signifi-
cantly smaller than that calcu-
lated for ylides 26a and 26b
(4.37 kcal)'™ and ylides 6a and
6b (3.78 kcal) and is, therefore,
R most likely to be responsible for
the lower enantioselectivities
with sulfonium salt 12 (and by
analogy 13) compared to sulfo-
nium salts 20 and 21
(Scheme 10).

Ar

cis

Conclusions

Readily synthesized chiral sulfides have been designed and
employed in asymmetric epoxidation. Chiral sulfide 2 is
most easily synthesized, but superior selectivities were ob-
served with chiral sulfide 5. This sulfide has been shown to
be an extremely effective reagent, providing aryl-alkyl-,
aryl-aryl-, aryl-vinyl, and aryl-alkynyl-substituted epoxides
in high yields and enantioselectivities. These sulfides provide
further validation of the model that accounts for both dia-
stereo- and enantioselectivity, thus providing further evi-
dence of its use as a predictive tool in the design of new
chiral sulfides.

Experimental Section

For general procedures, see the Supporting Information.

8:112 Potassium thioacetate (12.50 g, 110 mmol) was weighed under nitro-
gen and added in one portion to a solution of 7 (11 mL, 73 mmol) in
N,N-dimethylformamide (DMF; 190 mL, anhydrous). The colorless solu-
tion became turbid and green before turning brown. After being stirred
for 18 h at room temperature, the reaction mixture was diluted with di-
ethyl ether (200 mL) and washed with water (4x200 mL). The organic
layer was dried over magnesium sulfate, filtered, and concentrated under
vacuum. The residue was subjected to chromatography (EtOAc (5%) in
petrol) to produce 8 as a colorless, pungent oil (12.31 g, 88%). R;=0.37
(EtOAc (10%) in petrol); IR (neat): P=1692 (C=0S), 1040 cm ™! (C-0);
'"HNMR (400 MHz, CDCl,, 25°C, TMS): 6=4.50 (t, Y/ y=5.5 Hz, 1H;
CH(OEt),), 3.65 (dq, Jyu=9.5 Hz, *J,;;;=7.0 Hz, 2H; 2CH,CHH), 3.55
(dq, Yyu=9.5Hz, *Jyy=7.0 Hz, 2H; 2CH;CHH), 3.12 (d, *Jyy=5.5 Hz,
2H; CH,S), 2.35 (s, 3H; CH,CO), 1.23ppm (t, *Jyu=7.0Hz, 6H;
2CH,);") BCNMR (101 MHz, CDCl;, 25°C): 6=195.2 (s), 101.3 (d),
62.4 (t), 32.4 (1), 30.4 (q), 15.2 ppm (q)."

10: Sodium methoxide (3.37 g, 62.0 mmol) was added with stirring to a
solution of 9 (trans/cis=55:45, 20.5mL, 125mmol) and 8 (12.0¢g,
62.0 mmol) in methanol (500 mL) at 0°C. The solution was warmed to
room temperature and after 18 h was concentrated under vacuum. The
residue was dissolved in CH,Cl, (100 mL) and HCI (1n, 50 mL). The
aqueous layer was separated and extracted with CH,Cl, (3 x50 mL). The
organic layers were combined, washed with brine (2x50 mL), dried over
magnesium sulfate, filtered, and concentrated under vacuum. The residue
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was subjected to chromatography (EtOAc (20 %) in petrol) to yield 10 as
a colorless, sweet-smelling oil (16.6 g, 45%). R;=0.19 (EtOAc (10%) in
petrol); [a]3 =—70.5 (c=1.0 in CHCL); IR (neat): P=3456 (O—H), 1643
(C=C), 1371 ecm™’; 'THNMR (400 MHz, CDCl;, 25°C, TMS): 0=4.78
(brs, 1H; CHH=), 4.76 (brs, 1H; CHH=), 4.61 (t, *Jyy=5.5Hz, 1H;
CH(OE),), 3.69 (dq, ¥y =9.5 Hz, 3Ty y=7.0 Hz, 1H; CH,CHHO), 3.67
(dq, Jyu=9.5Hz, Tyu=70Hz, 1H; CH,CHHO), 3.56 (dq, Juu=
9.5 Hz, Jyu=7.0 Hz, 1H; CH,CHHO), 3.54 (dq, Yyyu=9.5Hz, Tyu=
7.0 Hz, 1H; CH;CHHO), 2.94 (t, ¥J;y=4.0 Hz, 1H; CH,S), 2.77 (d,
3Jun=5.5Hz, 2H; CH,S), 2.35-2.25 (m, 1H; CHC=), 2.14 (ddd, ¥y =
13.5Hz, *J,;4=9.5, 40 Hz, 1H; CH,HCHS), 1.90 (brs, 1H; OH), 1.8-
15 (m, 8H; 2xCH,, CHH, CH,C=C), 1.36 (s, 3H; CH,CO), 1.24 (t,
un=7.0Hz, 3H; CH,CH,), 1.22 ppm (t, Jyyu=7.0 Hz, 3H; CH,CH,);
3C NMR (101 MHz, CDCl,, 25°C): §=148.7 (s), 109.3 (t), 103.1 (d), 72.5
(s), 62.1 (1), 62.0 (1), 53.8 (d), 38.6 (d), 36.5 (1), 34.8 (1), 33.1 (1), 27.8 (q),
262 (1), 213 (q), 153ppm (2xq); MS (CI): m/z (%): 285 (19)
[MH—-H,0], 256 (34) [M—EtOH], 239 (74), 103 (100); elemental analy-
sis: caled (%) for C;sH;,05S (302.5): C 63.5, H 10.00; found: C 63.4; H
10.30.

2:151 Boron trifluoride diethyletherate (distilled, 2.51 mL, 19.8 mmol) was
added to a solution of 10 (6.00 g, 19.8 mmol) and triethylsilane (15.8 mL,
99.2 mmol) in CH,Cl, (300 mL) at 0°C. The mixture was warmed to
room temperature for 18 h. It was then poured into saturated aqueous
sodium carbonate (100 mL), and the resulting mixture was separated and
washed with more sodium carbonate (2x 100 mL) and brine. The solution
was then dried over magnesium sulfate, filtered, and concentrated under
vacuum. Chromatography (EtOAc (5%) in petrol) provided 2 as white
needles (3.4 g, 81%). R;=0.60 (EtOAc (30%) in petrol); m.p.: 33-36°C
(EtOAc/petrol); [a]d=-280.0 (c=0.1 in CHCL); IR (neat): P=3087
(C=CH,), 1075 (C-0), 1045cm™" (C-0); 'HNMR (400 MHz, CDCl,,
25°C, TMS): 6=4.98 (brq, “/yy=15Hz, 1H; HC=), 491 (brs, 1H;
HC=), 4.00 (ddd, %Jyy=12.5 Hz, *J;;;=10.0, 2.0 Hz, 1H; CHHO,,), 3.80
(ddd, Jyy=12.5Hz, *Jyy=3.5, 2.0 Hz, 1H; CHHO,,), 3.05 (ddd, =
12.5 Hz, *Jyu=10.0, 3.5 Hz, 1H; CHHS,,), 3.00 (dd, *Jyy=12.5, 2.5 Hz,
1H; CHS), 2.38-231 (brm, 1H; CHC=C), 2.35 (dt, /,;=12.5Hz,
*Jun=2.0Hz, 1H; CHHS,,), 2.03-1.96 (m, 1H; CHHCHC=C), 1.86-1.70
(m, 2H; CHHCHS, CHHCHC=C), 1.75 (brs, 3H; CH;C=C), 1.63 (td,
2Jun=13.0 Hz, *Jy4,=13.0, 4.0Hz, 1H; HCHCO,,), 1.54 (ddd *Jyu=
13.0, *Jyu=4.5, 3.0 Hz, 1H; HCHCO,,), 1.50-1.41 (m, 1H; CHHCHS),
1.45 ppm (s, 3H; CH;CO); “C NMR (101 MHz, CDCl,, 25°C): § =145.7
(s), 111.5 (t), 74.9 (s), 61.2 (t), 44.8 (d), 39.2 (d), 35.3 (t), 31.1 (t), 30.2 (t),
25.5 (t), 22.7 (q), 14.7 ppm (q); MS (CI): m/z (%): 213 (79) [M +1], 135
(100) [M—SCH,CH,OH], 130 (84); HRMS (CI): caled for C,,H,,0S:
213.1313; found: 213.1303.

11: Triethylsilane (528 mL, 33.1 mmol) and trimethylsilyltrifluoro-
methane sulfonate (5.98 mL, 33.1 mmol) were added dropwise sequen-
tially with stirring to a solution of 10 (2.00 g, 6.61 mmol) in CH,CI,
(100 mL) at 0°C. The reaction mixture was warmed to room temperature
and stirred for 18 h. The reaction was quenched by the addition of satu-
rated aqueous sodium bicarbonate (50 mL). The organic layer was sepa-
rated and washed with saturated aqueous sodium bicarbonate (2x
25 mL), followed by HCI (1N, 3x25 mL) and brine (3x25 mL). The or-
ganic layer was then dried over magnesium sulfate, filtered, and concen-
trated under vacuum. The residue was subjected to chromatography
(EtOAc (2%) in petrol) to give 11 as a colorless oil (700 mg, 50%). R;=
0.63 (EtOAc (20%) in petrol); [a] % =-72.10 (¢c=0.20 in CHCL); IR
(neat): P=1664 (C=C), 1075cm™" (C-0O); 'H NMR (400 MHz, CDCl,,
25°C, TMS): 6=5.35-528 (m, 1H; CH=), 4.00 (td, %Jyuy=12.0 Hz,
Jun=12.0, 2.0 Hz, 1H; OCHH,,), 3.88 (ddd, *Jy;;=12.0 Hz, *Jyy3=3.5,
2.0Hz, 1H; OCHH,,), 3.14 (dd, *Jyu=12.0, 5.5 Hz, 1H; CHS), 3.02
(ddd, ¥y y=13.5Hz, *J, y,=12.0, 3.5 Hz, 1H; SCHH,,), 2.36 (dt, ¥y =
135Hz, *Jyy=2.0Hz, 1H; SCHH,), 2.24-2.05 (m, 4H; CH,CO,
CHHCHS, CH(CH;),), 1.80-1.70 (m, 1H; CHHCHS), 1.35 (s, 3H;
CH,;CO), 098 ppm (d, *Jy;u=6.5Hz, 6H; 2x(CH;)CH); “CNMR
(101 MHz, CDCl,;, 25°C): 6=141.7 (s), 117.2 (d), 73.0 (s), 61.6 (t), 44.5
(d), 39.9 (t), 34.5 (d), 31.3 (1), 29.3 (t), 21.6 (q), 21.2 (q), 15.0 ppm (q);
MS (EI): m/z (%): 212 (9) [M]*, 134 (10), 116 (100), 93 (10), 88 (15), 84
(50); elemental analysis: calcd (%) for C;,H,,0S (212.4): C 67.9, H 9.50;
found: C 68.1, H 9.25.
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12:1 A solution of sodium tetrafluoroborate (3.42 g, 31.2 mmol) in
water (1.5mL) was added to a solution of 2 (944 mg, 4.45 mmol) and
benzyl bromide (3.71 mL, 31.2 mmol) in CH,Cl, (1.5 mL). The resulting
mixture was stirred for two days, after which it was extracted with
CH,C], (3x15mL), washed with brine (3x15mL), dried over magnesi-
um sulfate, filtered, and concentrated under vacuum. The resulting oil
was triturated with petrol, and the crystals produced were filtered to give
12 as white prisms (864 mg, 64%). M.p.: 156-159°C (petrol); [a]X =
—240.0 (c=0.1 in CHCL); IR (neat): P=3006 (CH,), 750 cm™' (Ar);
'HNMR (400 MHz, CDCl,, 25°C, TMS): §=7.52-7.36 (m, SH; ArH),
5.10 (s, 1H; HC=), 491 (s, 1H; HC=), 4.80 (d, Jyu=13.5Hz, 1H;
CHHPh), 4.65 (d, *Jyu=13.5Hz, 1H; CHHPh), 4.17 (ddd, *Jyu=
145 Hz, *Jy =120, 2.0 Hz, 1H; CHHO,)), 4.03 (ddd, */,;y=14.5 Hz,
*Jun=45, 2.0 Hz, 1H; CHHO,,), 3.50 (dt, *Jy;=12.0 Hz, *Jy;;=2.0 Hz,
1H; CHHS,,), 338 (dd, *Jyuy=13.5, 3.5 Hz, 1H, CHS), 3.10 (td, Jypu=
12.0 Hz, *Jyy=12.0, 4.5 Hz, 1H; CHHS,,), 2.51-2.45 (brm, 1H; CHC=
C), 2.26-2.25 (br m, 1H; CHH ring), 2.05-1.95 (m, 1H; CHH ring), 1.91-
1.60 (m, 4H; CH, ring), 1.82 (brs, 3H; CH;C=), 1.49 ppm (s, 3H;
CH;CO); "CNMR (101 MHz, CDCl,, 25°C): 0=144.2 (s), 131.0 (d),
130.4 (d), 129.7 (d), 126.1 (s), 113.0 (t), 75.7 (s), 57.1 (t), 55.9 (d), 44.4 (1),
38.1 (d), 37.5 (1), 35.8 (1), 26.9 (t), 24.6 (t), 22.8 (q), 16.2 ppm (q); MS
(ESI): m/z (%): 303 (100) [M]*; elemental analysis: caled (%) for
C,yH,;BF,0S (390.3): C 58.5, H 6.97; found: C 58.5, H 6.85.

13:1 A solution of sodium tetrafluoroborate (2.17 g, 19.8 mmol) in
water (1.0 mL) was added to a solution of 11 (600 mg, 2.82 mmol) and
benzyl bromide (2.35 mL, 19.8 mmol) in CH,Cl, (1.0 mL). The resulting
mixture was stirred for two days, after which it was extracted with
CH,Cl, (3x10 mL), washed with brine (3x10 mL), dried over magnesi-
um sulfate, filtered, and concentrated under vacuum. The resulting oil
was triturated with petrol, and the resulting crystals were isolated by fil-
tration to give 13 as white cubes (428 mg, 50%). M.p.: 165-167°C
(petrol); [a]ly =—40.0 (¢c=0.1 in CHCl,); IR (neat) #=3005 (CH,), 1500
(Ar), 749 cm™' (Ar); 'HNMR (400 MHz, CDCl,, 25°C, TMS): 6 =7.60-
735 (m, 5H; ArH), 5.32 (brt, *Jyy=2.5Hz, 1H; CH=C), 4.87 (s, 2H;
CH,Ph), 4.16-4.07 (m, 2H; CH,0), 3.55-3.50 (m, 2H; CHHS,,, CHS),
329 (ddd, Yyu=12.0 Hz, *J,;;;=10.0, 6.5 Hz, 1H; CHHS,,), 2.38 (dd,
Juu=17.0, Jyu=55Hz, 1H; CHHCHS,,), 2.22-2.00 (m, 4H; CH,
ring), 1.37 (s, 3H; CH;CO), 0.94 (d, *J,;;=3.5Hz, 3H; CH,CH),
0.93 ppm (d, *Jyy=3.5Hz, 3H; CH;CH); "CNMR (101 MHz, CDCl,,
25°C): 6=139.4 (s), 131.0 (d), 130.4 (d), 129.8 (d), 126.5 (s), 117.0 (d),
73.5 (8), 57.2 (1), 54.6 (d), 45.1 (t), 39.7 (t), 36.6 (t), 34.2 (d), 27.8 (), 21.2
(q), 20.8 (q), 17.0 ppm (q); MS (ESI): m/z (%): 303 (100) [M]*; elemen-
tal analysis: caled (%) for C,yH,;BF,OS (390.3): C 58.5, H 6.97; found: C
58.3,H 7.15.

16: Potassium thioacetate (11.7 g, 105 mmol) was added portionwise
(5 portions) to a solution of 15 (16.5 g, 100 mmol) in DMF (160 mL), and
more DMF (60 mL) was used to rinse the final portion of thioacetate
into the flask. The initially exothermic reaction (40-50°C) was stirred
overnight at room temperature. The reaction mixture was diluted with di-
ethyl ether and washed with water (6x50 mL). The aqueous layer was
then extracted with diethyl ether (2x50 mL). The combined organic
layers were then washed once with brine (50 mL), dried over magnesium
sulfate, filtered, concentrated, and the crude residue was distilled under
vacuum (44°C, ~0.9 mbar) to yield 16 as a slightly yellow pungent oil
(12.4 g, 77%). R;=0.44 (EtOAc/petrol=8:2); IR (neat): P=1712 (C=0),
1685 (SC=0); '"H NMR (400 MHz, CDCls, 25°C, TMS): §=2.28 (s, 3H;
CH;), 227 (s, 3H; CH,), 149ppm (s, 6H; (CH;),C); *CNMR
(101 MHz, CDCl,, 25°C): 6=206.9 (s), 195.1 (s), 56.6 (s), 24.6 (q), 24.6
(q), 244 ppm (q); MS (CI): m/z (%): 161 (46) [M+1]; 119 (69) [M+
1-COCH;], 101 (100) [CsH,0,], 85 (51) [CsHyO], 74 (33) [SCOCH;];
HRMS: calcd for C;H;0,S: 161.0636; found: 161.0631.

4 (racemate): A solution of sodium thiomethoxide (0.5 mL of a 1M solu-
tion in methanol) was added to a stirred solution of 16 (80 mg, 0.5 mmol)
in methanol (5mL) at room temperature. The reaction was stirred for
180 min before propylene epoxide was added dropwise with a syringe
over 5 min. After 4 h the reaction mixture was quenched with saturated
ammonium chloride (10 mL) solution and diluted with EtOAc (50 mL).
After phase separation the organic layer was washed with water (3x
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50 mL), dried over magnesium sulfate, filtered, and concentrated. The
residue was dissolved in dichloromethane (0.5 mL), boron trifluoride di-
ethyletherate (50 uL, 0.4 mmol) was added followed by triethylsilane
(0.06 mL, 0.4 mmol), and the reaction was allowed to stir overnight.
After neutralization with saturated sodium bicarbonate (until pH 7-8),
the organic layer was separated, washed with water (3x50 mL), dried
over magnesium sulfate, and the solvent was removed under reduced
pressure. The oil was purified by column chromatography (EtOAc/
petrol=9:1-8:2) to yield 4 as a colorless, pungent liquid (50.5 mg, 79 %).
R;=0.40 (EtOAc/petrol=8:2); IR (neat): P=2967 (C-H), 1081 cm™'
(C-0); 'HNMR (400 MHz, CDCl,, 25°C, TMS): 6=3.65 (dqd, *Jyu=
11.0, 6.0, 2.0 Hz, 1H; CHCH,S), 3.64 (q, *Jy=6.5 Hz, 1H; CH,CHO),
2.69 (dd, ¥yy=13.5Hz, Iy =11.0 Hz, 1H; CHHS,,), 2.21 (dd, Jyu=
13.5Hz, *Jyu=2.0 Hz, 1H; CHHS,,), 1.31 (s, 3H; CH,CHO), 1.17 (d,
*Jun=6.0 Hz, 3H; CH;CHCH,S), 1.04 (s, 3H; CH;), 1.02 ppm (d, */yy =
6.5 Hz, 3H; CH;CHO); "C NMR (101 MHz, CDCl;, 25°C): 0=82.9 (d),
75.2 (d), 40.2 (s), 32.3 (1), 26.3 (q), 22.1 (q), 20.7 (q), 16.7 ppm (q); MS
(ED): m/z (%): 161 (100) [M +1], 143 (39) [M—OH], 103 (46) [CsH,,SH];
HRMS: caled for CgH;,0S: 161.1000; found: 161.0992.

18 and 19: Silver tetrafluoroborate (238 mg, 1.22 mmol) was added to a
solution of 4 (90 mg 0.56 mmol) and benzyl bromide (134 pL, 1.12 mmol)
in acetone (0.3 mL) in a flask (5 mL) covered with aluminum foil. The re-
action mixture was stirred overnight at 40°C, then cooled to 0°C, upon
which crystallization occurred. The crude product was purified by column
chromatography (methanol (10%) in dichloromethane) to yield 18 and
19 (2:1) as colorless crystals (125 mg, 66 %). R;=0.04 (dichloromethane/
MeOH=9:1); m.p.: 146-149°C; IR (neat) P=2988 (C—H), 773 cm™'
(Ar); 'HNMR (400 MHz, CDCl;, 25°C, TMS): 6=7.36-7.55 (m, 5H,
Ar), 491 (d, Yy =14.0 Hz, 0.33H; SCHHPh), 4.90 (d, Y/ =14.0 Hz,
0.33H; SCHHPh), 4.71 (d, Jyu=13.0 Hz, 0.66H; SCHHPh), 4.67 (d,
2Jun=13.0 Hz, 0.66H; SCHHPh), 4.47 (q, Jyy=6.5Hz, 0.33H; CH-
(CH,)), 4.28 (dqd, *Jyu=11.0, 6.0, 1.5 Hz, 0.33H; SCH,CHO), 3.90 (dqd,
Jun=12.0, 6.0, 1.5Hz, 0.66H; SCH,CHO), 3.71 (q, Jyu=6.5Hz,
0.66H; CH(CH;), 332 (t, Yyu=12.0Hz, *Jyuy=12.0Hz, 0.66H;
CHHS,,) 3.23 (dd, J=12.0, 1.5 Hz, 0.66H; CHHS,,), 3.01 (dd, Jyu=
15.0 Hz, *Jy 4y =11.0 Hz, 0.33H; CHHS,,), 2.87 (dd, *J;;;=15.0 Hz, *Jy =
1.5 Hz, 0.33H; CHHS,,), 1.65 (s, 2H; CH;), 1.61 (s, 1H; CH;), 1.49 (s,
1H; CH,), 1.25-1.19 ppm (m, 8H; CH;); "CNMR (101 MHz, CDCl,,
25°C): 6=130.6 (2xd), 130.1 (d), 130.0 (d), 129.9 (d), 129.8 (d), 127.7 (s),
1272 (s), 79.8 (d), 74.7 (d), 72.0 (d), 66.9 (d), 57.0 (s), 54.6 (s), 42.6 (1),
38.3 (t), 38.2 (1), 34.4 (1), 22.5 (q), 22.3 (q), 21.2 (q), 21.1 (q), 19.6 (q),
15.9 (q), 154 (q), 13.8 ppm (q); MS (ESI): m/z (%): 589 (33) [2M* +
BF, ], 251 (100) [M]*; HRMS: caled for C;sH,;0S: 251.1460 [M]*;
found: 251.1464.

5: Potassium hydroxide (144 mg, 2.54 mmol) in water (2.2 mL) was added
to a stirred solution of 16 (312 mg, 1.95 mmol) in methanol (17 mL).
After 10min at room temperature, (S)-propylene oxide (150 uL,
2.14 mmol) was added. The reaction mixture was diluted with diethyl
ether after 3 h and quenched with KHSO, solution (1N, until pH 4). The
organic layer was washed with water (2x50 mL), dried over magnesium
sulfate, filtered, and the solvent was evaporated under reduced pressure.
The residue was dissolved at —40°C in dry dichloromethane (40 mL),
and allyltrimethyl silane (2.10 mL, 13.6 mmol) was added in one portion.
Over a period of 5 min, boron trifluoride etherate (1.09 mL, 7.77 mmol)
was added dropwise. The reaction mixture was allowed to warm over-
night and was quenched at 0°C with saturated sodium bicarbonate (until
pH 7-8). The organic layer was separated, washed with water (3x
50 mL), dried over magnesium sulfate, filtered, and the solvent was re-
moved under reduced pressure. The oil obtained was purified by column
chromatography (EtOAc/petroleum ether=9:1-8:2) to yield 5 as a pun-
gent liquid (307 mg. 78%). R;=0.79 (EtOAc/petrol=7:3); [0a] & =—41.9
(¢c=1.0 in CHCL); IR (neat): P=3075 (C=CH,), 1043cm™' (C-O);
'"HNMR (400 MHz, CDCl,;, 25°C, TMS): 6=5.72 (m, 1H; CH,CH=
CH,), 5.08 (m, 1H; CH,CH=CHH), 5.05 (m, 1H; CH,CHCHH), 3.84 (m,
1H; SCH,CHCH,), 3.56 (ddd, *J,;;=15.0Hz, *J;,=6.0, 1.0 Hz, 1H;
CHHS,,), 2.68 (dd, *J, y=14.0 Hz, *Jy,=11.0 Hz, 1H, CHHCH=CH,),
2.16 (1H, dd, *Jyy=14.0 Hz, *Jyy;=2.5 Hz, CHHCH=CH,), 2.02 (dd,
2Jun=15.0 Hz, *Jy;=8.0 Hz, 1H; CHHS,,), 1.51 (s, 3H; C(CH,),S), 1.07
(d, *Jyu=6.5, 3H; CHCH,), 1.04 (s, 3H; C(CH5),S), 1.01 ppm (d, *Jyy=
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1.0, 3H; CH,C(CH;),S); "CNMR (101 MHz, CDCl,, 25°C): 6=134.2
(d), 117.5 (t), 78.6 (s), 66.4 (d), 43.9 (s), 36.5 (1), 31.7 (t), 25.1 (q), 25.0
(q), 22.1 (q), 21.2 ppm (q); MS (CI): m/z (%): 217 (100) [M* +NH;], 201
(19) [M+1]; HRMS: caled for C;H,,0S: 201.1313; found: 201.1312.

20: Benzyl alcohol (186 pL, 1.80 mmol) was added to 5 (72mg,
0.36 mmol) in dioxane (200 pL). Tetrafluoroboric acid in diethyl ether
(54 %, 206 pL, 1.65 mmol) was added dropwise to this colorless solution,
which immediately turned black. After 24 h the precipitate was washed
with petrol (3x50 mL). The product was recrystallized from petrol/
EtOAc to yield 20 (108 mg, 81 %). M.p.: decomp. at 152-153°C (petrol/
EtOAc); R;=0.06 (CH,CL/MeOH=9:1); [a]¥=-950 (c=1.1 in
CHCLy); IR (neat): P=3006 (CH,), 750 cm™' (Ar); '"H NMR (400 MHz,
CDCl;, 25°C, TMS): 6=7.55-7.34 (m, 5H; ArH), 5.65 (m, 1H; CH,CH=
CH,), 5.28-520 (m, 2H; CH,CH=CH,), 4.73 (d, Jyu=5.5Hz, 1H;
CHHPh), 4.63 (d, *Jyuy=55Hz, 1H; CHHPh), 4.08 (m, 1H;
SCH,CHCH,), 3.29 (dd, %yy=12.0 Hz, *Jyy=11.0 Hz, 1H; CHHS,,),
3.19 (dd, *Jyu=12.0 Hz, *J,y=2.0 Hz, 1H; CHHS,,), 3.05 (ddd, ¥y ;=
155 Hz, *lyy=4.5Hz, “Jyy=10Hz, 1H; CH,CH=CH,), 2.34 (dd,
*Jun=15.5Hz, *Jyyu=17.5 Hz, 1H; CH,CH=CH,), 1.79 (s, 3H; C(CH,),S),
1.40 (s, 3H; C(CH;),S), 1.32 (d, Jyyu=6.5 Hz, 3H; CHCH;), 1.25 ppm
(d, *Jyu=10, 3H; CH;C(CH;),S); “CNMR (100 MHz, CDCly
[D,JMEOD, 25°C): 6=130.4 (d), 130.2 (d), 129.9 (d), 129.8 (d), 126.5 (s),
120.2 (t), 80.2 (s), 63.8 (d), 60.1 (s), 42.3 (t), 37.4 (t), 35.8 (t), 21.4 (q),
21.1 (q), 16.7 ppm (2xq); MS (CI): m/z (%): 291 (31) [M]T, 275 (23)
[M—CH,], 201 (25) [M—CH,Ph+1], 91 (100) [CH,Ph]*; HRMS: calcd
for CigH,;,08: 291.1777 [M]*; found: 291.1779.

Representative procedure for Method A:"! Powdered potassium hydrox-
ide (85%, 40 mg, 0.60 mmol) was added with stirring to a mixture of
benzaldehyde (30 pL, 0.30 mmol) and 12 (117 mg, 0.30 mmol) in ethanol
(anhydrous, 0.9 mL) at —50°C. The reaction mixture was stirred at
—50°C for 48 h. The mixture was concentrated under vacuum, and the
residue was dissolved in CH,Cl, (25 mL). The reaction mixture was fil-
tered, the filtrate was dried over magnesium sulfate, filtered, and the fil-
trate concentrated under vacuum. The residue was subjected to chroma-
tography (EtOAc (2%) in petrol) to afford the product as a white solid
(32 mg, 54 %, translcis =72:28, 89 % ee).

Representative procedure for Method B:"' EtP, base (43 pL, 0.13 mmol)
was added with stirring to a mixture of benzaldehyde (13 pL, 0.13 mmol)
and 12 (50 mg, 0.13 mmol) in CH,Cl, (0.9 mL) at —78°C. The reaction
mixture was stirred at —78°C for 1h, after which brine (1 mL) was
added. The reaction mixture was extracted with CH,Cl, (3x5 mL), and
the organic phases were combined, dried over magnesium sulfate, fil-
tered, and concentrated under vacuum. The residue was subjected to
chromatography (EtOAc (2%) in petrol) to afford the product as a
white solid (19 mg, 75 %, trans/cis=99:1, 87 % ee).
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Highly Enantiomerically Enriched Planar Chiral Naphthalene
Tricarbonylchromium Complexes

Graham R. Cumming,”” Gérald Bernardinelli,’”! and E. Peter Kiindig*!"!

Abstract: Lithiation/electrophile trap-
ping reactions were carried out with
the highly enantiomerically enriched
complex [Cr(5-bromonaphthalene)-
(CO);]. Electrophile quenching with

spectively. Very mild Pd-catalyzed
Suzuki-Miyaura cross-coupling reac-
tions were developed and applied to
the highly labile [Cr(5-bromonaphtha-
lene)(CO);] to give nine new planar

chiral aryl-, heteroaryl-, alkynyl-, and
alkenylnaphthalene chromium com-
plexes with high enantiomeric purity.
The efficient ambient-temperature cou-
pling reactions with borinates prepared

CIPPh,, PhCHO, and (Me;SiO), afford-
ed the enantiomerically enriched
(>97% ee) planar chiral 5-substituted
naphthalene complexes with PPh,,
CH(Ph)OH, and OH substituents, re-

mium -

Introduction

The rich and varied chemistry of [Cr(n’-arene)(CO);] com-
plexes of substituted benzenes has been extensively stud-
ied.!? In contrast, the analogous complexes of naphthalenes
(or those of other extended aromatics) have received much
less attention, primarily as a result of the lability of the rela-
tively weak metal-arene bond in this class of compounds.”
Easy haptotropic slippage of the naphthalene ligand (change
from 1° to n* or 1’ coordination) facilitates arene dissocia-
tion and results in a dramatic increase in sensitivity towards
air and Lewis basic solvents or reagents.! This lability has
been put to good use: (n-naphthalene)tricarbonylchromi-
um(0), in the presence of THF, is an efficient source of the
{Cr(CO);} fragment, either as a stoichiometric reagent in
the synthesis of more-robust (n‘-arene)tricarbonylchromi-
um(0) complexes? or as a catalyst for the hydrogenation of
dienes!® (Scheme 1).

The original route for the preparation of (n’-naphtha-
lene)tricarbonylchromium(0) complexes was, as for their
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in situ were also applied to a number
of chlorobenzene complexes and to
aryl and vinyl halides.

Et,O/THF or THF
—_—

.

RTto70°C
crcoy, CrCOY,
Cr(CO) —
R__//_\\—COZMG ﬁ’ R_/__\—COZMG
» 112

Scheme 1. (n°-naphthalene)tricarbonylchromium(0) as a source of the
{Cr(CO),} fragment.

simpler arene counterparts, the pyrolysis of [Cr(CO),] at
high temperatures in the presence of the arene.”! However,
this is limited both in terms of substituents and regiochemis-
try; only thermodynamic isomers or mixtures are formed.
The former limitation may be circumvented by the use of a
room-temperature method that employs more-labile
[Cr(CO);L;] complexes (L =ligand).®! For naphthalene com-
plexes, [Cr(CO);(NH;);] in combination with BF;-OEt, as
ammonia scavenger proves the most convenient, affording
products in high yields at room temperature.®! To avoid
problems with the formation of mixtures or the “wrong” re-
gioisomers, transformations of stannyl- or halogen-substitut-
ed complexes have been developed, allowing regiospecific
preparation of a range of stannyl, silyl, alkyl, or deuterio
complexes (Scheme 2). However, this tactic is limited to
substituents that can be introduced by simple nucleophilic
substitution or by addition to a carbonyl electrophile.
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Br R
{Cr(CO)s} nBuLi, Et,0
—— ———
then R-X
Cr(CO), Cr(CO);
SnMe; SnMe; R
{Cr(CO)3} nBuLi, Et,O
—_— —_—
then R-X
Cr(CO),
R = alkyl, SiMe;,
SnMe;, Cl

Scheme 2. Metallation and simple quench procedures.

Historically, (n°-naphthalene)tricarbonylchromium(0)
complexes were used largely as tools in the elucidation of
thermal” and photochemical inter-ring haptotropic rear-
rangements (IRHR). For the thermal case, the position of
the equilibrium lies in most cases towards the compound
with the tricarbonylchromium fragment on the less substitut-
ed ring, but often this cannot be sufficiently controlled to
afford a practical synthetic route. Direct lithiation proce-
dures have also been employed, and excellent regioselectivi-
ty has been observed with bulky lithium amide bases."
This approach is, however, limited to Cr-complexed rings.
Finally, the Dotz reaction provides a distinct access to (n’-
naphthalene)tricarbonylchromium(0) complexes with para-
dioxy functionality via the annulation of a chromium car-
bene.""! This reaction has also been combined with IRHR to
access regioisomeric products!'’l and, by employing a chiral
auxiliary approach, was until recently the only access to
enantioenriched complexes of this type.!'?

Arenes bound to the electrophilic {Cr(CO);} fragment un-
dergo a variety of regio- and stereoselective transformations
that cannot be realized with the free arene. Of the various
procedures for the regioselective transformation of com-
plexed arenes, directed lithiation/electrophile trapping is
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perhaps the most widely used. However, this is not applica-
ble to the noncomplexed ring of (n’-naphthalene)tricar-
bonylchromium(0) complexes and, given that all monosub-
stituted complexes of this type already have planar chirality,
would not be an appropriate method to introduce asymme-
try here. Furthermore, halogen-substituted (n°-arene)tricar-
bonylchromium(0) complexes are highly activated towards
palladium-catalyzed C—C bond formation, a reaction that
has been widely studied and recently reviewed.'® There
exists a single report of a Suzuki-Miyaura cross-coupling of
halogenated (n°’-naphthalene)tricarbonylchromium(0) com-
plex in the synthesis of atropisomeric binaphthyls, but the
lability of this family of complexes resulted in poor yield
and extensive decomplexation under the reaction condi-
tions.!"¥

Herein we report our efforts to expand the range of trans-
formations possible for (n’-naphthalene)tricarbonylchromi-
um(0) complexes, taking in both metallation and palladium-
catalyzed processes. Following our recent report of the
highly enantioselective synthesis of [Cr(5-bromonaphtha-
lene)(CO)] (3; Scheme 3),51°! we chose this substrate as a

LiBH,
[Pd(dba),] (cat.)

OO Zh Ph_

“P-N
Seuls
Ph
Br Ph Br
2

| H
Cr(CO),

1 (PR)-3
65%, 97% ee

Scheme 3. Enantioselective catalytic hydrogenolysis of a C,,—Br bond.

“model” compound for these reactions to demonstrate the
feasibility of synthesizing a range of highly enantiomerically
enriched, hitherto inaccessible complexes. As the {Cr(CO);}
fragment in this substrate is complexed to the unsubstituted
ring, the activating effect of complexation is absent; the la-
bility of this family of complexes thus makes selective, high-
yield functionalization a considerable challenge.

In all cases, methods were developed with rac-3. Each re-
action was subsequently repeated with highly enantioen-
riched material ((pS)-3, >97% ee, obtained from 1 with
ligand ent-2) on a small scale; yields remained consistent
and there was no erosion of enantiomeric excess during any
of the reactions.

Results and Discussion
Metallation and Quench Procedures

The exchange of tin or halogen substituents for lithium is, as
discussed above, the technique most widely employed in the

Chem. Asian J. 2006, 1, 459 — 468
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controlled functionalization of (n°-naphthalene)tricarbonyl-
chromium(0) complexes. However, the scope remains limit-
ed to C-sp’, Sn, Si, and carbonyl electrophiles. Our first at-
tempt to broaden the range of electrophiles was with a
simple phosphorous electrophile, PPh,Cl (Scheme 4). This

Br 1. nBuLi, Et,0 E
—78 then =50 °C
I 2. Electrophile, =50 °C | |
Cr(CO), Cr(CO);
3

Electrophile: PPh,CI; E =PPh, 4 (67%)

Scheme 4. Bromine-lithium exchange in 3 and trapping with reactive
electrophiles.

gave the expected phosphine 4 contaminated by small
amounts of the naphthalene complex 5, which was readily
separated by rapid chromatography on Et;N-treated silica.
Given the sensitivity of (°-naphthalene)tricarbonylchromi-
um(0) complexes towards Lewis bases, it is remarkable that
4 is stable at room temperature both as a solid and in solu-
tion. Complex 4 is a member of a novel class of planar
chiral phosphines. Whereas its sensitivity precludes wide ap-
plicability in catalysis, the more robust [CpFe]* and
[CpRu]* complexes could be interesting targets.

Decomplexation of the major diastereoisomer of 6
(Scheme 4) afforded a product with an [a] & of 42.1 (c=
0.58, CHCI;), thus confirming the R configuration of the
benzylic stereogenic center.'”! This is in agreement with a
transition state in which the aldehyde aryl group is arranged
exo to the {Cr(CO);} fragment and an addition to the alde-
hyde Si face as also noted in an earlier example.['¥

The synthesis of highly enantioenriched (n°-5-methoxy-
naphthalene)tricarbonylchromium(0) was of particular inter-
est to us because of its prior use as a starting material in the
racemic formal synthesis of the AB rings of aklavinone A.['")
A literature search turned up several potentially suitable
“O*” reagents. Two earlier references involved the use of
excess MoOspy-HMPA (MoOPH; py=pyridine, HMPA =
hexamethylphosphoramide) with (n‘-arene)tricarbonylchro-
mium(0) complexes, but yields were quoted only following
decomplexation.”” MoOPH was also used in deprotonation/
hydroxylation reactions in benzylic positions of (n’-arene)-
tricarbonylchromium(0) complexes.’!! However, bis(tri-
methylsilyl)peroxide® was successfully employed in reac-
tions with ferrocenes™! and trovacene,*! albeit with low
yields.

Initial results were disappointing. Lithiation (as before)
followed by oxidation was accompanied by formation of
large amounts of 5, while the silyl ether was not stable
under the reaction conditions or during workup, which re-
sulted in considerable decomposition (Table 1, entry 1). Al-
ternative addition procedures with a solution of bis(tri-
methylsilyl)peroxide in diethyl ether gave, surprisingly, only
traces of the desired product (Table 1, entries 3-4). Howev-

Chem. Asian J. 2006, 1, 459 —468
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5 (<15%)
PhCHO; E = CH(Ph)OH 6 (70%, 3:1 d.r., major: (pS,9R)) 3
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Table 1. Optimization of the metallation/electrophilic oxidation of 3.
nBuLi, Et,0 SIM63

(Me3S|O)2
SiO, Cr(CO)3 Cr(CO)3 Cr(CO)3
8
NaH, CH,Cl,, —10 °C; *
Me,OBF,, RT
rCO)3

(84%)

Entry  Conc. [M] (Me;SiO), [equiv]  t[h]  7/5" 7 (%]

s 0.025 5 16 40:60 20
0.025 2 2 60:40 52
0.025 2lel 2 - trace
4 0.025 2l 2 - trace
5 0.067 2 2 6535 64
6 0.2 2 2 75:25 70t

[a] 1) 3, nBuLi (1.5 eq), Et,0, —78 then —50°C, 0.5 h; 2) (Me;SiO),
added neat, —50 to —20°C, 2 h; 3) SiO,, —20 then 0°C, 15 min. [b] Deter-
mined by '"HNMR spectroscopy. [c] Yield of isolated product following
chromatography. [d] Warmed to room temperature; no SiO, workup.
[e] (Me;SiO), in Et,O added by cannula. [f] Inverse addition of anion to
(Me;Si0O), in Et,0. [g] 0.2 mmol; decreased to 62% on 1-mmol scale.

er, working at a higher concentration (0.2m) and adding the
neat peroxide directly to the suspension of the (yellow)
anion decreased the formation of 5 to an acceptable
amount. Careful introduction of a slurry of silica in diethyl
ether to the reaction mixture unmasked the phenolic func-
tionality ~without significant decomposition (Table 1,
entry 6). Small amounts of 8 were also observed in the reac-
tions; such ambident electrophile behavior was previously
noted.” Methylation of 7 proved more straightforward: de-
protonation with NaH in dichloromethane at —10°C fol-
lowed by treatment with Meerwein’s salt afforded 9 in good
yield, although chromatography sand had to be added to the
reaction mixture to prevent the sticky, heterogeneous mix-
ture from clogging the stirrer.

Palladium(0)-Catalyzed Couplings

Much of the work on palladium-catalyzed couplings of (n°-
arene)tricarbonylchromium(0) complexes relies upon the
extra activation provided by the {Cr(CO),} fragment. As
this activation was absent in our case, we required a system
that could reliably couple aryl bromides at room tempera-
ture without the use of a strongly dipolar solvent such as
N,N-dimethylformamide (DMF) or N-methyl-2-pyrrolidone
(NMP). Initial attempts to perform Stille coupling in toluene
with AsPh; as ligand® or Negishi coupling® in diethyl
ether failed, presumably due to the poor coordinating ability
of the solvents. However, Fu and co-workers reported that
the catalyst derived from [Pd,(dba);] (dba=dibenzylidene-
acetone) and rBusP in conjunction with KF is effective for
the Suzuki-Miyaura coupling of relatively hindered bro-
moarenes with arylboronic acids at room temperature in di-
oxane.” When applied to our system, some coupling was
observed with phenylboronic acid.
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A number of modifications were necessary for good
yields. Toluene proved to be a more-suitable solvent, the
concentration was decreased (for solubility reasons), the pal-
ladium source was changed to [Pd(dba),],* and the catalyst
loading was increased. However, the reaction still did not go
to completion, significant decomplexation occurred, and a
second, more-polar complex was also isolated (Table 2,
entry 1). This unstable, deep-purple complex was identified

Table 2. Suzuki-Miyaura coupling of 3 with arylboronic acids.!

Br ArB(OH),, [Pd(dba),] (5 mol %) Ar
{BU,P (5 mol%), KF, toluene, RT

¢icoy, &rcon,

3 1a-c

Entry  Ar t[h]  Product  Yield [%]™

1 Phl*l 15 11+10 50 (11), 12 (10)
2 Ph 3 11 96

3 2-tolyl 25 12 85

4 1-naphthyl 25 13 97

5 2-methoxy-1-naphthyl 48 - —d

6 2-furyl 48 - —a

[a] 3, ArB(OH), (2 equiv), KF (3.3 equiv), [Pd(dba),] (5 mol%), BusP
(6 mol %), toluene (0.1™ in 3), RT. [b] Yield of isolated product following
chromatography. [c] PhB(OH), (1.1 equiv). [d] No product formation ob-
served at room temperature or 45°C.

Ph as CO insertion product 10
0o following decomplexation and
e@ comparison of the free arene
(|3r(CO) with an authentic sample. Car-
s bonylative coupling had previ-
10 ously been observed during
both Suzuki-Miyaura®' and
Stille®” couplings of (n’-arene)tricarbonylchromium(0) com-
plexes, but in these cases the {Cr(CO);} fragment was adja-
cent to the reacting centre. In our case it is not clear wheth-
er the insertion proceeds by an intra- or intermolecular pro-
cess, but as it is accompanied by decomposition, this ap-
proach cannot provide a practical access to the carbonylated
complexes.”!! However, the use of a significant excess
(2 equiv) of the boronic acid resulted in complete conver-
sion within 2h and suppressed byproduct formation to
<5% (Table 2, entry 2). The selective preparation of this
class of products, in which the {Cr(CO)} fragment is bound
to the more-labile ring system, could provide new material
for the study of IRHR. A closely related compound was
previously studied, but was isolated only in small quantities
from a mixture.*”

The reaction also proved successful with slightly more
hindered boronic acids (Table 2, entries 3 and 4) and gave
inseparable mixtures of atropisomers. However, when we at-
tempted to synthesize a configurationally stable atropiso-
meric binaphthyl with 2-methoxy-1-naphthylboronic acid
(which underwent slow coupling with 1-bromonaphthalene),
only decomposition of the chromium complex was observed
(Table 2, entry 5). This lack of reactivity was also mirrored
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by 2-furylboronic acid, whose attempted coupling resulted
largely in decomposition (Table 2, entry 6).

Although Suzuki arylation proved possible, its scope
seemed rather limited. Thus, we were drawn to independent
reports by Soderquist et al.”® and Fiirstner and Seidel,*™ in
which an analogy was drawn between borinate complexes
formed insitu from 9-MeO-BBN (BBN =9-borabicyclo-
[3.3.1]nonane) and a lithiated nucleophile and the proposed
activated intermediates in Suzuki-Miyaura coupling. The
borinates undergo Pd-catalyzed coupling with aryl halides to
provide alkynyl-, vinyl-, and alkyl-substituted products in
good to excellent yields by a similar procedure for all moie-
ties. As added advantages, this method circumvents the
need for prior preparation of boronic or tin-containing re-
agents and, in the case of alkynylation, avoids the use of
amine bases, which are not compatible with (n°-naphthale-
ne)tricarbonylchromium(0) complexes for extended periods
of time. The original reactions were carried out in THF
under reflux, which is clearly unsuitable in our case, al-
though a later modification using an N-heterocyclic carbene
ligand resulted in increased activity.

When we substituted the original [Pd(PPhs),] or [Pd-
(dppf)Cl,] catalysts (dppf=1,1'-bis(diphenylphosphino)fer-
rocene) with the [Pd(dba),]/fBusP combination, the cou-
plings proceeded rapidly in diethyl ether/toluene at room
temperature (Table 3). This contrasts with the assertion that
THF is necessary to stabilize the borinate,*® although we
again used an excess of the coupling partner (2 equiv). In a
standard reaction, a solution of 9-MeO-BBN was added to a
cold (—78°C) solution of the lithiated species. After a
period of 1-2 h, the reaction vessel was removed from the
cooling bath and transferred by cannula into a solution of
the substrate, Pd source, and ligand in toluene. Following
degassing, the mixture was stirred at room temperature until
conversion was indicated by TLC, which in most cases oc-

Table 3. Pd’-catalyzed coupling of 3 with borinates prepared in situ.!

. R
3 B-OMe L 3
Et,0,-78 °C R [Pd(dba),] (2.5-5 mol %) :
BuzP (3—6 mol %) Cr(CO)3
toluene, RT
14-18
Entry RLi" t [h]* Product Yield [% ]
1 Ph————Li 2 14 88
2 Me3S|—: Li 1 15 75
EtO
3 —=—Li 3 16 69
EtO
S Li
4 @/ 1 17 81
O _Li

[e]
5 U/ 6 18 50

[a] 1) Solution of 9-MeO-BBN added to RLi, Et,0, —78°C, 2 h; 2) trans-
ferred by cannula into solution of 3, [Pd(dba),] (2.5-5 mol %), and rBu,P
(3-6 mol %) in toluene (0.1m in 3), RT. [b] Prepared by deprotonation or
lithium-halogen exchange; see Experimental Section. [c] Stir time after
combining all reactants. [d] Yield of isolated product following chroma-
tography. [e] Accompanied by 5, separated by crystallization.
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curred within a few hours. Both alkynylation (Table 3, en-
tries 1-3) and heteroarylation (Table 3, entries 4 and 5) were
possible, with the use of a 2-furyl coupling partner, in con-
trast to our earlier results. In this latter case, significant de-
halogenation of the starting material was observed, which
was presumably the result of an unknown (-elimination pro-
cess to form a palladium hydride species becoming competi-
tive with this unfavorable coupling.

The silylethynyl naphthalene complex 15 was readily desi-
lylated to give [(n’-5-(ethynyl)naphthalene)Cr(CO),] (19).

The optical properties of the enantioenriched products
are also of interest. Although all the complexes reported
here show sizeable optical rotations, those of the alkynes
are particularly large, with 14 (R=C=CPh) having an [a]¥ of
3640° (¢=0.025, CH,Cl,). The result of the determination of
the crystal structure of (pS)-18 is shown in Figure 1,5"! which
confirms the expected sense of chirality.

Figure 1. ORTEP view of the crystal structure of pS-18. Ellipsoids are
represented with 40% probability. The ring slippage vector®! points
towards the C3—C4 bond and its length A4 is 0.076 A.

Palladium-catalyzed etherification was also briefly ex-
plored. Following the system of Hartwig and co-workers,*!
etherification of 3 in toluene with potassium fert-butoxide
by using a [Pd(dba),]/Q-Phos (Q-Phos=1,2,3,4,5-pentaphen-
yl-1'-di-tert-butylphosphinoferrocene) catalyst system afford-
ed the expected product 20 in moderate yield (Scheme 5).
However, attempted application of this procedure to a more
direct synthesis of 9 with NaOMe proved unsuccessful, with
dehalogenation and decomplexation dominating; work in
this area is ongoing.

In an extension of this study, we also briefly explored the
applicability of our new conditions for the Soderquist/Fiirst-
ner reaction to (n’-chloroarene)tricarbonylchromium(0)

Br KOtBu, [Pd(dba),] (5 mol %) o <
Q-Phos (5 mol%), toluene, RT
e ormemien s o)
| |
Cr(CO); Cr(CO)3
3 20 (65%)

Scheme 5. Pd-catalyzed bromide/tBuO substitution.
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complexes and simple C(sp*) bromides. For the sake of con-
venience and in the light of the greater stability of these
substrates, we reverted to THF as solvent for both the bori-
nate preparation and the coupling and reduced the amount
of excess nucleophile. We also found the cannula-transfer
step to be unnecessary, and instead simply added the solid
complex, Pd source, and a solution of the ligand directly to
the borinate solution after its removal from the cooling
bath. Finally, an increase in borinate concentration to 0.5
(~0.25m after addition of reagents) and a reduction in the
catalyst loading to 1 mol % afforded a system that was both
convenient and efficient (Table 4).

Alkynylated (n°-chloroarene)tricarbonylchromium(0)
complexes are of interest as optical materials™? and precur-
sors to propargyl cations.””! Product 21 (Table 4, entry 2)
was previously prepared in THF under reflux by using a
mixed Pd/Cu catalyst system,* and our new conditions rep-
resent a considerable advance in terms of mildness, time,
and catalyst loading. The reaction also proved successful for
organic couplings (Table 4, entries 4-10) and, where sub-
strate compatibility allows, may be carried out with a cata-
lytic amount of the boron reagent (Table 4, entry 5). Inter-
estingly, coupling with 1-bromovinyltrimethylsilane proceed-
ed with complete isomerization, affording trimethyl[(E)-4-
phenyl-but-1-en-3-ynyl]silane ~ (29) in excellent yield
(Table 4, entry 10). Isomerization during coupling of this
substrate was previously attributed to steric hindrance in the
oxidative-addition product[45] and indicates that, in this case,
oxidative addition proceeds at a higher rate than transmetal-
lation.

Conclusions

The highly enantiomerically enriched complex 3 was very
recently obtained by asymmetric Pd-catalyzed hydrogenoly-
sis of the meso-dibromo complex. The present study has fo-
cused on adding value and diversity to this planar chiral
arene complex. Substituted derivatives were obtained
through metallation/electrophile-trapping sequences and Pd-
catalyzed coupling reactions. The highly labile Cr—-naphtha-
lene bond in 3 posed a major challenge. For the coupling re-
action, very mild reaction conditions were required, and
these were obtained by modification of recent methods in
the literature. New ambient-temperature coupling protocols
have been developed successfully for 3. They were also
shown to be applicable to coupling reactions of other organ-
ometallic and organic substrates and to lead to significant
improvements in reaction time and catalyst loading.

Experimental Section

General

Reactions and manipulations involving organometallic compounds were
carried out under a nitrogen atmosphere with an inert gas/vacuum
double manifold and standard Schlenk techniques. Glassware was oven-
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Table 4. Simplified Pd’-catalyzed couplings with borinates prepared in si-
tu.lal

B—OMe Li -
'=Br
R-Li —————>» g OMe —> R-R
THF, -78 °C R [Pd(dba),] (1 mol %)

{BuP (1.1 mol %)

THF, RT
[Pd(dba),] (1 mol %) cl R
Bu,P (1.1 mol %) @[ @[
R
THERT | £ 2oF > -
Cr(CO),
R"=H, CH,
Entry RLi" R'Br/(CIAT)Cr(CO); Product Yield [%]"!
cl
S _Li
1
Cr(CO),
cl
2 Me,Si—=—Li 22 77
Cr(CO),
cl
3 Ph——-Li 23 88
Cr(CO),
Br
4 Ph———1Li 24 92
Br
s Ph—=—oLi 24 91
Br
S.__Li
6 @/ OO 25 85
S.__Li S _Br
[ So ”
gle @/ 27 90
Br
Br
9 Li 28 90
OMe
Br
10 Ph——=——Li \l/ 29! 9
SiMe

w

[a] 1) Solution of 9-MeO-BBN added to RLi, THF, —78°C, 2 h; 2) sub-
strate, [Pd(dba),] (1 mol%), and Bus;P (1.1 mol%) added; 3) RT, 2 h.
[b] Prepared by deprotonation or lithium-halogen exchange; see Experi-
mental Section. [c] Yield of isolated product following chromatography.
[d] With 9-MeO-BBN (0.1 equiv), slow addition of RLi. [e] Carried out
with [Pd(dba),] (2 mol%) and BusP (2.2 mol %). [f] With complete iso-
merization to afford trimethyl[(E)-4-phenylbut-1-en-3-ynyl]silane.

dried, and further dried by heating under vacuum as necessary. Flash
column chromatography was carried out in air with the method described
by Still et al.*! (silica: Brunschwig 60 A/32-63 mesh). Complexes were
further recrystallized from methylcyclohexane to provide analytical sam-
ples.
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NMR spectra ("H: 300 or 400 MHz; *C: 100 MHz; *'P: 121.5 MHz) were
recorded at room temperature on Bruker AMX 300 or 400 MHz spec-
trometers as indicated. Chemical shifts (0) are reported relative to SiMe,
("H, BC, referenced to residual solvent peaks) or H;PO (*'P), with cou-
pling constants quoted in Hz. Infrared spectra (in cm™') were recorded in
NaCl cells on a Perkin—Elmer Spectrum One spectrophotometer. Nomi-
nal electron impact (EI) mass spectra were acquired with Varian CH-4 or
SM-1 instruments operating at 70 or 40 eV; HRMS (EI) analyses were
performed on a VG analytical 7070E instrument. Optical rotations were
measured at 22°C on a Perkin-Elmer 241 polarimeter using a quartz cell
(I=10 cm) with a Na high-pressure lamp (4=589 nm). HPLC analyses
were conducted with Agilent 1100 series apparatus. Melting points were
determined on a Biichi 510 apparatus and are uncorrected. Elemental
analyses were performed by H. Eder, Service de Microchimie, Institut de
Chimie Pharmaceutique, Université de Geneve.

THE, diethyl ether, toluene, and dichloromethane were purified by filtra-
tion over alumina in a Solvtek Solvent Purification System. Where “de-
gassed” solvents or solutions are noted, degassing was carried out by
three freeze-pump-thaw cycles. Reagents were used as supplied with the
exception of Bu,;P, which was stored in a glove box and periodically pre-
pared for use as a solution in degassed toluene.

Syntheses

4: 3 (0.172 g, 0.5 mmol) was combined in a Schlenk tube with degassed
ether (2.5 mL), and the mixture was degassed once more. Following cool-
ing in an acetone/solid CO, bath, nBuLi (0.94 mL of a 1.6M solution in
hexanes, 1.5 mmol) was added over 5 min, and the bath temperature ad-
justed to —50°C. After stirring for 30 min, Ph,PCl (0.11 mL, 0.6 mmol)
was added to the yellow suspension. After 2 h at —50°C, celite filtration
gave 4 contaminated with ~15% 5. Rapid chromatography on Et;N-
washed silica (R;=0.35, toluene/cyclohexane=1:1) gave 4 (0.150 g, 67 %)
as an orange solid. M.p.: 112-113°C; IR (cyclohexane): ¥=1974 (vs),
1914 (s), 1901 (s), 1749 cm ™' (w); 'HNMR (400 MHz, C¢Dy): 6=7.47-
7.40 (m, 2H; ArH), 7.26-7.20 (m, 2H; ArH), 7.08-7.04 (m, 3H; ArH),
7.01-6.94 (m, 3H; ArH), 6.86-6.82 (m, 2H; ArH), 6.58 (ddd, *Jyu=
8.3 Hz, *Jyy=7.1 Hz, *J;;;=0.5 Hz, 1H; ArH), 6.43-6.38 (m, 1H; ArH),
522-517 (m, 1H; ArH), 4.53-4.48ppm (m, 2H; ArH); "CNMR
(100 MHz, C¢Dy): 6=232.3 (C=0), 138.0 (d, Jpc=19.9 Hz; C), 135.4 (d,
YJpe=10.0 Hz; C), 1353 (d, Ypc=10.0 Hz; C), 134.9 (d, /pc=20.7 Hz;
CH), 134.6 (CH), 134.3 (d, /pc=20.7 Hz; CH), 130.1 (CH), 129.6 (CH),
129.5 (CH), 129.2 (d, *Jpc=7.5Hz; CH), 129.1 (d, *Jpc=7.5 Hz; CH),
127.6 (CH), 108.1 (d, Jpc=23.2 Hz; C), 105.2 (d, */pc=3.3 Hz; C), 92.4
(d, “Jpc=2.5 Hz; CH), 91.7 (CH), 91.2 (CH), 88.6 ppm (d, *Jpc=29.0 Hz;
CH); *'P NMR (121.5 MHz, C¢Dy): 0=—15.7 ppm; MS (40 eV, EI): m/z
(%): 340 [M]* (5), 284 [M—2(CO)]* (7), 256 [M—3(CO)]* (40), 204
[M—Cr(CO),]* (100), 52 [Cr]* (67); HRMS: calcd for C,sH;;O5PCr:
448.0320; found: 448.0313. (pS)-4 (>97% ee): [a] =—1020 (¢=0.025 in
CH,Cl,); HPLC: (Daicel Chiralcel OD-H; hexane/iPrOH=80:20;
1.0 mLmin~'; =355 nm): tx(R) =13.2 min, tz(S)=15.6 min.

6: 3 (0.172 g, 0.5 mmol) was combined in a Schlenk tube with degassed
ether (2.5 mL), and the mixture was degassed once more. Following cool-
ing in an acetone/solid CO, bath, nBuLi (0.94 mL of a 1.6M solution in
hexanes, 1.5 mmol) was added over 5 min, and the bath temperature ad-
justed to —50°C. After stirring for 30 min, the mixture was again cooled
to —78°C, and PhCHO (0.102 mL, 1 mmol) was added to the yellow sus-
pension. After slow warming to —10°C, filtration through silica (washed
with ether) gave the crude product (3:1 mixture of diastereoisomers);
chromatography on silica (R;=0.25, Et,O/cyclohexane=1:1) gave 6
(0.130 g, 70%) as an orange solid: M.p.: 124-125°C; IR (CH,Cl,): v=
3592 (w), 1965 (vs), 1889 cm™ (br, s); '"HNMR (400 MHz, C,Ds): 6=
7.41-7.35 (m, 2H; ArH), 7.19-7.05 (m, 3H; ArH), 6.80 (d, */;;;=83 Hz,
1H; ArH), 6.59 (dd, *Jyu=83 Hz, Jyuy=7.2Hz, 1H; ArH), 6.55-6.51
(m, 1H; ArH), 6.20 (d, *Jy4=6.4 Hz, 1H; ArH), 5.82 (d, /=45 Hz,
1H; CH), 523 (dd, *yu=64Hz, Jyu=15Hz, 1H; ArH), 4.66-
456 ppm (m, 2H; ArH), 1.85 (d, Jyu=4.5Hz, 1H; OH); "CNMR
(100 MHz, CiDy): 6=232.9 (C=0), 141.9 (C), 140.3 (C), 129.4 (CH),
128.7 (CH), 128.5 (CH), 128.0 (CH), 127.6 (CH), 127.0 (CH), 105.8 (C),
105.0 (C), 92.3 (CH), 92.2 (CH), 91.5 (CH), 89.1 (CH), 74.1 (CH);
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HRMS: calcd for C,yH,,0,Cr: 370.0297; found: 370.0286; eclemental anal-
ysis: caled (%) for C,0H;,0,Cr (370.32): C 64.88, H 3.78; found: C 65.07,
H 4.08. (pS,9R)-6 (>97% ee): [a]ly =—552 (¢=0.025 in CH,Cl,); HPLC:
(Daicel Chiralcel OJ-H; hexane/iPrOH=80:20; 1.0 mLmin™"; A=
355 nm): tx(R)=54.4 min, 1(S)=75.4 min.

7: 3 (0.343 g, 1 mmol) was combined in a Schlenk tube with degassed
ether (5mL), and the mixture was degassed once more. Following cool-
ing in an acetone/solid CO, bath, nBuLi (0.94 mL of a 1.6M solution in
hexanes, 1.5 mmol) was added over 5 min, and the bath temperature ad-
justed to —50°C. After stirring for 30 min, bis(trimethylsilyl)peroxide
(0.43 mL, 2 mmol) was added and the mixture allowed to warm to
—20°C over 2 h, when it became a clear red. A slurry of silica (2 g) in di-
ethyl ether (5 mL) was then added to the reaction mixture, and the mix-
ture was stirred for 15 min in an ice bath to effect deprotection. Filtration
through celite, washing with diethyl ether, and chromatography on silica
(R;=0.25, ether/cyclohexane=1:1) gave 7 (0.18 g, 62%) as an orange
solid. M.p.:140°C; IR (cyclohexane): #=1976 (vs), 1915 (s), 1901 cm™
(s); "THNMR (400 MHz, C¢Dy): 6=6.79 (dd, *Jyy 3 =8.6 Hz, *Jy 3 =7.6 Hz,
1H; ArH), 6.53 (d, *Jyu=8.6 Hz, 1H; ArH), 6.12 (d, *J,;;=6.8 Hz, 1 H;
ArH), 5.65 (dd, *Jyy=7.5 Hz, *I;;=0.8 Hz, 1H; ArH), 5.25 (dd, =
6.6 Hz, *Jy;=1.1 Hz, 1H; ArH), 4.65 (ddd, */;;;;=6.6 Hz, *J;;;=6.1 Hz,
“Jun=1.1Hz, 1H; ArH), 4.55 (ddd, *J;;;=6.8 Hz, *J;;;=6.1 Hz, ‘Jyy=
1.1 Hz, 1H; ArH), 4.55ppm (variable) (brs, 1H; OH); “CNMR
(100 MHz, CiDy): 6=232.6 (C, C=0), 152.7 (C), 129.2 (CH), 119.4
(CH), 107.7 (CH), 107.6 (C), 96.5 (C), 92.8 (CH), 91.0 (CH), 89.9 (CH),
858 ppm (CH); MS (70eV, EI): mi/z (%): 280 [M]* (4), 224
[M=2(CO)]* (4), 196 [M—3(CO)]* (18), 144 [M*—Cr(CO);] (100), 52
[Cr]* (61); HRMS: caled for C;3HgO,Cr: 279.9828; found: 279.9824.
(PS)-7 (>97% ee): [a]¥ =—312 (c=0.025 in CH,CL,).

9:% A degassed solution of 7 (0.14 g, 0.5 mmol) in CH,Cl, (5 mL) was
cooled to —10°C before addition of NaH (~60% in mineral oil, 30 mg,
0.75 mmol). After 30 min, Me;OBF, (0.15 g, 1.0 mmol) and sand were
added. The mixture was stirred at room temperature for 2 h, then filtered
through celite, and the residue washed with diethyl ether. The crude
product was crystallized from toluene/hexane (1:3) at —20°C to afford 9
(0.125 g, 84%) as an orange-red solid. '"H NMR (400 MHz, C¢Dy): 6=
6.79 (dd, Jy =84 Hz, 3y y=7.8 Hz, 1H; ArH), 6.57 (d, *Jyy=8.6 Hz,
1H; ArH), 6.15 (d, Jyy=6.8 Hz, 1H; ArH), 5.87 (d, *J,;;=7.6 Hz, 1 H;
ArH), 527 (dd, *Jyu=6.6, ‘Jyu=0.8 Hz, 1H; ArH), 4.70-4.65 (m, 1H;
ArH), 4.61-4.57 (m, 1H; ArH), 3.25 ppm (s, 3H; OCHs;). (pS)-9 (>97%
ee): [a] =552 (¢=0.025 in CH,Cl,); HPLC: (Daicel Chiralcel OD-H;
hexane/iPrOH =95:5; 1.0 mLmin'; 2=355 nm): tx(R)=22.2 min, t(S)=
28.1 min.

General procedure A (GP-A)—Suzuki-Miyaura couplings using boronic
acids: KF (0.10 g, 1.65 mmol) was heated under vacuum in a Schlenk
tube before addition of toluene (1.5 mL), [Pd(dba),] (14 mg, 0.025 mmol,
5 mol%), Bu;P (0.20m in toluene, 0.15 mL, 0.03 mmol, 6 mol%), and
the appropriate boronic acid (1.0 mmol). 3 (0.172 g, 0.5 mmol) was then
added and washed in with further toluene (1.5 mL). The mixture was de-
gassed and stirred at room temperature until TLC indicated consumption
of starting material. It was then passed through a silica pad and flushed
with ether. Chromatography on silica afforded the substituted complexes.
Trace amounts of the highly colored, more-polar CO insertion products
were also visible with chromatography but were present in <5% yield.

11: The synthesis of 11 was carried out according to GP-A with phenyl-
boronic acid (0.122 g, 1.0 mmol) for 3 h. Chromatography on silica (R;=
0.5, toluene/cyclohexane =1:1) gave 11 (0.164 g, 96 %) as an orange solid.
M.p.: 147-148°C; IR (cyclohexane): #=1974 (vs), 1912 (s), 1900 cm ™' (s);
'"H NMR (400 MHz, C¢Dg): 6=7.36-7.26 (brs, 2H; ArH), 7.25-7.14 (m,
3H; ArH), 6.93-6.90 (m, 1H; ArH), 6.84 (dd, *Jyy=7.0Hz, ‘Yyu=
1.3Hz, 1H; ArH), 6.79 (dd, *Jyu=83Hz, Jyu=7.1Hz, 1H; ArH),
5.67-5.64 (m, 1H; ArH), 534 (dd, *J,y,=6.6 Hz, *Jy4,=13Hz, 1H;
ArH), 4.63 (ddd, %y ;;=6.6 Hz, *J;;;;=6.0 Hz, *J,;y=13 Hz, 1H; ArH),
4.57 ppm (ddd, *Jy;=6.6 Hz, *Jyy;=6.0 Hz, “Jy =13 Hz, 1H; ArH);
BCNMR (100 MHz, C¢Dy): ¢ 232.4 (C=0), 141.2 (C), 138.8 (C), 129.9
(CH), 128.89 (CH), 128.86 (CH), 128.6 (CH), 128.3 (CH), 127.9 (CH),
105.8 (C), 105.3 (C), 92.3 (CH), 92.1 (CH), 91.1 (CH), 88.7 ppm (CH);
MS (70eV, EI): miz (%):340 [M]* (5), 284 [M-2(CO)]* (7), 256
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[M—3(CO)]* (40), 204 [M—Cr(CO);]* (100), 52 [Cr*] (67); HRMS:
caled for C;oH,O;Cr: 340.0192; found: 340.0179. (pS)-11 (>97% ee):
[a]¥=-906 (c=0.25 in CH,Cl,); HPLC: (Daicel Chiralcel OD-H;
hexane/iPrOH =95:5; 1.0 mLmin*; A=355 nm): tx(R) =17.5 min, t(S) =
22.2 min; elemental analysis: caled (%) for C;H;,0;Cr (340.29): C 67.06,
H 3.55; found: C 66.78, H 3.55.

Using only 1.1 equivalents of phenylboronic acid gave 11 (50%) and an
impure byproduct, which was further purified on silica (R;=0.5, diethyl
ether/cyclohexane =1:1) to afford 10 (23 mg, 12%) as an unstable, dark-
red oil. IR (CH,Cl,): #=1968 (vs), 1894 (br, s), 1657 cm™! (w); '"H NMR
(400 MHz, C;D¢): 0=7.90-7.86 (m, 2H; ArH), 7.13-7.10 (m, 1H; ArH),
7.08-7.02 (m, 2H; ArH), 6.92-6.86 (m, 2H; ArH), 6.54 (dd, *Jyu=
83 Hz, *Jyu=7.1Hz, 1H; ArH), 6.50 (brd, *Jy;=6.8, 1H; ArH), 5.16
(dd, *Jyy=6.6 Hz, *Jy;;=1.0 Hz, 1H; ArH), 4.64-4.60 (m, 1H; ArH),
4.58-4.54 ppm (m, 1H; ArH); ®C NMR (100 MHz, C,Dy): 6=232.0 (C=
0), 195.2 (C, C=0), 138.1 (C), 135.7 (C), 133.3 (CH), 133.1 (CH), 131.5
(CH), 130.7 (CH), 128.7 (CH), 126.0 (CH), 104.9 (C), 104.8 (C), 92.8
(CH), 92.4 (CH), 90.5 (CH), 89.2 ppm (CH); MS (70 eV, EI): m/z (%):
368 [M*] (<1), 312 [M—-2(CO)]* (3), 284 [M-3(CO)]* (26), 232
[M—Cr(CO);]* (100), 155 [C,(H,CO]* (53), 127 [C,H,]* (44), 105
[C;H5COJ* (26), 52 [Cr]* (29).

12: The synthesis of 12 was carried out according to GP-A with o-tolyl-
boronic acid (0.136 g, 1.0 mmol) for 2.5h. Chromatography on silica
(R;=0.3, toluene/cyclohexane=1:1) gave 12 (0.151 g, 85%) as an orange
powder. "H NMR spectroscopy showed a 4:1 mixture of atropisomers.
M.p.: 134-135°C; IR (cyclohexane): #=1974 (vs), 1912 (s), 1900 cm ™" (s);
'"HNMR (400 MHz, C(Dg): 6=7.60 (dd, *Jyuy=7.1Hz, “/yuy=18Hz,
1Hjor; ArH), 7.25-7.12 (m, 2H,j0r+2Hyinor; ArH), 7.07-7.00 (m,
1Hppgjor + 1 Hppinors ATH), 6.92-6.87 (m, 1Hypyior+ 1 Hppipors ArH), 6.84-6.74
(m, 2Hpsjor+3Huinors ArH), 5.60 (brd, *Jyu=7.1Hz, 1Hp; ArH),
5.31-5.25 (m, 2H,yjor+ 1 Hyinors ATH), 474 (ddd, 3y =6.1 Hz, Jyyy=
6.1 Hz, “Jy3=0.8 Hz, 1H,,0r; ArH), 4.61 (ddd, *Jyyu=63 Hz, *Jyu=
6.3 Hz, ‘I 3=1.0, 1H,,,jor; ArH), 451 (ddd, *Jyy=7.1Hz, *Jyy=6.1 Hz,
Tun=13Hz, 1H,,; ArH), 443 (ddd, *Jyuy=7.1Hz, *Jyu=6.1Hz,
U= 1.0 Hz, 1H,y0rs AtH), 2.27 (5, 3Hpinor; CHs), 1.69 ppm (s, 3H,pyi0r;
CH;); "C NMR (100 MHz, C,Ds): major isomer: 6 =232.4 (C=0), 141.1
(0), 138.1 (C), 136.3 (C), 130.8 (CH), 130.1 (CH), 128.9 (CH), 128.7
(CH), 1283 (CH), 1282 (CH), 126.8 (CH), 105.9 (C), 105.3 (C), 92.3
(CH), 92.2 (CH), 90.7 (CH), 83.8 (CH), 19.8 ppm (CH;); minor isomer:
0=140.2 (C), 137.2 (C), 137.1 (C), 131.7 (CH), 130.8 (CH), 128.8 (CH),
128.5 (CH), 128.1 (CH), 128.0 (CH), 125.4 (CH), 107.1 (C), 106.1 (C),
93.6 (CH), 90.8 (CH), 90.2 (CH), 89.7 (CH), 20.5 ppm (CH;) (1xC not
visible); MS (40 eV, EI): m/z (%): 354 [M*] (9), 298 [M <M->2(CO)]*
(15), 270 [M—3(CO)]* (86), 218 [M—Cr(CO);]* (46), 52 [Cr*] (100);
HRMS: caled for C,)H,CrOs: 354.0348; found: 354.0343. (pS)-12 (4:1
mixture of diastereoisomers; >97% ee): [a]y=-520 (c=0.025 in
CH,Cl,); HPLC: (Daicel Chiralcel AD; hexane/iPrOH=95:5;
0.5 mLmin~'; A=355nm): IR(R)major as=15.3 min, #R(S)major as=16.2 min,
tR(R)minor as = 17.0 min, #x(S) minor ¢s = 17.8 min.

13: The synthesis of 13 was carried out according to GP-A with 1-naph-
thylboronic acid (0.172 g, 1.0 mmol) for 2.5 h. Chromatography on silica
(R;=0.3, toluene/cyclohexane=1:1) gave 13 (0.189 g, 97 %) as an orange
powder. 'HNMR spectroscopy showed a 7:1 mixture of atropisomers.
M.p.: 123-124°C; IR (cyclohexane): #=1973 (vs), 1912 (s), 1900 cm™" (s);
'"HNMR (400 MHz, C,Dg): major isomer: 0=7.97 (dd, *Jyuy=7.2 Hz,
“Jun=11Hz, 1H; ArH), 7.73-7.65 (m, 2H; ArH), 740 (dd, *Jyu=
83 Hz, *Jyuy=7.2Hz, 1H; ArH), 7.23-7.16 (m, 1H; ArH), 7.08 (brd,
Jun=79Hz, 1H; ArH), 7.03-6.95 (m, 2H; ArH), 6.92 (dd, *Jyu=
6.8 Hz, */yy=1.5Hz, 1H; ArH), 6.86 (dd, *J ;=83 Hz, *J;y=6.8 Hz,
1H; ArH), 5.33 (d, *Jyu=6.8 Hz, 1H; ArH), 5.12 (d, *Jy4u=7.2 Hz, 1H;
ArH), 4.58 (td, *Jyy=7.0Hz, “Jyy=1.1Hz, 1H; ArH), 4.33 ppm (td,
*Jun=7.0Hz, */y;=1.1 Hz, 1H; ArH); minor isomer (selected signals):
0=5.50 (d, *Jyy=7.2 Hz, 1H; ArH), 5.32-5.28 (partially hidden, m, 1H;
ArH), 4.72-4.66 (m, 1H; ArH), 4.49-4.43 ppm (m, 1H; ArH); *C NMR
(100 MHz, C¢Dg): major isomer: 0=232.4 (C=0), 140.0 (C), 136.1 (C),
134.0 (C), 132.7 (C), 129.9 (CH), 129.2 (CH), 128.9 (CH), 128.8 (CH),
128.7 (CH), 1284 (CH), 126.6 (CH), 126.3 (CH), 126.2 (CH), 125.9
(CH), 106.5 (C), 105.4 (C), 92.3 (CH), 92.1 (CH), 90.6 (CH), 89.6 ppm

www.chemasianj.org 465





FULL PAPERS

(CH); minor isomer (not all signals visible): d=232.1 (C=0), 139.1 (C),
132.5 (C), 130.1 (CH), 127.2 (CH), 127.1 (CH), 124.8 (CH), 92.9 (CH),
91.4 (CH), 89.7 ppm (CH); MS (40 eV, EI): m/z (%): 390 [M™*] (8), 334
[M—=2(CO)]* (5), 306 [M—3(CO)]* (100), 254 [M—Cr(CO);]* (100), 52
[Cr]* (63); HRMS: caled for C,3H,,CrO;: 390.0348; found: 390.0339.
(pS)-13 (7:1 mixture of diastereoisomers, not separated by HPLC; 97 %
ee): [a]¥ =—688 (c=0.025 in CH,Cl,); HPLC (Daicel Chiralcel OD-H;
hexane/iPrOH =95:5; 1.0 mLmin"'; 2=355 nm): #z(R)=19.8 min, t(S)=
25.5 min.

General procedure B (GP-B)—Suzuki-type couplings of 3 using 9-MeO-
BBN: A solution of the appropriate nucleophile (1 mmol) in diethyl
ether (2.5 mL) was prepared by deprotonation (nBuLi or tBuLi) or by
lithium-halogen exchange (nBuLi). The mixture was cooled in an ace-
tone/solid CO, bath before dropwise addition of 9-MeO-BBN (1.0M in
hexanes, 1.0 mL, 1.0 mmol), and the resulting solution was stirred at
—78°C for 2h. In a separate Schlenk tube, 3 (0.172 g, 0.5 mmol) was
added to a solution of [Pd(dba),] (7 mg, 0.0125 mmol, 2.5 mol%) and
Bu;P (0.20M in toluene, 75 pL, 0.015 mmol, 3 mol %) in degassed tolu-
ene (5mL). The solution or suspension of borinate was then added by
cannula, and the resulting mixture was degassed and stirred at room tem-
perature until TLC indicated consumption of starting material. It was
then passed through a silica pad and flushed with diethyl ether. Chroma-
tography on silica afforded the substituted complexes.

14: Phenylethyne (0.110 mL, 1.0 mmol) was lithiated by treatment with
nBuLi (1.6M in hexanes, 0.62 mL, 1.0 mmol) in diethyl ether for 30 min
at —78°C. The coupling reaction was carried out according to GP-B
(2 h). Chromatography on silica (R;=0.5, toluene/cyclohexane =1:1) gave
14 (0.161 g, 88%) as a red powder. M.p.: 142-143°C; IR (cyclohexane):
7=1977 (vs), 1918 (s), 1903 cm™" (s); '"HNMR (400 MHz, C¢Dy): 6=
7.60-7.57 (m, 2H; ArH), 7.18-7.16 (m, 1H; ArH), 7.06-7.01 (m, 3H;
ArH), 6.76 (dm, *Jy;=8.6 Hz, 1H; ArH), 6.60 (dd, */;;;;=8.6 Hz, /yy ;=
7.6 Hz, 1H; ArH), 6.37 (dm, *J;;;=6.6 Hz, 1H; ArH), 5.18 (dd, *Jy =
6.6 Hz, *Jy;=1.0 Hz, 1H; ArH), 4.68 (ddd, */yy;;=7.1 Hz, *J,5=6.1 Hz,
“Jun=10Hz, 1H; ArH), 4.62 ppm (ddd, *Jyy=7.1 Hz, *J;;;=6.1 Hz,
“Jun=1.0Hz, 1H; ArH); ®C NMR (100 MHz, C,Dy): §=232.1 (C=0),
132.1 (CH), 132.0 (CH), 129.3 (CH), 129.0 (CH), 128.9 (CH), 127.8
(CH), 123.0 (C), 122.6 (C), 105.3 (C), 105.2 (C), 98.0 (C), 92.2 (CH), 90.4
(CH), 88.6 (CH), 85.6 ppm (C) (1x CH not visible); MS (70 eV, EI): m/z
(%): 364 [M]* (10), 308 [M—2(CO)]* (17), 280 [M—3(CO)]* (82), 228
[M—Cr(CO);]* (50), 52 [Cr]* (100); HRMS: caled for C,H;,CrOs:
364.0192; found: 364.0204. (pS)-14 (>97 % ee): [a]X =—3640 (c=0.025 in
CH,Cl,); HPLC (Daicel Chiralcel OD-H; hexane/iPrOH=95:5;
1.0 mLmin'; 2=355 nm): tx(R) =15.1 min, tx(S)=20.0 min.

15: Trimethylsilylethyne (0.140 mL, 1.0 mmol) was lithiated by treatment
with nBuLi (1.6M in hexanes, 0.62 mL, 1.0 mmol) in diethyl ether for
30 min at —78°C. The coupling reaction was carried out according to GP-
B (1 h). Chromatography on silica (R;=0.55, toluene/cyclohexane=1:1)
gave 15 (0.136 g, 75%) as a red powder. M.p.: 137-138°C; IR (cyclohex-
ane): ¥=2157 (w), 1978 (vs), 1919 (s), 1903 cm™' (s); '"H NMR (400 MHz,
CDy): 6=7.14 (dd, *Jyu=7.1Hz, Yyu=14, 1H; ArH), 6.74-6.71 (m,
1H; ArH), 6.52 (dd, *Jyuy=8.6 Hz, *J;=7.1 Hz, 1H; ArH), 6.47-6.45
(m, 1H; ArH), 5.12 (dd, 3y 4y =6.3, Yyu=1.5Hz, 1H; ArH), 4.63 (ddd,
Jun=6.1Hz, *Jyy=6.1 Hz, Jyy=1.3 Hz, 1H; ArH), 459 (ddd, *Jyu=
6.1 Hz, *Jyu=6.1 Hz, “Jyy=1.3 Hz, 1H; ArH), 0.30 ppm (s, 9H; CH,);
BC NMR (100 MHz, C,Dy): 6=231.9 (C=0), 132.4 (CH), 129.2 (CH),
127.7 (CH), 122.5 (C), 105.3 (C), 105.0 (C), 103.7 (C), 101.2 (C), 92.3
(CH), 91.9 (CH), 90.0 (CH), 88.6 (CH), —0.1 ppm (CHs); MS (70 eV,
EI): m/z (%): 360 [M]* (7), 276 [M—2(CO)]* (90), 224 [M—Cr(CO),]*
(6), 209 [C,(H,CCSi(CH;),]* (19), 52 [Cr]* (100); HRMS: caled for
Cy5sH,,CrO;Si: 360.0274; found: 360.0267. (pS)-15 (>97% ee): [a]y =
—1614 (¢=0.025 in CH,Cl,).

Desilylation prior to HPLC analysis: 15 (18 mg, 0.05 mmol) was com-
bined with KF (6 mg, 0.1 mmol), 18-crown-6 (13 mg, 0.05 mmol), and tol-
uene (1 mL). The mixture was degassed and stirred at room temperature
for 2 h before direct chromatography on silica (R;=0.4, toluene/cyclohex-
ane=1:1) to give 19 (14 mg, 97%) as a red powder. IR (cyclohexane):
7=3301 (w), 1979 (vs), 1920 (s), 1905cm™" (s); 'HNMR (400 MHz,
CeDy): 0=7.07 (dd, Jyu=72Hz, “Jyyu=1.1Hz, 1H; ArH), 6.73 (brd,
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*Jun=86Hz, 1H; ArH), 6.48 (dd, *Jy;=8.7Hz, *Jyu=72Hz, 1H;
ArH), 6.18 (brd, *Jyy=68Hz, 1H; ArH), 5.13 (dd, *J=6.8 Hz,
“Jun=1.1Hz, 1H; ArH), 4.63 (ddd, *J;;;=6.4 Hz, *J;y=64 Hz, Jyu=
1.1 Hz, 1H; ArH), 4.59 (ddd, *Jyy;;=6.4 Hz, *J;;;=6.4 Hz, *J;;;=1.1 Hz,
1H; ArH), 3.03 ppm (s, 1H; C=CH); "CNMR (100 MHz, C(Dy): 6=
231.8 (C=0), 133.0 (CH), 129.6 (CH), 127.4 (CH), 121.3 (C), 105.6 (C),
104.7 (C), 92.2 (CH), 92.0 (CH), 90.3 (CH), 8382 (CH), 85.6 (CH),
79.6 ppm (C); MS (70 eV, E1): m/z (%): 288 [M]* (16), 232 [M—2(CO)]*
(17), 204 [M—-2(CO)] (74), 152 [M—Cr(CO);]* (13), 52 [Cr]* (100);
HRMS: caled for C,sHgCrO;: 287.9878; found: 287.9867. (pS)-19 (>97 %
ee): [a]d =-2004 (¢=0.025 in CH,Cl,); HPLC (Daicel Chiralcel OD-H;
hexane/iPrOH=90:10; 1.0mLmin'; A1=355nm): #x(R)=20.1 min,
tr(S) =35.4 min.

16: 3,3-Diethoxyprop-1-yne (0.143 mL, 1.0 mmol) was lithiated by treat-
ment with nBuLi (1.6M in hexanes, 0.62 mL, 1.0 mmol) in diethyl ether
for 30 min at —78°C. The coupling reaction was carried out according to
GP-B (3 h); chromatography on silica (R;=0.3, toluene) gave 16 (0.135 g,
69%) as a red powder. M.p.: 92-93°C; IR (cyclohexane): »=1978 (vs),
1918 (s), 1904 cm™ (s); '"H NMR (400 MHz, C¢Dy): 6=7.07 (dd, *Jyu=
7.0 Hz, “Jyu=1.1Hz, 1H; ArH), 6.72 (d, *Jyy;;=8.5 Hz, 1H; ArH), 6.50
(dd, *Jyu=85Hz, Jyuy=7.0Hz, 1H; ArH), 6.38-6.35 (m, 1H; ArH),
5.60 (s, 1H; CH), 5.10 (dd, *Jyy=6.3 Hz, “Jyyy=1.6 Hz, 1H; ArH), 4.56—
4.52 (m, 2H; ArH), 3.92-3.83 (m, 2H; CH,), 3.67-3.57 (m, 2H; CH,),
1.19 (t, *Jyu=7.0Hz, 3H; CH;), 1.18 ppm (t, *Jyy=7.0 Hz, 3H; CH,);
BC NMR (100 MHz, C,Dg): 6=231.9 (C=0), 132.7 (CH), 129.6 (CH),
127.5 (CH), 121.2 (C), 105.3 (C), 104.9 (C), 93.9 (C), 92.4 (CH), 92.20
(CH), 92.17 (CH), 90.2 (CH), 88.5 (CH), 80.9 (C), 614 (CH,), 61.3
(CH,), 15.4 ppm (CH;); MS (40 eV, EI): m/z (%): 390 [M™*] (12), 306
[M-3(CO)]* (16), 218 [M—Cr(CO);]* (100), 52 [Cr]* (94); HRMS:
caled for CyH;sCrOs: 390.0559; found: 390.0556. (pS)-16 (>97% ee):
[a]2 =—1832 (¢=0.025 in CH,Cl,); HPLC (Daicel Chiralcel OJ; hexane/
iPrOH=95:5; 1.0mLmin"'; A=355nm): t(S)=482min, tx(R)=
57.5 min.

17: nBuLi (1.6M in hexanes, 0.62 mL, 1.0 mmol) was added to a cooled
(0°C) solution of 2-bromothiophene (95 uL, 1.0 mmol) in diethyl ether
(2.5 mL), and the mixture was stirred for 1.5 h. The coupling reaction
was carried out according to GP-B and completed in 1 h. Chromatogra-
phy on silica (R;=0.35, toluene/cyclohexane=1:1) gave 17 (0.140 g,
81%) as an orange powder. M.p.: 127-128°C; IR (cyclohexane): »=1975
(vs), 1913 (s), 1902cm™ (s); 'HNMR (400 MHz, C,Dy): 6=7.17 (dd,
3Tun=3.5Hz, *Jyz=1.0 Hz, 1H; thiophene H), 6.98 (dd, *J;y=7.0 Hz,
“Jun=13Hz, 1H; ArH), 6.96 (dd, *Jy;3=5.0 Hz, */y;;;=1.3 Hz, 1 H; thio-
phene H), 6.86-6.82 (m, 2H; ArH and thiophene H), 6.67 (dd, *Jyy=
8.6 Hz, *J,;;;=7.1 Hz, 1H; ArH), 5.99-5.95 (m, 1H; ArH), 5.29-5.25 (m,
1H; ArH), 4.63-4.56 ppm (m, 2H; ArH); C NMR (100 MHz, C¢Dy):
0=2323 (C=0), 139.2 (C), 133.6 (C), 130.4 (CH), 129.2 (CH), 1284
(CH), 127.9 (CH), 127.7 (CH), 127.0 (CH), 105.6 (C), 105.3 (C), 924
(CH), 92.0 (CH), 90.9 (CH), 83.2 ppm (CH); MS (40 eV, EI): m/z (%):
346 [M]* (16), 290 [M—2(CO)]* (24), 262 [M—-3(CO)]* (90), 210
[M—Cr(CO),]* (41), 52 [Cr]* (100); HRMS: caled for C;H;,CrOsS:
345.9756; found: 345.9761. (pS)-17 (> 97 % ee): [a] =—1692 (c=0.025 in
CH,Cl); HPLC (Daicel Chiralcel OD-H; hexane//iPrOH=95:5;
1.0 mLmin~'; A=355 nm): tx(R) =19.4 min, t(S) =22.4 min.

18: rBuLi (1.5M in pentanes, 0.67 mL, 1.0 mmol) was added to a cooled
(=78°C) solution of furan (73 pL, 1.0 mmol) in diethyl ether (2.5 mL),
and the mixture was stirred for 1.5 h in an ice bath. The coupling reaction
was carried out according to GP-B and completed in 6 h. Chromatogra-
phy on silica (R;=0.3, toluene/cyclohexane=1:1) gave a 3:1 mixture of
18 and 5. Recrystallization from methylcyclohexane gave 18 (83 mg,
50%) as fine red needles. M.p.: 130-131°C; IR (cyclohexane): »=1976
(vs), 1915 (s), 1901 cm™ (s); '"HNMR (400 MHz, C,D): 6 7.17 (dd,
*Jun=18 Hz, “/y;=08Hz, 1H; furanyl H), 7.13 (dd, *Jyu=7.1Hz,
“Jun=13Hz, 1H; ArH), 6.81 (brd, *Jyy=8.3 Hz, 1H; ArH), 6.71 (dd,
*Jun=83Hz, YJyu=7.1Hz, 1H; ArH), 6.50 (dd, *Jy; ;=34 Hz, Yyu=
0.8 Hz, 1H; furanyl H), 6.30-6.24 (m, 1H; ArH), 6.19 (dd, *J;5y=3.3 Hz,
*Jun=18 Hz, 1H; furanyl H), 5.28-5.24 (m, 1H; ArH), 4.66-4.61 ppm
(m, 2H; ArH); *C NMR (100 MHz, C¢Dy): 6=232.3 (C=0), 151.7 (C),
143.4 (CH), 129.7 (C), 129.0 (CH), 128.0 (CH), 127.9 (CH), 111.9 (CH),
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110.7 (CH), 105.7 (C), 103.4 (C), 92.2 (CH), 92.0 (CH), 91.0 (CH),
882ppm (CH); MS (40eV, EI): m/z (%): 330 [M]* (23), 274
[M=2(CO)]* (22), 246 [M—3(CO)]* (68), 194 [M—Cr(CO),]* (17), 52
[Cr]* (100); HRMS: caled for C;H,,CrO,: 329.9984; found: 329.9976; el-
emental analysis: caled (%) for C;H;,CrO, (330.26): C 61.83, H 3.05;
found: C 61.77, H 3.17. (pS)-18. [a]¥=-1612 (¢=0.025 in CH,CL);
HPLC (Daicel Chiralcel OD-H; hexane/iPrOH=95:5; 1.0 mLmin'; 1=
355 nm): tz(R) =20.8 min, £(S)=25.5 min.

20: [Pd(dba),] (14 mg, 0.025mmol, 5 mol%) and Q-Phos (18 mg,
0.025 mmol, 5 mol%) were stirred together in toluene (1 mL) for 5 min
before addition of KOrBu (60 mg, 0.625 mmol), 3 (0.172 g, 0.5 mmol),
and more toluene (1.5mL). The mixture was degassed and stirred at
room temperature for 17 h before being passed through a silica pad and
flushed with diethyl ether. Chromatography on silica (R;=0.3, toluene/
cyclohexane =1:1) gave 20 (0.109 g, 65%) as an orange powder. M.p.:
149-150°C; IR (cyclohexane): #=1972 (vs), 1909 (s), 1972 cm™" (s);
'HNMR (400 MHz, C¢Dy): 6=6.81 (dd, *Jyu=8.6 Hz, *J;y;;=7.6 Hz,
1H; ArH), 6.59 (brd, %/, =8.6 Hz, 1H; ArH), 6.35 (dd, *Jyy;;=7.6 Hz,
Tun=0.7 Hz, 1H; ArH), 6.23 (brd, /;3=6.8 Hz, 1 H; ArH), 5.31 (dd,
Jun=6.6 Hz, */yy=1.0 Hz, 1H; ArH), 4.75-4.71 (m, 1H; ArH), 4.65-
4.60 (m, 1H; ArH), 1.28 ppm (s, 9H; CH;); *C NMR (100 MHz, C,Dy):
0=2329 (C=0), 153.1 (C), 129.2 (CH), 118.7 (CH), 109.1 (CH), 108.1
(C), 99.7 (C), 92.8 (CH), 90.9 (CH), 90.2 (CH), 86.8 (CH), 80.1 (C),
284ppm (CH;); MS (40eV, EI): m/z (%): 336 [M]* (23), 280
[M—=2(CO)]* (24), 252 [M-3(CO)]* (45), 196 [M—CH,C(CHs,),,
3(CO)]* (100), 144 [C,HgO]* (28), 52 [Cr]* (95); HRMS: caled for
C;H,4CrO,: 336.0454; found: 336.0455. (pS)-20 (>97 % ee): [a]X =—604
(¢=0.025 in CH,Cl,); HPLC (Daicel Chiralcel OD-H; hexane/iPrOH =
95:5; 1.0 mL min*; =355 nm): tx(R) = 10.4 min, tx(S) =12.7 min.
General procedure C (GP-C)—Suzuki-type couplings of “simple” sub-
strates using 9-MeO-BBN: A solution of the appropriate nucleophile
(1.25 mmol) in THF (2.5 mL) was prepared by deprotonation (nBuLi or
tBuLi) or by lithium-halogen exchange (nBuLi). The mixture was cooled
in an acetone/solid CO, bath before dropwise addition of 9-MeO-BBN
(1.0M in hexanes, 1.25 mL, 1.0 mmol), and the resulting solution was stir-
red at —78°C for 1-2 h. The aryl (vinyl) bromide or [n°’-(chloroarene)Cr-
(CO);] complex (1.0 mmol) was then added, followed by [Pd(dba),]
(6 mg, 1 mol%) and Bu;P (0.2Mm solution in toluene, 55 uL, 1.1 mol %).
The mixture was then removed from the cooling bath and allowed to stir
at room temperature until TLC indicated complete conversion. The mix-
ture was then adsorbed onto silica and subjected to chromatography.

21:¥"! Lithiation was performed at —78°C for 15 min then at 0°C for
15 min. Coupling was carried out according to GP-C (2 h); chromatogra-
phy on silica (R;=0.35, cyclohexane/toluene=1:1) gave 21 (0.241g,
81%) as a yellow crystalline solid.

22:1 Lithiation was performed at —78°C for 30 min. Coupling was car-
ried out according to GP-C (2 h); chromatography on silica (R;=0.6, cy-
clohexane/toluene=1:1) gave 22 (0.238 g, 77%) as a yellow crystalline
solid.

23:% Lithiation was performed at —78°C for 30 min. Coupling was car-
ried out according to GP-C (1 h); chromatography on silica (R;=0.5, cy-
clohexane/toluene=1:1) gave 23 (0.290 g, 88%) as a yellow crystalline
solid.

24: Lithiation was performed at —78°C for 30 min. Coupling was car-
ried out according to GP-C (2 h); chromatography on silica (R;=0.4 in
pentane, pentane then pentane (1%) in Et,O) gave 24 (0.211 g, 92%) as
a colorless oil.

24 using catalytic 9-MeO-BBN: Lithiation was performed at —78°C for
30 min in THF (1 mL). The metallated alkyne was then added by syringe
pump over 2h to a solution containing 1-bromonaphthalene (0.207 g,
1.0 mmol), 9-MeO-BBN (1.0M in hexanes, 0.1 mL, 10 mol %), [Pd(dba),]
(6 mg, 1 mol%), and PrBu; (0.2Mm in toluene, 55 pL, 1.1 mol%) in THF
(1 mL). After the addition was complete, the mixture was stirred for a
further 30 min, then concentrated onto silica and subjected to chromatog-
raphy to give 25 (0.208 g, 91 %) as a colorless oil.

25:51 Lithiation was performed at —78°C for 15 min then at 0°C for
15 min. Coupling was carried out according to GP-C (2 h); chromatogra-
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phy on silica (EtOAc (2%) in cyclohexane) gave 26 (0.175 g, 85%) as a
colorless oil.

26:" Lithiation was performed at —78°C for 15 min then at 0°C for
15 min. Coupling was carried out according to GP-C (1 h); chromatogra-
phy on silica (R;=0.4, pentane) gave 26 (0.153 g, 92%) as a colorless oil.

27:% Lithiation was performed at —78°C for 30 min then at 0°C for
15 min. Coupling was carried out according to GP-C (2 h) with bromo-
thiophene (2.5 equiv) and [Pd(dba),] (2 mol % )/tBusP (2.2 mol%); chro-
matography on silica (R;=0.4, pentane) gave 27 (0.217 g, 90%) as a col-
orless oil.

28:°¥ Lithiation was performed at —78°C for 30 min. Coupling was car-
ried out according to GP-C (2h); chromatography on silica (R;=0.4,
pentane (5%) in Et,0) gave 28 (0.201 g, 90%) as a colorless oil.

29:5Lithiation was performed at —78°C for 30 min. Coupling was car-
ried out according to GP-C; chromatography on silica (R;=0.4, pentane)
gave 29 (0.192 g, 96 %) as a colorless oil.
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Abstract:  Catalyzed by [CpRu-
(CH;CN);]PF,, the hydrative cycliza-
tion of dipropargylic sulfone substrates
provides an effective way to synthesize

are discussed. A marked ketone-direct-
ing effect was observed for the first
time in ruthenium-catalyzed cycliza-
tions. A plausible mechanism for the

ketone-directed cycloisomerization is
also rationalized. The utility of this
method was demonstrated by both
sulfur dioxide extrusion of the 3-sulfo-

highly functionalized substituted 3-sul-
folenes. The amount of water is crucial
for the reactivity of this cycloisomeriza-
tion reaction. The scope and limitations
of the Ru-catalyzed cycloisomerization

sulfolenes

Introduction

1,3-Butadienes are crucial cycloaddition partners and have
been utilized extensively in organic synthesis. However,
their chemical sensitivity sometimes makes their synthesis
laborious and unpredictable, and they could be difficult to
carry through multiple steps in a complex synthesis. 3-Sulfo-
lene and its derivatives are excellent synthetic equivalents of
conjugated dienes because of their enhanced stability and
ease in unmasking the 1,3-diene by thermal extrusion of
sulfur dioxide. Therefore, 3-sulfolenes are employed for
Diels-Alder reactions in a number of complex syntheses.["
Several methods for the synthesis of substituted 3-sulfolenes
are reported in the literature. One approach involves the
construction of the corresponding 2,5-dihydrothiophenes
from functionalized precursors. However, this method usual-
ly requires multistep manipulations followed by oxidation of
the 2,5-dihydrothiophenes to 3-sulfolenes.’! Another strat-
egy involves the formation of substituted 3-sulfolenes from
other readily available 3-sulfolenes*! One of the most
common approaches involves the addition of SO, to func-
tionalized dienes,”! a method that demands the availability
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lenes to afford 1,3-dienes and subse-
quent inter- or intramolecular Diels—
Alder reactions.

Diels—

of the desired functionality but is useful to convert simple
1,3-dienes into more-substituted ones. Most recently, substi-
tuted 3-sulfolenes have also been prepared by ring-closing
metathesis.!

[CpRu] complexes (Cp=cyclopentadienyl) are known to
promote several alkyne-alkyne coupling reactions.”” Our
group demonstrated that the hydrative diyne cyclization cat-
alyzed by cyclopentadienyl-tris(acetonitrile)ruthenium(II)
hexafluorophosphate ([CpRu(CH;CN);]PF;; 1) is an excel-
lent method to prepare cyclic enone systems [Eq. (1)], and

o}

510% [CORU(CH,CN)IPFs_ Rs

10 vol% H,Ol/acetone

M

b,

R

it has been used in a number of natural-product syntheses.”!
Although the hydrative diyne cyclization of substrates con-
taining a sulfonamide group catalyzed by 1 has been docu-
mented,®™ the chemoselectivity of this cycloisomerization
reaction with respect to potential leaving groups such as sul-
fonyl in the propargylic position remains to be tested. Al-
kynes are known to be synthetically robust, and the synthe-
sis of dipropargylic sulfone substrates from the acetylenic
functionality can be quite simple.”’] Herein, we describe a
novel and versatile strategy for the synthesis of highly func-
tionalized substituted 3-sulfolenes based on 1-catalyzed hy-
drative cyclization of acyclic dipropargylic sulfones
[Eq. (2)]. During these studies, a unique directing effect by
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X SAc
o O R ICPRUCHCN)IPFs O
I o = R acetone/H,0 o
R’ R
2

a neighboring ketone was observed for the first time in
ruthenium-catalyzed cyclization reactions. We describe in
detail the investigation and its successful application.”

Results and Discussion
Substrate Preparation

The symmetrical dipropargylic

o] of propargylic bromide (5S¢ or 9)
(Scheme 1, [Eq. (4)] and

@) [Eq. (5)])."" Other unsymmetrical
dipropargylic sulfone substrates
were prepared in similar reaction
sequences.

Reaction Optimization

Diethyl dipropargylic sulfone (2a) was chosen for initial ex-
amination with acetone as the solvent and a catalytic
amount of 1 (Table 1). The ruthenium-catalyzed hydrative
cyclization reaction proceeded very well to give 3-sulfolene
3a. High yields were obtained when about 11 equivalents of

sulfone substrates 2a, 2b were — £ a) d Et b) Ofs/ — H 3)
prepared from propargylic bro- Br 92% N = Et 85% 0 —=—rt

mides and sodium sulfide.”) 5a 6a 2a

Coupling of propargylic bro-

mide 5a with sodium sulfide in — 7

MeOH furnished the symmet- AcS —

rical linear sulfide 6a in 95% Bl __ .5 O @
yield. Dipropargylic sulfide 6a = Ph 53% (2 steps) O “—=—pn

was oxidized by m-CPBA in 5¢ 2

CH,(I, to give the correspond-

ing sulfone 2a in 85% yield HO

(Scheme 1, [Eq. (3)]). The use N on d. ) /\/\)%< _fn .

of oxone as the oxidizing re- 65% (2 steps) 8

agent (reaction in refluxing o

CH,CI, for several days) gave Br. 7 ¢)b) O;\S’ T )
mainly the corresponding sulf- = = 55% (3 steps) /\/Q)%<

oxide instead of the desired 9 1"

sulfone 2a. The unsymmetrical
dipropargylic sulfones 2¢ and
11 were prepared from one
equivalent of propargylic thio-
acetate (7) and one equivalent
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Scheme 1. Preparation of dipropargylic sulfone substrates. a) Na,S, MeOH; b) m-CPBA, CH,Cl,; c¢) KOH,
Na,S,0;, MeOH; d) PCC, CH,Cl,; e)3-methyl-1-butyne, nBuLi, Et,0; f) CBr,, Ph;P, PhH. m-CPBA=
m-chloroperbenzoic acid, PCC=pyridinium chlorochromate.

water were added (Table 1, entry 2). These reaction condi-
tions were used in our subsequent studies. To increase the
turnover of catalyst 1, selected additives were investigated:
triphenylphosphine oxide slowed down the reaction
(Table 1, entry 5), and triphenylphosphine sulfide reduced
the reactivity significantly and also caused the decomposi-
tion of 2a (Table 1, entry 6).

Table 1. Optimization studies of the Ru-catalyzed hydrative cyclization.!!

Entry Substrate H,O0 [equiv] Additive 3a[%]"

1 2a 55 - 80

2 2a 11 - 97

3 2a 5 - 90

4 2a 2 - 91

5 2a 55 Ph;PO 76 (82 brsm)'!
6 2a 55 Ph,;PS 17 (50 brsm)!

[a] All reactions were performed at 0.1 M in acetone at 60°C with 10% 1
for 6 h. [b] Yield of isolated product. [c] brsm=based on recovered start-
ing material.

Chem. Asian J. 2006, 1, 469 -478
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Scope and Limitations

The success of this reaction led
us to explore the scope of the
ruthenium-catalyzed hydrative
cycloisomerization reaction
with various dipropargylic sul-
fones (Table 2). Unsymmetrical
dipropargylic  sulfone sub-
strates demonstrated very good
chemoselectivity. The addition
of water usually took place at
the sterically more-accessible
side (Table?2, entries3-11).F
In general, 10% catalyst was
required to achieve complete
conversion for this type of re-
action. The reaction was com-
patible with aromatic alkynes
(Table 2, entry 3) as well as a
number of functional groups,

including free hydroxy
(Table 2, entry4), chloride
(Table 2, entry9), bromide

(Table 2, entry 10), silyl ether
(Table 2, entries 5 and 11) and
ketone (Table 2, entries 12-15).
Desilylation products were ob-
served during ruthenium-cata-
lyzed cyclization of silylalkynes
(Table 2, entries6 and 7).
Given the efficiency of the Ru-
catalyzed [5+2] cycloaddition
with the same catalyst,"!! the
compatibility of the cyclopro-
pylalkyne (Table 2, entry 8) is
particularly noteworthy. More
interestingly, the carbonyl
group can direct the addition
of water to the sterically more-
hindered side to form 1,4-dike-
tone 31 with high selectivity
(Table 2, entry 12). This elec-
tronic directing effect was also
observed when dipropargylic
sulfone 2m, which has a car-
bonyl group at the d position,
was used (Table 2, entry 13), as
shown by the major product
3m (63 %) arising from the ad-
dition of water to the more-
hindered side, presumably di-
rected by the carbonyl group.
The addition of Lewis acid
(Yb(OTf);-H,O) to the hydra-
tive cyclization of substrate 2m
was tested to improve the se-
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Table 2. Scope of substrates in the Ru-catalyzed synthesis of 3-sulfolenes.!?!

Entry Substrate t [h] Product Yield [%]®
— o)
T 0 Et
1 O// \%Et 6 /\/\S | 97
0 Pr
2a 3a
_ o)
o\\Sﬁf
2b o]
3b
_ o)
o/ —
3 S 20 N | 81
o ——Ph .S
2 g Ph
3c
s 0
o\\s/ — o
4 N — /L 151 R 55
o — OH O//S | OH
2d
3d
- o]
003/7 = o
5 N )\ 24 N 84
0] — OTBDPS O//S | OTBDPS
2e
3e
o o]
o\\s/—f o
6 N = 1us 20 sl 75
2f ©
3f
_ o]
° 0
7 0" \—=—siMe,Ph 20 sl 80
2g o
3f
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_ O\\S | Cl
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9 O N=—"" 45 11
2i cl O\\s | cl
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S 3 60
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Table 2. (Continued)

B. M. Trost and X. Huang

A plausible mechanistic ra-

tionalization for the ketone-di-

Entry Substrate t[h] Product Yield [% ]
O\\S/% O\\SOQ;\)OJ\
12 F = 18 o 82
21 e} 31 O
O’\\S%
g
o/ — 3m 5 le}

o= (o)
13 M 5.5 8
m o N
s |l
o
3m 0

Et0,C
EtO,C

EtO,C —
14 EtO,C = 4

2n o)
Vam—an
TsN TsN |
15 \%/\[f 2
20 (0] 30 O

| (0]

3n O

Q 11
Et0,C )

n
@)

recting effect is depicted in
Scheme 3. The ruthenium cata-
lyst first reacts with the diyne
to form a ruthenacyclopenta-
diene.'” The carbonyl oxygen
atom coordinates with rutheni-
um in the ruthenacycle to form
63 intermediate A. This facilitates
the hydration of the ketone to
generate intermediate B. Sub-
sequent ring opening (B—C—
D) followed by protonation
gives the observed carbonyl-di-
rected product 31. This mecha-
nism explains the results of en-
82 tries 12 and 13 in Table 2. In
entry 12, the six-membered
ruthenacycle in intermediate A
gives a completely carbonyl-di-
rected 1,4-diketone product
(31). In entry 13, there is a
72 seven-membered ruthenacycle
in intermediate A. This allows

water to add to the less-hin-

[a] The reactions were carried out with 0.1 M substrate and 10% 1 in 2 vol % water/acetone at 60°C. [b] Yield

of isolated product after chromatography. [c] 5 vol % water/acetone was used. TBDPS =tert-butyldiphenylsilyl,

TMS = trimethylsilyl, Ts = p-toluenesulfonyl.

lectivity of this transformation. However, the selectivity and
yield of products 3m and 3m’ (68% for 3m, 21 % for 3m’)
were almost the same as the case without Yb(OTf);-H,O. To
further explore this interesting electronic effect, we also pre-
pared diyne substrates 2n and 20 by changing the tether
from sulfone to nitrogen and carbon. The carbonyl-directed
cyclic-enone products (3n, 30) were formed as the major
product for substrate 2n and as the sole product for sub-
strate 20 (Table 2, entries 14 and 15).

Mechanistic Rationale

Scheme 2 outlines the mechanistic rationale of the hydrative
diene cyclization. The regioselectivity of the hydration is de-
termined by the attack of water on intermediate A. Prefer-
ence for such an attack adjacent to Rg should be observed,
and it is. It is remarkable that it only takes a 3 branch on Ry
the size of OH (Table 2, entry 4) to give complete regiose-
lectivity. With the sterically very small halogen atoms as a vy
branch on R;, the selectivity is still about 7:1 (Table 2, en-
tries 9 and 10).

The most remarkable aspect of the current work is the re-
versal of regioselectivity by the presence of a y-keto group
in Ry (Table 2, entry 12), which appears to be general
(Table 2, entries 14 and 15). While the selectivity falls some-
what when a 8-keto substrate is employed, it remains signifi-
cant (=4:1; Table 2, entry 13).
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dered side to form 3m’ as the
minor product.

Re
0,8 | o
.
Rs [CpRu] —=R,
/ 0,8
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0,8 RuCp
. OH
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N 1+
Ry OZS\/:QRUCp
N T+
0,8 |l

RuCp

R¢ OH

Scheme 2. A mechanistic rationale for hydrative diyne cyclization. Rg=
small alkyl group, R; =larger alkyl group.
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X T 9 i
RuCp
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X RuCp X / ,RuCp
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Scheme 3. A mechanistic rationale for carbonyl-directed hydrative cycli-
zation.

Synthetic Utility of 3-Sulfolenes

The substituted 3-sulfolenes were used efficiently as equiva-
lents of conjugated dienes in intermolecular Diels—Alder re-
actions. Dimethyl acetylenedicarboxylate (DMAD) was
chosen as the dienophile. The Diels—Alder adducts were iso-
lated in high yields by heating a mixture of the sulfolenes
with  DMAD at 160°C in a microwave apparatus
(Table 3).03 The obtained spectral data on the cyclohexa-
1,4-dienes agrees with those previously reported for similar
compounds.™

To extend the use of this method, we prepared dipropar-
gylic sulfone 11. Under the standard ruthenium-catalyzed
cyclization conditions, sulfolene 12 was prepared in 50 %
yield (Scheme 4). Treatment of 12 with methyl acrylate in
the presence of Grubbs II catalyst afforded trans-enonate 13
in moderate yield (51%; 63% based on recovered 12).1'%
Exposure of 13 in PhMe to 160°C in a microwave for 2 h
gave bicyclic enone 14 as a single diastereomer in very good
yield (86 %). The trans,trans relationship of the three contig-
uous stereogenic centers in the six-membered ring of 14 was
established by extensive NMR spectroscopic studies, includ-
ing 2D ROESY (Scheme 4).

A synthetic application of the ketone-directed addition
was demonstrated by the formation of furan 15 from dike-
tone 31 [Eq. (6)].1' 3-Sulfolenes can also be converted into
1,3-dienes simply by heating. Compound 3a was trans-

o)
e O BCLMeOH S _ | ©
2 — - _
99%
0 %
3| 15
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Table 3. Intermolecular Diels—-Alder reactions with substituted 3-sulfolenes as

1,3-dienes.

Entry Substrate DMAD, ¢

Yield [% ]

1 3a
2 3b
3 3¢
4 3e
5 3f
6 3h
7 3i
8 3j
9 3k
10 31

1.5 equiv,
2h

3 equiv,

2 equiv,
2h

3 equiv,
2h

3 equiv,
2h

3 equiv,
2h

3 equiv,
2h

3 equiv,
2h

3 equiv,
2h

1 equiv,
45 min

Product
o}
MGOQCDﬁk
Et
M602C Pr
4a
o}
MeO,C
4b
0}
MeOZCDiJ/\
MeO,C Ph
4c
o}
MeOzC
MeO,C OTBDPS
4e
0
M602Cm
MEOQC
4f
O
MeOzC: :: fl:
MeOZC
4h
O
MeO,C
M
eOZC 4i
o
MeO,C
M
6020 4j
O
MeO,C
OTBDPS
MeO,C 4K
MeO,C
0O
MeOZC

4 O

79

80

82

75

81

83

65

70

[a] The reactions were carried out with 0.5M substrate in PhMe at 160°C (mi-
crowave). [b] Yield of isolated product after chromatography. DMAD =di-
methyl acetylenedicarboxylate.

formed into 1,3-diene 16 in good yield when heated at
160°C in a microwave apparatus [Eq. (7)].

Oy Et
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0
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Scheme 4. Intramolecular Diels—Alder reaction. a) 1, acetone, H,O, 50 %;
b) methyl acrylate, 5% Grubbs II catalyst, PhH, 51 % (63 % based on re-
covered starting material); ¢) microwave, 160°C, PhMe, 86 %.

Conclusions

A general and convenient synthesis of highly functionalized
3-sulfolenes by using ruthenium-catalyzed hydrative cycliza-
tion has been described. During these studies, a unique car-
bonyl-directing effect was observed for the first time. This
effect provided complementary regioselectivity for the syn-
thesis of substituted 3-sulfolenes and other cyclic enones by
this method. The use of 3-sulfolenes as 1,3-diene equivalents
was also demonstrated by SO, extrusion followed by trap-
ping with dienophiles in either inter- or intramolecular
Diels—Alder reactions. The bicyclic system 14 from an intra-
molecular Diels—Alder reaction is a common structural
motif in a number of biologically active natural products.

Experimental Section

General Remarks

All reactions were carried out in a flame-dried flask under dry nitrogen
or argon. Dry acetone was distilled over drierite. Dry tetrahydrofuran
(THF) was distilled over sodium benzophenone ketyl or purified on an
alumina column purification system. All other solvents were purified
with the latter. Catalyst 1 was prepared according to the literature.'” All
solvents were HPLC grade or analytically pure. Flash chromatography
employed ICN silica gel (Kieselgel 60, 230 +400 mesh), analytical TLC
was performed with 0.2-mm silica-coated glass plates (E. Merck, DC-
Platten Kieselgel 60 F254). Infrared (IR) data were recorded on sodium
chloride plates on a Perkin—Elmer Paragon 500 FTIR spectrometer.
Proton and broadband decoupled C NMR spectra were acquired at
room temperature on Varian GEM 300, Inova Unity 400, or Inova
Unity 500 spectrometers. Chemical shifts are reported in ppm relative to
CDCl; or C4Dg. Elemental analyses were performed by M-H-W Labora-
tories (USA). HRMS (EI) spectra were recorded by the Mass Spectrom-
eter Facility of the School of Pharmacy, University of California, San
Francisco (USA).1-Acetylthio-2-butyne was prepared from 2-butyne-1-ol
and thiolacetic acid.!*"

Syntheses

General procedure for hydrative cyclization of dipropargylic sulfones
(A): 1 (13 mg, 0.03 mmol, 10 mol %) was added under argon to a flame-
dried test tube containing 2 (0.3 mmol), acetone (3 mL), and H,O
(0.06 mL). The resulting yellow-orange solution was sealed and stirred in
an oil bath maintained at 60°C until all the starting material was con-
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sumed as judged by TLC. The solvent was then evaporated in vacuo, and
the crude mixture was further purified by flash chromatography.

General procedure for Diels—Alder reaction of 3-sulfolenes with DMAD
(B): DMAD (1.5-3 equiv) was added to a solution of 3 in PhMe (0.5m).
The mixture was sealed and stirred at 160 °C under microwave irradiation
for 45 min to 2 h. The solvent was then evaporated, and the crude mix-
ture was purified by flash chromatography.

3a: Following general procedure A, 1 (13 mg, 0.03 mmol) and 2a (60 mg,
0.3 mmol) in acetone (3 mL) and water (0.06 mL) with a reaction time of
6 h provided 3a (63 mg, 97 %) after flash chromatography (EtOAc/petro-
leum ether=1:2). R;=0.40 (EtOAc/petroleum ether=1:4); m.p.: 65°C;
IR (thin film): P=2951, 2938, 2874, 1694, 1615, 1458, 1375, 1305, 1252,
1174, 1126, 919 cm™'; '"H NMR (400 MHz, CDCLy): § =4.05-4.08 (m, 2H),
391 (s, 2H), 2.53-2.59 (m, 2H), 2.51 (q, /J=7.2 Hz, 2H), 1.44-1.55 (m,
2H), 1.08 (t, J=72Hz, 3H), 0.94ppm (t, J=7.6 Hz, 3H); “C NMR
(100.6 MHz, CDCLy): 6=197.8, 146.9, 129.1, 60.1, 57.3, 36.1, 32.8, 21.1,
13.9, 7.4 ppm; elemental analysis: caled (%) for C,(H;O;S: C 55.53, H
7.46; found: C 55.54, H 7.45.

3b: Following general procedure A, 1 (13 mg, 0.03 mmol) and 2b (51 mg,
0.3 mmol) in acetone (3 mL) and water (0.06 mL) with a reaction time of
12 h provided 3b (38 mg, 67 %) after flash chromatography (EtOAc/pe-
troleum ether=1:1). R;=0.42 (EtOAc/petroleum ether=1:1); m.p.:
58°C; IR (thin film): P=2976, 2934, 1688, 1663, 1604, 1361, 1314, 1252,
1211, 1140, 927, 804 cm™'; 'H NMR (400 MHz, CDCl;): 6 =4.08 (quint,
J=12Hz, 2H), 3.95 (quint, J=1.2 Hz, 2H), 2.63 (q of quint, J=7.6,
12Hz, 2H), 230 (s, 3H), 1.11ppm (t, J=7.6 Hz, 3H); CNMR
(100.6 MHz, CDCl;): 6=194.7, 148.7, 129.1, 60.1, 57.6, 30.7, 24.3,
12.1 ppm; elemental analysis: caled (%) for CgH;,05S: C 51.04, H 6.43;
found: C 51.30, H 6.63.

3¢: Following general procedure A, 1 (13 mg, 0.03 mmol) and 2¢ (70 mg,
0.3 mmol) in acetone (3 mL) and water (0.06 mL) with a reaction time of
20 h provided 3¢ (61 mg, 81%) after flash chromatography (EtOAc/pe-
troleum ether=1:2). R;=0.63 (EtOAc/petroleum ether=1:1); IR (thin
film): #=2993, 1689, 1618, 1306, 1251, 1197, 1131, 950, 712cm™;
'HNMR (300 MHz, CDCL): 6=7.10-7.38 (m, SH), 4.13 (t, J=1.5 Hz,
2H), 3.98 (s, 2H), 3.77 (s, 2H), 2.35 ppm (s, 3H); 3C NMR (75.4 MHz,
CDCly): 0=194.9, 145.2, 135.8, 129.9, 129.1, 128.6, 127.3, 60.0, 57.7, 36.6,
30.7 ppm; elemental analysis: calcd (%) for C;;H,,05S: C 62.38, H 5.64;
found: C 62.15, H 5.51.

3d: Following general procedure A, 1 (13 mg, 0.03 mmol) and 2d (64 mg,
0.3 mmol) in acetone (3 mL) and water (0.15 mL) with a reaction time of
15 h provided 3d (38 mg, 55%) after flash chromatography (EtOAc/pe-
troleum ether=4:1). R;=0.20 (EtOAc/petroleum ether=2:1); IR (thin
film): P=3510, 2971, 2928, 1689, 1603, 1312, 1253, 1138, 847 cm™';
'"HNMR (500 MHz, C¢D¢): 6=3.39-3.47 (m, 1H), 3.13-3.28 (m, 4H),
2.44 (dt, J=13.5, 8.0 Hz, 1H), 2.06 (dt, J=13.5, 7.0 Hz, 1H), 2.02 (brs,
1H), 140 (s, 3H), 1.09-1.23 (m, 2H), 0.98 ppm (d, J=6.0 Hz, 3H);
BC NMR (125.7 MHz, C¢Dy): 6=194.9, 147.8, 129.2, 66.2, 59.8, 57.2, 36.5,
29.8, 27.1, 23.6 ppm; elemental analysis: calcd (%) for C,,H;;O,S: C
51.70, H 6.94; found: C 51.55, H 6.80.

3e: Following general procedure A, 1 (61 mg, 0.14 mmol) and 2e
(635 mg, 1.40 mmol) in acetone (14 mL) and water (0.28 mL) with a reac-
tion time of 24 h provided 3e (556 mg, 84 %) after flash chromatography
(EtOAc/petroleum ether=1:3). R;=0.29 (EtOAc/petroleum ether=1:4);
IR (thin film): P=2932, 2858, 1691, 1665, 1604, 1428, 1320, 1138, 1111,
1027, 739, 704 cm™'; "H NMR (500 MHz, CDCL,): 6 =7.61-7.68 (m, 4H),
7.34-7.46 (m, 6H), 4.02 (s, 2H), 3.89 (sext, J=6.0 Hz, 1H) 3.72 (AB q,
Jas=17.5, Av,g=18.7 Hz, 2H), 2.64 (dt, J=13.5, 8.5Hz, 1H), 2.48 (dt,
J=13.5, 8.5 Hz, 1H), 2.23 (s, 3H), 1.48-1.55 (m, 2H), 1.11 (d, /=6.0 Hz,
3H), 1.04 ppm (s, 9H); "CNMR (125.7 MHz, CDCLy): 6=194.5, 147.5,
135.81, 135.76, 134.1, 134.0, 129.8, 129.7, 129.5, 127.7, 127.6, 68.8, 60.3,
57.5, 36.8, 30.7, 27.0, 26.9, 22.9, 19.2 ppm; elemental analysis: calcd (%)
for CyH;,0,SSi: C 66.34, H 7.28; found: C 66.12, H 7.02.

3 f: Following general procedure A, 1 (13 mg, 0.03 mmol) and 2 f (69 mg,
0.3 mmol) in acetone (3 mL) and water (0.06 mL) with a reaction time of
20 h provided 3f (39 mg, 75%) after flash chromatography (EtOAc/pe-
troleum ether=1:1). R;=0.37 (EtOAc/petroleum ether=1:1); m.p.:
72°C; IR (thin film): P=2968, 2922, 1688, 1608, 1427, 1361, 1312, 1220,
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1139, 1098 cm™'; 'TH NMR (500 MHz, CDCl,): 6 =4.05-4.08 (m, 2H), 3.94
(q, J=13Hz, 2H), 231 (s, 3H), 220 ppm (tt, J=2.3, 1.3 Hz, 3H);
BCNMR (125.7 MHz, CDCly): 6=194.7, 143.0, 130.0, 62.5, 57.5, 30.8,
17.8 ppm; elemental analysis: caled (%) for C;H;,05S: C 48.26, H 5.79;
found: C 47.90, H 5.93.

Following general procedure A, 1 (13 mg, 0.03 mmol) and 2g (87.5 mg,
0.3 mmol) in acetone (3 mL) and water (0.06 mL) with a reaction time of
20 h also provided 3 f (42 mg, 80%).

3h: Following general procedure A, 1 (13 mg, 0.03 mmol) and 2h (59 mg,
0.3 mmol) in acetone (3 mL) and water (0.06 mL) with a reaction time of
22 h provided 3h (49 mg, 76 %) after flash chromatography (EtOAc/pe-
troleum ether=1:2). R;=0.30 (EtOAc/petroleum ether=1:2); IR (thin
film): P=3080, 3003, 2925, 1688, 1663, 1603, 1362, 1314, 1247, 1212, 1139,
933 cm™'; 'TH NMR (400 MHz, CDCly): 6 =4.04-4.10 (m, 4H), 2.52 (d, /=
6.8 Hz, 2H), 2.26 (s, 3H), 0.69-0.81 (m, 1H), 0.45-0.59 (m, 2H), 0.07-
0.20 ppm (m, 2H); *C NMR (100.6 MHz, CDCl,): 6 =194.8, 147.3, 129.0,
60.4, 57.4, 35.3, 30.8, 9.2, 4.8; HRMS (EI): m/z caled for C,H,,0;S:
214.0664; found: 214.0660.

3i and 3i": Following general procedure A, 1 (13 mg, 0.03 mmol) and 2i
(74 mg, 0.3 mmol) in acetone (3 mL) and water (0.06 mL) with a reaction
time of 4.5 h provided 3i (60 mg, 76 %) and 31’ (9 mg, 11%) after flash
chromatography (EtOAc/petroleum ether=1:2). 3i: R;=0.59 (EtOAc/pe-
troleum ether=1:1); IR (thin film): P=2973, 2929, 1689, 1663, 1604,
1315, 1251, 1138, 929 cm™"; '"H NMR (500 MHz, CDCL;): 6 =4.08 (s, 2H),
3.974.05 (m, 1H), 3.94 (s, 2H), 2.58-2.66 (m, 2H), 2.28 (s, 3H), 1.52—
1.79 (m, 4H), 1.49ppm (d, J=7.0Hz, 3H); "CNMR (125.7 MHz,
CDCl,): 0=194.7, 147.0, 129.5, 60.2, 58.0, 57.5, 39.5, 30.7, 30.2, 25.3,
24.7 ppm; elemental analysis: caled (%) for C;;H;;ClOsS: C 49.90, H
6.47; found: C 49.78, H 6.58. 3i": R;=0.67 (EtOAc/petroleum ether=
1:1); IR (thin film): P=2975, 2929, 1689, 1604, 1460, 1381, 1316, 1251,
1165, 1139, 926 cm™'; '"H NMR (500 MHz, CDCLy): 6 =4.02-4.13 (m, 3H),
3.95 (s, 2H), 2.68-2.78 (m, 2H), 2.63 (q, /=7.5Hz, 2H), 2.10-2.18 (m,
1H), 1.81-1.91 (m, 1H), 1.53 (d, J=6.5 Hz, 3H), 1.11 ppm (t, J=7.5 Hz,
3H); "CNMR (125.7 MHz, CDCl;): 6=196.2, 149.0, 128.5, 60.0, 57.8,
574, 39.7, 33.6, 25.6, 24.5, 12.1 ppm; elemental analysis: calcd (%) for
C,H;;,ClO;S: C 49.90, H 6.47; found: C 49.95, H 6.28.

3j and 3j": Following general procedure A, 1 (22 mg, 0.05 mmol) and 2j
(146 mg, 0.5 mmol) in acetone (5 mL) and water (0.1 mL) with a reaction
time of 1.5 h provided 3j (92 mg, 60%) and 3j’ (12 mg, 7.8 %) after flash
chromatography (EtOAc/petroleum ether=1:2). 3j: R;=0.55 (EtOAc/pe-
troleum ether=1:1); IR (thin film): P=2968, 2925, 1720, 1689, 1664,
1603, 1315, 1230, 1138 cm™'; '"HNMR (500 MHz, CDCL): 6 =4.07-4.14
(m, 3H), 3.95 (s, 2H), 2.63 (t, J=7.0 Hz, 2H), 2.29 (s, 3H), 1.55-1.85 (m,
4H), 1.69 ppm (d, J=7.0 Hz, 3H); "C NMR (125.7 MHz, CDCL,): 6=
194.7, 147.0, 129.6, 60.2, 57.5, 50.7, 40.3, 30.8, 30.0, 26.4, 25.9 ppm; HRMS
(EI): m/z caled for C;{H,;BrO: 246.0442 [M—SO,]*; found: 246.0431. 3j'"
R;=0.67 (EtOAc/petroleum ether=1:1); IR (thin film): v=2967, 2927,
1723, 1689, 1661, 1603, 1462, 1381, 1316, 1138, 925cm™'; 'H NMR
(500 MHz, CDCl;): d=4.11-4.19 (m, 1H), 4.12 (s, 2H), 3.95 (s, 2H),
2.68-2.81 (m, 2H), 2.63 (q, J=7.5Hz, 2H), 2.12-2.22 (m, 1H), 1.90-2.03
(m, 1H), 1.73 (d, J=7.0 Hz, 3H), 1.12 ppm (t, J=7.5 Hz, 3H); "C NMR
(125.7 MHz, CDCl;): 6=196.0, 149.1, 128.5, 60.0, 57.4, 50.7, 41.0, 34.3,
26.7, 24.5, 12.1 ppm; HRMS (EI): m/z caled for C;H;s05S: 228.0820
[M—HBr]*; found: 228.0819.

3k and 3k’: Following general procedure A, 1 (22 mg, 0.05 mmol) and 2k
(233 mg, 0.5 mmol) in acetone (5 mL) and water (0.1 mL) with a reaction
time of 12 h provided 3k (154 mg, 64 %) and 3k’ (31 mg, 13%) after
flash chromatography (EtOAc/petroleum ether=1:4-1:3). 3k: R;=0.23
(EtOAc/petroleum ether=1:4); IR (thin film): P=2964, 2858, 1691, 1603,
1428, 1319, 1138, 1111, 704 cm™'; "H NMR (500 MHz, CDCL;): §=7.61-
7.68 (m, 4H), 7.33-7.44 (m, 6H), 4.04 (s, 2H), 3.84 (sext, J=6.0 Hz, 1H),
3.78 (AB q, Jog=18.0, Av,z=13.5 Hz, 2H), 2.40-2.52 (m, 2H), 2.24 (s,
3H), 1.25-1.52 (m, 4H), 1.08 (d, J=6.0Hz, 3H), 1.03 ppm (s, 9H);
BCNMR (125.7 MHz, CDCLy): 6=194.6, 147.4, 135.83, 135.79, 134.4,
134.3, 129.62, 129.55, 129.52, 127.6, 127.5, 68.9, 60.2, 57.5, 38.9, 30.9, 30.7,
27.0, 23.5, 23.3, 19.2 ppm; elemental analysis: calcd (%) for C,;H3,0,SSi:
C 66.90, H 7.49; found: C 67.06, H 7.63. 3k": R;=0.36 (EtOAc/petroleum
ether=1:4); IR (thin film): P=2965, 2858, 1691, 1604, 1428, 1319, 1138,
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1111, 704 cm™"; 'H NMR (500 MHz, CDCly): 6=7.58-7.72 (m, 4H), 7.30—
7.48 (m, 6H), 3.81-3.98 (m, SH), 2.48-2.58 (m, 3H), 2.34-2.43 (m, 1H),
1.62-1.79 (m, 2H), 1.09 (d, J=6.0Hz, 3H), 1.05 (t, J=7.5Hz, 3H),
1.03 ppm (s, 9H); ®C NMR (125.7 MHz, CDCL,): 6=197.1, 148.2, 135.84,
13577, 134.2, 134.1, 129.8, 129.7, 128.5, 127.7, 127.6, 68.5, 59.9, 57.3, 38.9,
32.6,27.0, 24.3,23.6,19.3, 12.1 ppm.

31: Following general procedure A, 1 (4.5mg, 0.01 mmol) and 2l
(22.7 mg, 0.1 mmol) in acetone (1 mL) and water (0.02 mL) with a reac-
tion time of 18 h provided 31 (20 mg, 82 %) after flash chromatography
(EtOAc/petroleum ether=1:1). R;=0.43 (EtOAc/petroleum ether=1:1);
m.p.: 67°C; IR (thin film): P=2975, 2924, 1715, 1688, 1604, 1363, 1314,
1252, 1160, 1138, 919 cm™'; '"H NMR (400 MHz, CDCL,): 6=4.13 (t, J=
1.2 Hz, 2H), 3.94 (s, 2H), 2.69-2.81 (m, 4H), 2.60 (q, /J=7.6 Hz, 2H),
2.19 (s, 3H), 1.09 ppm (t, J=7.6 Hz, 3H); “C NMR (100.6 MHz, CDCL):
0=206.6, 195.8, 148.5, 128.4, 59.9, 57.4, 37.0, 36.2, 29.8, 24.4, 12.1 ppm; el-
emental analysis: caled (%) for C;;H;,0,S: C 54.08, H 6.60; found: C
54.30, H 6.84.

3m and 3m": Following general procedure A, 1 (13 mg, 0.03 mmol) and
2m (72 mg, 0.3 mmol) in acetone (3 mL) and water (0.06 mL) with a re-
action time of 5.5 h provided 3m (49 mg, 63%) and 3m’ (14 mg, 18%)
after flash chromatography (EtOAc/petroleum ether=1:1). 3m: R;=0.43
(EtOAc/petroleum ether=1:1); m.p.: 80°C; IR (thin film): P=2978,
2926, 1707, 1680, 1606, 1376, 1309, 1251, 1159, 1106, 932 cm™'; '"H NMR
(500 MHz, CDCL): 6=4.07 (t, J=1.0 Hz, 2H), 3.92 (s, 2H), 2.60 (q, J=
7.5 Hz, 2H), 2.53 (t,/J=7.0 Hz, 2H), 2.48 (t,/=7.0 Hz, 2H), 2.11 (s, 3H),
1.84 (quint, J=7.0 Hz, 2H), 1.08 ppm (t, J=7.5Hz, 3H); "CNMR
(125.7 MHz, CDCl;): 6=208.1, 196.7, 148.7, 128.7, 59.8, 57.3, 42.0, 41.5,
29.9, 24.4,17.3, 12.1 ppm; elemental analysis: caled (%) for C,H;;0,S: C
55.79, H 7.02; found: C 56.02, H 6.69. 3m": R;=0.37 (EtOAc/petroleum
ether=1:1); IR (thin film): P=2932, 1714, 1689, 1662, 1603, 1410, 1362,
1313, 1252, 1136, 1089, 930 cm™'; 'TH NMR (500 MHz, CDCl): 6 =4.07 (s,
2H), 3.94 (s, 2H), 2.61 (t, /=7.5Hz, 2H), 2.46 (t, /=7.5 Hz, 2H), 2.28 (s,
3H), 2.12 (s, 3H), 1.59 (quint, /=7.5 Hz, 2H), 1.41-1.50 ppm (m, 2H);
C NMR (125.7 MHz, CDCly): 6=208.3, 194.7, 147.3, 129.5, 60.2, 57.5,
42.8, 30.8, 30.7, 30.0, 27.1, 23.1 ppm; elemental analysis: caled (%) for
C,,H30,S: C 55.79, H 7.02; found: C 55.60, H 6.89.

3n and 3n": Following general procedure A, 1 (13 mg, 0.03 mmol) and 2n
(96 mg, 0.3 mmol) in acetone (3 mL) and water (0.06 mL) with a reaction
time of 4 h provided 3n (83 mg, 82%) and 3n’ (11.5 mg, 11 %) after flash
chromatography (EtOAc/petroleum ether=1:2). 3n: R;=0.58 (EtOAc/
petroleum ether=1:1); IR (thin film): #=2981, 1732, 1681, 1656, 1619,
1366, 1258, 1189, 1073, 861 cm™'; '"H NMR (500 MHz, CDCl;): 6 =4.16
(q, J=7.5Hz, 4H), 3.31 (t, J=1.5Hz, 2H), 3.12 (s, 2H), 2.71-2.76 (m,
2H), 2.66-2.70 (m, 2H), 2.50 (q, J=7.5 Hz, 2H), 2.17 (s, 3H), 1.21 (t, /=
7.5 Hz, 6H), 1.01 ppm (t, J=7.5 Hz, 3H); *C NMR (125.7 MHz, CDCL,):
0=207.3, 196.9, 171.4, 156.4, 130.7, 61.8, 56.8, 44.6, 41.3, 36.6, 36.0, 30.0,
23.1, 13.9, 12.0 ppm; elemental analysis: calcd (%) for C;gH,Oy: C 63.89,
H 7.74; found: C 63.94, H 7.68. 3n": R;=0.47 (EtOAc/petroleum ether=
1:1); IR (thin film): P=2983, 1732, 1682, 1655, 1618, 1422, 1366, 1259,
1187, 1073, 1018, 861 cm™'; '"H NMR (500 MHz, CDCLy): 6=4.18 (q, /=
7.0 Hz, 4H), 3.30 (t, J=1.5 Hz, 2H), 3.12 (s, 2H), 2.49 (t, J=7.5 Hz, 2H),
2.44 (1, J=7.5Hz, 2H), 2.21 (s, 3H), 2.11 (s, 3H), 1.72 (quint, J=7.5 Hz,
2H), 1.24 ppm (t, J=7.0 Hz, 6H); "CNMR (125.7 MHz, CDCly): 6=
208.5, 196.8, 171.4, 153.7, 132.6, 61.9, 56.8, 44.9, 42.8, 41.8, 30.3, 29.9, 28.8,
21.6, 14.0 ppm; HRMS (EI): m/z caled for C;gH,Og: 338.1729; found:
338.1720.

30: Following general procedure A, 1 (13mg, 0.03 mmol) and 20
(100 mg, 0.3 mmol) in acetone (3 mL) and water (0.06 mL) with a reac-
tion time of 2 h provided 30 (75 mg, 72%) after flash chromatography
(EtOAc/petroleum ether=2:3). R;=0.45 (EtOAc/petroleum ether=1:1);
m.p.: 117°C; IR (thin film): P=2976, 2910, 1715, 1682, 1622, 1597, 1393,
1337, 1162, 1114, 843, 674 cm™'; '"H NMR (400 MHz, CDCl;): 6=7.70 (d,
J=8.0Hz, 2H), 7.31 (d, /=8.0 Hz, 2H), 4.35 (t, J=4.0 Hz, 2H), 4.19 (t,
J=4.0Hz, 2H), 2.61-2.72 (m, 4H), 2.47 (q, /J=7.6 Hz, 2H), 2.41 (s, 3H),
2.16 (s, 3H), 0.98 ppm (t, J=7.6 Hz, 3H); *C NMR (100.6 MHz, CDCL):
0=206.9, 194.8, 152.5, 143.9, 133.4, 129.9, 129.0, 127.4, 58.0, 55.3, 36.4,
35.8, 29.9, 21.51, 21.45, 12.0 ppm; elemental analysis: calcd (%) for
CisH;3NO,S: C 61.87, H 6.63; found: C 62.06, H 6.82.

www.chemasianj.org 475





FULL PAPERS

4a: Following general procedure B, 3a (55.5mg, 0.257 mmol) and
DMAD (47.5 pL, 0.386 mmol) in PhMe (0.51 mL) with a reaction time of
2 h provided 4a (60 mg, 79 %) after flash chromatography (EtOAc/petro-
leum ether=1:2). R;=0.33 (EtOAc/petroleum ether=1:4); IR (thin
film): P=2957, 2874, 1726, 1693, 1628, 1436, 1274, 1202, 1076, 1037 cm™;
'HNMR (400 MHz, CDCly): 6=3.764 (s, 3H), 3.761 (s, 3H), 3.21 (t, J=
7.6 Hz, 2H), 3.05 (t, J=7.6 Hz, 2H), 2.52 (q, J=7.2 Hz, 2H), 2.14 (t, J=
7.2 Hz, 2H), 1.44 (sext, J=7.2 Hz, 2H), 1.06 (t, J=7.2 Hz, 3H), 0.89 ppm
(t, J=7.2 Hz, 3H); "C NMR (100.6 MHz, CDCl,): §=205.5, 167.8, 167.7,
138.1, 131.9, 131.7, 129.0, 52.38, 52.35, 35.8, 35.0, 32.5, 29.5, 21.4, 14.0,
7.8 ppm; elemental analysis: calcd (%) for C;H,Os: C 6529, H 7.53;
found: C 65.14, H 7.44.

4b: Following general procedure B, 3b (50.5 mg, 0.268 mmol) and
DMAD (0.1 mL, 0.8 mmol) in PhMe (0.54 mL) with a reaction time of
2 h provided 4b (57 mg, 79 %) after flash chromatography (EtOAc/petro-
leum ether=1:4). R;=0.61 (EtOAc/petroleum ether=1:1); IR (thin
film): P=2954, 2877, 1726, 1692, 1624, 1436, 1356, 1274, 1196, 1075, 941,
777 cm™'; '"HNMR (400 MHz, CDCL): 6=3.76 (s, 6H), 322 (t, J=
7.6 Hz, 2H), 3.08 (t, J=7.6 Hz, 2H), 2.26 (q, /J=7.6 Hz, 2H), 2.25 (s,
3H), 1.05ppm (t, J=7.6 Hz, 3H); *C NMR (100.6 MHz, CDCL,): 6=
201.7, 167.7, 167.6, 141.5, 132.0, 131.5, 128.4, 52.38, 52.36, 32.5, 29.9, 29.7,
27.0, 12.7 ppm; elemental analysis: caled (%) for C,H;sOs: C 63.15, H
6.81; found: C 62.99, H 6.68.

4c¢: Following general procedure B, 3¢ (61 mg, 0.244 mmol) and DMAD
(60 uL, 0.49 mmol) in PhMe (0.5 mL) with a reaction time of 2 h provid-
ed 4¢ (66 mg, 82%) after flash chromatography (EtOAc/petroleum
ether=1:3). R;=0.17 (EtOAc/petroleum ether=1:4); IR (thin film): P=
2953, 1725, 1693, 1631, 1435, 1281, 1074, 1052, 759, 707 cm™'; '"H NMR
(400 MHz, CDCly): 6 =7.12-7.32 (m, 5H), 3.77 (s, 3H), 3.71 (s, 3H), 3.61
(s, 2H), 3.31 (t, J=7.6 Hz, 2H), 2.96 (t, J=7.6 Hz, 2H), 2.32 ppm (s,
3H); C NMR (100.6 MHz, CDCl;): 6=202.1, 167.6, 167.5, 137.8, 136.8,
132.0, 131.0, 130.5, 128.7, 128.6, 126.6, 52.4, 52.3, 39.1, 32.4, 29.8,
29.6 ppm; HRMS (EI): m/z caled for C;0H,Os: 328.1311; found:
328.1294.

4e: Following general procedure B, 3e (235 mg, 0.50 mmol) and DMAD
(0.18 mL, 1.5 mmol) in PhMe (1.0 mL) with a reaction time of 2 h provid-
ed 4e (236 mg, 86%) after flash chromatography (EtOAc/petroleum
ether=1:4). R;=0.36 (EtOAc/petroleum ether=1:4); IR (thin film): P=
2953, 2858, 1732, 1694, 1622, 1590, 1429, 1356, 1282, 1111, 1057, 704 cm™';
'HNMR (400 MHz, CDCLy): 6=7.62-7.69 (m, 4H), 7.31-7.43 (m, 6H),
3.86 (sext, J=6.0 Hz, 1H), 3.79 (s, 3H), 3.78 (s, 3H), 3.19 (t, J=7.6 Hz,
2H), 2.96 (t, J=7.6 Hz, 2H), 2.08-2.32 (m, 2H), 2.19 (s, 3H), 1.44-1.60
(m, 2H), 1.08 (d, J=6.0Hz, 3H), 1.03ppm (s, 9H); “CNMR
(100.6 MHz, CDCl;): 6=201.5, 167.7, 167.6, 140.2, 135.83, 135.81, 134.5,
134.3, 131.9, 131.5, 129.6, 129.5, 128.7, 127.5, 127.4, 69.3, 52.4, 52.3, 37.5,
33.0, 29.9, 29.8, 29.7, 27.0, 22.9, 19.2 ppm; elemental analysis: calcd (%)
for C;,H,,O,Si: C 70.04, H 7.35; found: C 70.86, H 7.18.

4f: Following general procedure B, 3f (87 mg, 0.50 mmol) and DMAD
(0.18 mL, 1.5 mmol) in PhMe (1.0 mL) with a reaction time of 2 h provid-
ed 4f (94mg, 75%) after flash chromatography (EtOAc/petroleum
ether=1:3). R;=0.53 (EtOAc/petroleum ether=1:1); m.p.: 58°C; IR
(thin film): P=2954, 1724, 1692, 1436, 1283, 1075cm™'. 'H NMR
(400 MHz, CDCl,): 6=3.77 (s, 3H), 3.76 (s, 3H), 3.24 (t, /=7.6 Hz, 2H),
3.08 (t, J=7.6Hz, 2H), 2.27 (s, 3H), 1.94ppm (s, 3H); "CNMR
(100.6 MHz, CDCL,): 0=201.4, 167.8, 167.5, 137.2, 132.5, 130.9, 128.6,
52.39, 52.36, 35.4, 30.1, 29.7, 20.7 ppm; elemental analysis: calcd (%) for
C3H,505: C 61.90, H 6.39; found: C 61.92, H 6.22.

4h: Following general procedure B, 3h (108 mg, 0.50 mmol) and DMAD
(0.18 mL, 1.5 mmol) in PhMe (1.0 mL) with a reaction time of 2 h provid-
ed 4h (118mg, 81%) after flash chromatography (EtOAc/petroleum
ether=1:3). R;=0.55 (EtOAc/petroleum ether=1:2); IR (thin film): P=
3002, 2953, 1725, 1692, 1628, 1435, 1279, 1075 cm™"; 'H NMR (400 MHz,
CDCly): 0=3.774 (s, 3H), 3.767 (s, 3H), 3.15-3.28 (m, 4H), 2.25 (s, 3H),
2.16 (d, J=72Hz, 2H), 0.71-0.83 (m, 1H), 0.38-0.52 (m, 2H), 0.04—
0.17 ppm (m, 2H); *C NMR (100.6 MHz, CDCl,): §=202.3, 167.9, 167.6,
139.0, 132.2, 131.2, 129.0, 52.4, 37.9, 32.9, 29.9, 29.5, 9.7, 4.7 ppm; elemen-
tal analysis: calcd (%) for C;sH,,Os: C 65.74, H 6.90; found: C 65.82, H
6.79.
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4i: Following general procedure B, 3i (58 mg, 0.219 mmol) and DMAD
(81 uL, 0.66 mmol) in PhMe (0.5 mL) with a reaction time of 2 h provid-
ed 4i (62.5mg, 83%) after flash chromatography (EtOAc/petroleum
ether=1:2). R;=0.57 (EtOAc/petroleum ether=1:1); IR (thin film): P=
2953, 1727, 1693, 1625, 1436, 1280, 1075, 914, 734cm™'; 'HNMR
(500 MHz, CDCl,): 6=4.01 (sext, J=6.5 Hz, 1H), 3.776 (s, 3H), 3.775 (s,
3H), 3.25 (t, J=8.0 Hz, 2H), 3.09 (t, /=8.0 Hz, 2H), 2.17-2.31 (m, 2H),
225 (s, 3H), 1.50-1.78 (m, 4H), 1.49 ppm (d, J=6.5 Hz, 3H); "C NMR
(125.7MHz, CDCly): 6=201.5, 167.7, 167.5, 140.0, 131.9, 131.4, 129.0,
58.4, 52.44, 52.41, 39.9, 33.2, 33.0, 29.79, 29.76, 25.3, 25.2 ppm; elemental
analysis: caled (%) for C;;H,;ClO5: C 59.56, H 6.76; found: C 59.33, H
6.79.

4j: Following general procedure B, 3j (80 mg, 0.259 mmol) and DMAD
(95 pL, 0.77 mmol) in PhMe (0.52 mL) with a reaction time of 2 h provid-
ed 4j (65mg, 65%) after flash chromatography (EtOAc/petroleum
ether=1:2). R;=0.68 (EtOAc/petroleum ether=1:1); IR (thin film): P=
2952, 1725, 1692, 1625, 1435, 1279, 1075cm™"; 'HNMR (500 MHz,
CDCly): 6=4.06-4.15 (m, 1H), 3.777 (s, 3H), 3.775 (s, 3H), 3.25 (t, J=
7.5Hz, 2H), 3.10 (t, J=7.5Hz, 2H), 2.18-2.31 (m, 2H), 2.25 (s, 3H),
1.50-1.86 (m, 4H), 1.69 ppm (d, J=6.5 Hz, 3H); "C NMR (125.7 MHz,
CDCl;): =201.4, 167.7, 167.5, 139.9, 131.9, 131.4, 129.0, 52.44, 52.42,
51.3, 40.7, 33.1, 33.0, 29.80, 29.76, 26.4, 26.3 ppm; elemental analysis:
caled (%) for C;H,;BrOs: C 52.72, H 5.99; found: C 52.94, H 6.10.

4k: Following general procedure B, 3k (121 mg, 0.25 mmol) and DMAD
(90 pL, 0.73 mmol) in PhMe (0.5 mL) with a reaction time of 2 h provid-
ed 4k (118 mg, 84%) after flash chromatography (EtOAc/petroleum
ether=1:4). R;=0.35 (EtOAc/petroleum ether=1:4); IR (thin film): P=
2952, 2858, 1727, 1694, 1429, 1277, 1111, 1074, 704 cm™'; 'H NMR
(500 MHz, CDCl,): 6 =7.62-7.67 (m, 4H), 7.31-7.42 (m, 6H), 3.82 (sext,
J=6.0Hz, 1H), 3.78 (s, 6H), 3.20 (t, /=8.0 Hz, 2H), 2.99 (t, /J=8.0 Hz,
2H), 2.20 (s, 3H), 2.02-2.18 (m, 2H), 1.30-1.48 (m, 4H), 1.05 (d, /=
6.0 Hz, 3H), 1.02 ppm (s, 9H); “C NMR (125.7 MHz, CDCL,): 6 =201.8,
167.8, 167.6, 139.7, 135.84, 135.81, 134.7, 134.4, 132.0, 131.4, 129.5, 129.4,
128.9, 127.5, 127.4, 69.2, 52.41, 52.35, 39.2, 33.7, 32.7, 29.9, 29.7, 27.0, 23.7,
23.2,19.2 ppm.

41: Following general procedure B, 31 (61.5 mg, 0.25 mmol) and DMAD
(31 uL, 0.25 mmol) in PhMe (0.5 mL) with a reaction time of 45 min pro-
vided 41 (56.5 mg, 70%) after flash chromatography (EtOAc/petroleum
ether=2:3). R;=0.43 (EtOAc/petroleum ether=1:1); m.p.: 63°C; IR
(thin film): P=2955, 1732, 1693, 1629, 1436, 1356, 1272, 1203, 1157, 1074,
1034, 938, 770 cm™'; '"H NMR (500 MHz, CDCl,): 6=3.770 (s, 3H), 3.768
(s, 3H), 3.27 (t, J=8.0 Hz, 2H), 3.08 (t, J=8.0 Hz, 2H), 2.71-2.79 (m,
4H), 2.21 (q, J=7.5Hz, 2H), 2.19 (s, 3H), 1.04 ppm (t, J=7.5 Hz, 3H);
BCNMR (125.7 MHz, CDCly): 6=207.1, 202.5, 167.73, 167.71, 141.1,
131.9, 131.6, 128.0, 52.39, 52.37, 36.9, 35.3, 32.3, 29.9, 29.5, 27.0, 12.7 ppm;
elemental analysis: caled (%) for C;H,,04: C 63.34, H 6.88; found: C
63.60, H 6.73.

8: PCC (6.46 g, 30.0 mmol) and 4-A molecular sieves (5 g) were added to
a stirred and cooled (0°C) solution of 5-hexene-1-ol (2.4 mL, 20.0 mmol)
in CH,Cl, (200 mL). The ice bath was removed, and stirring was contin-
ued for 5 h. The mixture was diluted with Et,O, filtered through a pad of
silica gel, and rinsed with Et,O. The solvent was removed in vacuo to
give the crude aldehyde (2 g), which was used in the next step without
purification. BuLi (2.5m in hexane, 8.0 mL, 20 mmol) was added to a stir-
red and cooled (—78°C) solution of 3-methyl-1-butyne (2.25mL,
22 mmol) in Et,0 (40 mL). After 15 min, a solution of the above alde-
hyde (2 g, ~20 mmol) in Et,0 (10 mL) was added to the reaction mix-
ture. Stirring was continued overnight (12 h), and the reaction mixture
reached room temperature. The mixture was cooled to 0°C and
quenched with ice water, then extracted with Et,O. The organic phase
was washed with brine and dried (Na,SO,). Flash chromatography of the
residue over silica gel (EtOAc/petroleum ether=1:6) gave 8 (2.15g,
65%, two steps) as a colorless oil. R;=0.53 (EtOAc/petroleum ether=
1:4); IR (thin film): P=3355, 3077, 2971, 2935, 2870, 2241, 1641, 1460,
1384, 1320, 1184, 1068, 1018, 911 cm™'; '"H NMR (300 MHz, CDCl;): § =
5.78 (ddt, J=17.1, 10.2, 6.6 Hz, 1H), 4.86-5.06 (m, 2H), 4.32 (dt, J=1.8.
6.6 Hz, 1H), 2.54 (d of sept, J=1.8, 6.9 Hz, 1H), 1.99-2.12 (m, 2H),
1.88-1.95 (m, 1H), 1.42-1.74, (m, 4H), 1.12 ppm (d, /=6.9 Hz, 6H);
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BCNMR (75.4 MHz, CDCl,): 6=138.5, 114.6, 91.0, 80.3, 62.4, 37.5, 33.3,
24.4,22.9, 20.4 ppm; elemental analysis: calcd (%) for C;;H;30: C 79.46,
H 10.91; found: C 79.24, H 10.77.

9: The procedure for the preparation of 5d was followed, using 8 (1.94 g,
11.7 mmol), CBr, (3.88 g, 11.7 mmol), Ph;P (3.07 g, 11.7 mmol) and PhH
(20 mL), and a reaction time of 20 h. Bromide 9 (3.3 g) was used as crude
in the next step. R;=0.95 (EtOAc/petroleum ether =1:10); IR (thin film):
P=3077, 2972, 2934, 2869, 2237, 1641, 1458, 1320, 1216, 1146, 992, 912,
735, 670 cm™'; '"H NMR (300 MHz, CDCL): 6=5.77 (ddt, J=16.8, 10.2,
6.6 Hz, 1H), 4.90-5.07 (m, 2H), 4.53 (dt, /=6.6, 2.1 Hz, 1H), 2.59 (d of
sept, J=2.1, 6.9 Hz, 1H), 1.88-2.14 (m, 4H), 1.50-1.67 (m, 2H), 1.14 ppm
(d, J=6.9 Hz, 6H); "CNMR (75.4 MHz, CDCl;): 6=138.0, 115.0, 93.6,
78.5,39.5, 384, 32.7, 26.5, 22.68, 22.66, 20.6 ppm.

10: The procedure for the preparation of 6¢ was followed, using 7''*!
(0.689 g, 5.37 mmol), 9 (1.50 g, ~5.37 mmol, half the material from the
above reaction), Na,$,0; (12mg, 0.076 mmol), KOH (300 mg,
5.35 mmol), and MeOH (10 mL), and a reaction time of 20 h. Product 10
(1.45 g) was used as crude in the next step.

11: The procedure for the preparation of 2a was followed, using 10
(1.45 g, ~5.37 mmol), m-CPBA (2.5 g, 10 mmol), and CH,Cl, (50 mL),
and a reaction time of 4 h. Flash chromatography of the crude product
over silica gel (EtOAc/petroleum ether=1:6) gave 11 (0.786 g, 55% over
two steps). R;=0.52 (EtOAc/petroleum ether=1:4); IR (thin film): P=
3077, 2972, 2925, 2871, 2243, 1641, 1461, 1329, 1254, 1129, 915, 733 cm™';
'"HNMR (400 MHz, CDCLy): 6=5.77 (ddt, J=17.2, 10.4, 6.8 Hz, 1H),
5.02 (dq, J=17.2, 1.6 Hz, 1H), 4.94 (ddt, /=10.4, 2.0, 1.2 Hz, 1H), 4.18
(dq, J=16.8, 2.4 Hz, 1H), 4.07 (ddd, /=104, 4.0, 2.0 Hz, 1H), 3.80 (dq,
J=16.8, 2.4 Hz, 1H), 2.60 (d of sept, J=2.0, 6.8 Hz, 1H), 1.98-2.18 (m,
3H), 1.87 (t, J=24Hz, 3H), 1.67-1.90 (m, 2H), 1.46-1.61 (m, 1H),
1.16 ppm (d, J=6.8 Hz, 6H); "C NMR (125.7 MHz, CDCl;): 6=137.5,
115.2, 94.8, 84.1, 71.0, 66.0, 54.3, 42.8, 32.9, 26.0, 25.8, 22.4, 20.5, 3.8 ppm;
elemental analysis: caled (%) for C;sH,,0,S: C 67.63, H 8.32; found: C
67.80, H 8.37.

12: Following general procedure A, 1 (13 mg, 0.03 mmol) and 11 (80 mg,
0.3 mmol) in acetone (3 mL) and water (0.06 mL) with a reaction time of
24 h provided 12 (43 mg, 50 %) after flash chromatography (EtOAc/pe-
troleum ether=1:4). R;=0.33 (EtOAc/petroleum ether=1:4); IR (thin
film): P=2959, 2871, 1690, 1641, 1597, 1465, 1360, 1311, 1208, 1137,
915cm™; 'HNMR (400 MHz, CDCL): 6=5.75 (ddt, J=16.8, 10.0,
6.8 Hz, 1H), 4.95-5.06 (m, 2H), 3.98 (AB q, J,z=16.4, Av,z=43.8 Hz,
2H), 3.71 (dd, J=8.8, 3.6 Hz, 1H), 2.96 (dd, J=13.6, 9.6 Hz, 1H), 2.28 (s,
3H), 204-2.18 (m, 2H), 1.51-2.02 (m, 6H), 0.98 (d, /J=6.4Hz, 3H),
0.87 ppm (d, J=6.8 Hz, 3H); “C NMR (100.6 MHz, CDCl;): 6=195.5,
150.9, 137.4, 129.5, 115.6, 68.2, 55.8, 37.5, 33.3, 31.0, 28.0, 27.6, 25.4, 23.2,
21.7 ppm; elemental analysis: caled (%) for C;sH,,0;S: C 63.34, H 8.51;
found: C 63.51, H 8.33.

13: Grubbs II catalyst (4 mg, 0.0047 mmol) was added to a stirred solu-
tion of 12 (27.5mg, 0.0967 mmol) and methyl acrylate (17.5 uL,
0.19 mmol) in PhH (1 mL). Stirring was continued for 3 days, and solvent
was evaporated. Flash chromatography of the residue over silica gel
(EtOAc/petroleum ether=1:4-1:2) gave 12 (5 mg) as well as 13 (17 mg,
51%). R;=0.34 (EtOAc/petroleum ether=1:2); IR (thin film): P=2957,
1721, 1690, 1657, 1597, 1438, 1311, 1205, 1136 cm™'; "H NMR (500 MHz,
CDCly): 0=6.90 (dt, J=15.5, 7.0 Hz, 1H), 5.84 (dt, J=15.5, 1.5 Hz, 1H),
4.05 (d, J=16.0 Hz, 1H), 3.93 (d, /=16.0, 1H), 3.71 (s, 3H), 3.70 (dd, J=
9.5, 3.5 Hz, 1H), 2.96 (dd, J=14.0, 9.5 Hz, 1H), 2.29 (s, 3H), 2.20-2.33
(m, 2H), 1.74-2.00 (m, 5H), 1.58-1.70 (m, 1H), 0.98 (d, J=6.5 Hz, 3H),
0.87 ppm (d, J=6.5Hz, 3H); "C NMR (125.7 MHz, CDCl;): 6=195.5,
166.8, 150.3, 147.5, 129.7, 121.9, 68.1, 55.8, 51.5, 37.5, 31.7, 30.9, 28.0, 27.6,
247, 232, 21.6 ppm; HRMS (EI): m/z caled for C,;H»,O,S: 310.1239
[M—MeOH]*; found: 310.1234.

14: Ester 13 (17 mg, 0.05 mmol) in PhMe (1 mL) was sealed and stirred
at 160°C under microwave irradiation for 2 h. The solvent was evaporat-
ed, and the crude mixture was purified by flash chromatography (EtOAc/
petroleum ether=1:8) to give 14 (12 mg, 86 %). R;=0.42 (EtOAc/petro-
leum ether=1:4); m.p.: 71°C; IR (thin film): P=2957, 2871, 1730, 1682,
1626, 1439, 1352, 1270, 1172 cm™"; '"H NMR (500 MHz, CDCl,): 6 =3.67
(s, 3H), 2.39-2.66 (m, 3H), 2.22 (s, 3H), 2.12-2.28 (m, 1H), 1.87-2.05 (m,
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3H), 1.55-1.86 (m, 5H), 1.16-1.37 (m, 2H), 0.89 (d, /J=6.5Hz, 3H),
0.78 ppm (d, J=7.0 Hz, 3H); "C NMR (125.7 MHz, CDCl,): 6=205.3,
175.5, 142.4, 133.6, 51.6, 47.3, 45.1, 44.7, 40.4, 31.7, 30.3, 28.2, 27.7, 27.3,
23.5, 21.7, 21.4 ppm; HRMS (EI): m/z caled for C;H,O;: 278.1882;
found: 278.1882.

15: BCl; (1.0M in heptane, 0.15 mL, 0.15 mmol) was added dropwise to a
stilled solution of 31 (36.0 mg, 0.147 mmol) in MeOH (3 mL). The mix-
ture was placed into an oil bath at 60°C, and stirring was continued for
2 h. The mixture was cooled to room temperature and quenched with sa-
turated aqueous NH,Cl. The mixture was evaporated, extracted with
EtOAc, dried (Na,SO,), and evaporated again. Flash chromatography of
the residue over silica gel (EtOAc/petroleum ether=2:5), gave 15
(33 mg, 99%) as a white solid. R;=0.70 (EtOAc/petroleum ether=1:1);
m.p.: 68°C; IR (thin film): P=2970, 2927, 1724, 1595, 1523, 1460, 1314,
1250, 1134, 1028, 789 cm™'; '"H NMR (500 MHz, CDCL,): 6=6.17 (d, J=
3.0 Hz, 1H), 6.01 (d, /J=3.0 Hz, 1H), 4.07 (s, 2H), 3.92 (s, 2H), 2.57 (q,
J=75Hz, 2H), 229 (s, 3H), 1.10ppm (t, J=7.5Hz, 3H); “C NMR
(125.7 MHz, CDCl;): 6 =152.8, 147.3, 130.8, 118.7, 111.1, 107.4, 59.3, 57.6,
23.7, 13.6, 11.9 ppm; elemental analysis: caled (%) for C;;H;,0;S: C
58.38, H 6.24; found: C 58.52, H 6.44.

16: 3-Sulfolene 3a (54 mg, 0.25 mmol) in PhMe (1 mL) was sealed and
stirred at 160 °C under microwave irradiation for 90 min. The solvent was
evaporated, and the crude mixture was purified by flash chromatography
(EtOAc/petroleum ether=1:20) to give 16 (28 mg, 74%). R;=0.52
(EtOAc/petroleum ether=1:10); IR (thin film): #P=2961, 2874, 1686,
1630, 1590, 1459, 1378, 1098, 905, 734 cm™'; '"H NMR (400 MHz, CDCl,):
0=5.67 (s, 1H), 5.56 (s, 1H), 5.01 (s, 1H), 4.94 (s, 1H), 2.66 (q, J=
7.2 Hz, 2H), 2.17 (t, J=7.2 Hz, 2H), 1.38 (sext, J=7.2 Hz, 2H), 1.08 (t,
J=72Hz, 3H), 087 ppm (t, J=72Hz, 3H); "CNMR (100.6 MHz,
CDCly): 6=204.2, 150.9, 146.2, 120.5, 115.1, 36.8, 33.2, 21.1, 13.6,
8.3 ppm; HRMS (EI): m/z caled for CyH;,0,: 304.2402 [2M]*; found:
304.2398.
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Periodic Trends in the Agostic Interaction in Zirconium and Hafnium
Methylidene Hydride Halide Complexes

Han-Gook Cho," Tae-Hyun Kim," and Lester Andrews**

Abstract: The reactions of methyl chlo-
ride and bromide with laser-ablated Zr
and Hf atoms during deposition in
excess Ne, Ar, or Kr are investigated,
and the products are examined by
matrix IR spectroscopy and density
functional theory calculations. The
methylidene complexes, [CH,=MHX]
(M=Zr and Hf, X=Cl and Br), are
formed along with the methyl metal

crease upon photolysis and in the early
stages of annealing. Two sets of meth-
ylidene absorptions observed in Ar and
Kr matrices form a persistent photore-
versible system. The most stable C,
and slightly higher energy planar struc-
tures of the methylidene complex in

Keywords: agostic interactions -

the singlet ground state trapped in the
matrix reproduce the characteristics of
the two sets of absorptions. Agostic dis-
tortion of the methylidene complexes
decreases in the order Ti, Zr, Hf and
increases in the order F, Cl, and Br;
the C=Zr and Zr—H stretching fre-
quencies increase, and the bonds
become shorter. This observation
favors the characterization of the agos-

. alkylidenes -
halide complexes, [CH;—MX]. The

amounts of both types of complexes in-

Introduction

Alkylidene complexes of Group IV, V, and VI transition
metals are important reagents in the synthesis of organome-
tallic compounds, and many of these complexes are agos-
tic. Laser-ablated Ti, Zr, and Hf atoms readily form meth-
ylidene and methyl metal halide complexes ([CH=MHX]
and [CH;—MX], X=H or F), and agostic distortion is ob-
served in these simplest-possible methylidene complexes in
IR spectra as well as in calculated structures.””! Moreover,
photoreversible conversions are observed in the zirconium
systems,™” which most likely involve the singlet and triplet
CH,=ZrH, or CH,=ZrHF states, and give two different
matrix-cage configurations. On the other hand, photorever-
sible conversion occurs in the Ti systems, through migration
of an a hydrogen atom in the [CH;—TiX] and [CH=TiHX]
complexes.>*®! Furthermore, methyl chloride and bromide
react even more readily than methane and methyl fluoride
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tic interaction as a reorganization of
charge.

with laser-ablated transition metals.®! The observed C=Ti
stretching frequency of the methylidene complexes increases
in the order F, Cl, and Br, and calculations also show that
the carbon-metal bond length decreases and the molecular
structure becomes more agostic with increasing halogen
size.

The transition metals in Group VI form not only the
methyl halide and methylidene complexes but the methyli-
dyne ([CH=MH,X]) complexes as well, and the products
are also photoreversible by migration of an o hydrogen
atom.”’ 2 The transition metals in Group V also produce the
methylidene and methyl halide complexes and form anionic
methylidyne complexes ([CH=MH,X]").'*'* These simple
high-oxidation-state complexes are model compounds for
the much larger Schrock carbene and carbyne complexes,!
which are important for C—H activation of hydrocarbons,
for catalysis of metathesis reactions of unsaturated com-
pounds, and for understanding the agostic interaction.!*2!

If the trend of increasing agostic bonding effects with in-
creasing halogen size found for the [CH,=TiHX] com-
plexes® can be generalized for other metals, more funda-
mental understanding of the agostic interaction may be ob-
tained. The agostic interaction was featured in two excellent
recent review articles.’?!! The original term was used to de-
scribe coordinative interactions between C—H bonds and
transition-metal centers in organometallic compounds.'¥
Steric effects on this interaction have also been consid-
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ered.”™ Scherer and McGrady recently characterized the
agostic interaction as negative hyperconjugative delocaliza-
tion of M—C bonding electrons in order to stabilize the or-
ganometallic system.”! Accordingly, the comparison of F,
Cl, and Br substituents in [CH,=MHX] complexes will test
these models of the agostic interaction.

In this investigation, reactions of laser-ablated Zr and Hf
atoms with methyl chloride and bromide diluted in Ne, Ar,
or Kr were carried out, and the products isolated in solid
matrices were investigated by means of IR spectroscopy.
Results indicate that two major reaction products, the meth-
ylidene and methyl metal halide complexes, are formed on
the basis of the vibrational characteristics and their varia-
tions upon photolysis and annealing. These results are com-
pared with earlier products of methyl fluoride reactions!*®
to examine periodic trends in the agostic interaction in these
simple methylidene complexes.

Results and Discussion

Experimental and theoretical characterization of the prod-
ucts of Zr and Hf atom reactions with CH;Cl and CH;Br
will be presented in turn, followed by a consideration of the
trends in agostic bonding.

Zr+CH,CI

Figure 1 shows the IR spectra in the regions of 1650-1500
and 800430 cm™' for laser-ablated Zr atoms codeposited
with Ar/CH;CI at 8 K and their variations upon photolysis

I
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| ’
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Figure 1. IR spectra in the regions of 1500-1650 and 430-800 cm™' for
laser-ablated Zr atoms codeposited with Ar/CH;Cl at 8 K. a) Zr+ CH;Cl
(0.2%) in Ar codeposited for 1 h. b) After broadband photolysis with a
filter (A>530 nm) for 20 min. c) After broadband photolysis with a near-
UV transmitting filter (240<1<380nm) for 20 min. d) After second
photolysis with a filter (A>530 nm) for 20 min. e) After second photoly-
sis with a near-UV transmitting filter (240 nm <1 <380 nm) for 20 min.
f) After annealing to 26 K. g) After annealing to 32 K. I and II refer to
the absorption group arising from [CH,=ZrHCI], and i refers to the ab-
sorption from [CH;—ZrCl]. P =precursor, W =water.
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and annealing. In the region of 1650-1500 cm ™!, strong prod-

uct absorptions are found at 1554.0 and 1570.5cm™!
(marked I and II). Deuteration of the precursor resulted in
large frequency shifts of —438.5 and —442.8 cm™"' (H/D iso-
topic ratios for both 1.393), respectively, as shown in
Figure 2, thus indicating that these are Zr—H stretching ab-
sorptions. In earlier studies, the hydrogen stretching absorp-
tions of zirconium hydrides (ZrH,), which are not observed
in this study, are also located in the same frequency
region.*!

n!

32K

26 K

I 240-380 nm
> 530 nm
240-380 nm
> 530 nm

deposition

FLELLIL

P

1180 1080 700 600 500

<« P/cm™

Figure 2. IR spectra in the regions of 1080-1180 and 450-750 cm™' for
laser-ablated Zr atoms codeposited with Ar/CD;Cl at 8 K. a) Zr+ CD;Cl
(0.5%) in Ar codeposited for 1 h. b) After broadband photolysis with a
filter (4> 530 nm) for 30 min. c¢) After broadband photolysis with a near-
UV transmitting filter (240<1<380nm) for 30 min. d) After second
photolysis with a filter (4>530 nm) for 30 min. e) After second photoly-
sis with a near-UV transmitting filter (240 nm <4 <380 nm) for 30 min.
f) After annealing to 26 K. g) After annealing to 32 K. I and II refer to
the absorption group arising from [CH,=ZrDCl], and i refers to the ab-
sorption from [CD;—ZrCl].

The strong metal-hydrogen stretching absorptions even at
low concentrations of CH;Cl (0.2 %) indicate that C—H acti-
vation readily occurs in the reaction of Zr with CH;CI. It
was previously reported that CH;F is more reactive than
CH, towards Zr probably because the lone electron pairs of
the halogen atom attract the electron-deficient metal atom.
Apparently CH;Cl is even more reactive than CH;F towards
the transition metal.

Photolysis with a broadband Hg lamp and a filter (1>
530 nm) led to increase in I and decrease in II. On the other
hand, irradiation with a near-UV transmitting filter (240<
A<380nm) led to a large increase in II, whereas I only
slightly grew. Irradiation with visible light of short wave-
length (380<4<530nm) did not produce any observable
change in the spectra. After the first near UV irradiation,
increase of one hydrogen stretching absorption was always
accompanied with decrease of the other, while the total ab-
sorption intensity of the two absorptions continuously in-
creased. I increased upon irradiation with visible light
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(>530 nm), whereas II decreased. UV irradiation reversed
the effect. Almost-identical photoreversible variations in the
intensities of the I and II absorptions were also observed in
a Kr matrix as shown in Figure 3, in which the frequencies

26 K

240-380 nm

> 530 nm

240-380 nm

FEEE

WEO nm

Mposition
1600 1500

750

- j/cm™’

650 550 450

Figure 3. IR spectra in the regions of 1500-1650 and 430-800 cm ™' for
laser-ablated Zr atoms codeposited with Kr/CH;Cl at 12K. a)Zr+
CH;Cl (0.5%) in Kr codeposited for 45 min. b) After broadband photoly-
sis with a filter (A>530 nm) for 20 min. c) After broad-band photolysis
with a near-UV transmitting filter (240 <1 <380 nm) for 20 min. d) After
second photolysis with a filter (4>530 nm) for 20 min. e) After second
photolysis with a near-UV transmitting filter (240 nm <4 <380 nm) for
20 min. f) After annealing to 26 K. I and II refer to the absorption group
arising from [CH,=ZrHCI], and i refers to the absorption from [CH;—
ZrCl].

of both absorptions were slightly lower and their difference
in frequency slightly larger (20.5 cm™'). On the other hand,
only one metal-hydrogen stretching absorption was ob-
served in the Ne matrix spectrum, at 15742cm™' (not
shown).

In the early stages of annealing, up to 26 K, the total in-
tensity of the metal-hydrogen stretching absorption in-
creased; in particular, the absorption at 1545.6 cm™, also
marked I and is very weak in the original spectrum after
deposition, increased dramatically (Figure 1). This absorp-
tion grew further upon annealing up to 32 K, whereas the
absorptions at 1554.0 and 1570.5cm™' decreased. In the
spectra shown in Figures 1-3, the I absorptions exhibit more
site splittings than those of II. This cluster of bands is due to
a simple Zr—H stretching mode in a molecule with one Zr—
H bond that can exist in two very similar structures or
matrix-trapping configurations.

The present results indicate that a new molecule with one
Zr—H bond is formed in the reaction of Zr with CH;Cl, and
therefore, the singlet methylidene complex [CH,=ZrHCI],
which is the most stable among the plausible products,®
must be considered. This is consistent with the previous
studies of Zr reactions with CH, and CH,F.%”! Photolysis
also initiates the reaction of Zr atoms with CH;Cl located
nearby in the matrix, and increases the total concentration
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of the two absorptions. Moreover, the persistent photorever-
sibility of the two hydrogen stretching absorptions 16.5 cm™*
apart suggests that the two metal-hydrogen stretching ab-
sorptions actually arise from the methylidene complex in
two substantially different conditions. Upon photolysis, an
increase in concentration of the methylidene complex in one
condition leads to a decrease in concentration in the other,
which involves the excited electronic states of the methyli-
dene complex.”! For example, the lowest triplet state has a
planar structure, which in turn leads to rearrangement of
the matrix configuration around the complex.

Similar changes in absorption intensities upon photolysis
with visible and near-UV light were also observed in the
region of 800-430 cm™' (Figure 1). The absorptions marked
I at 749.1, 666.9, 663.6, 614.9, 612.1, and 487.2cm™" in-
creased and decreased upon irradiation with visible (41>
530 nm) and near-UV (240 <1 <380 nm) light, respectively.
On the other hand, the absorptions marked II at 753.4,
642.7, 592.2, and 450.6 cm™! decreased and increased upon
irradiation with visible and near-UV light, respectively.
Almost-identical variations in intensity were observed in the
Kr matrix spectra shown in Figure 3.

The counterparts of the I and II absorptions at 749.1 and
753.4 cm ! in the spectra of Zr+CD;Cl were much weaker,
with frequency shifts of about —70 cm™' (H/D isotopic ratio
~1.11) (Figure 2). On the basis of the frequencies, isotopic
shifts, and previous results, they are attributed mostly to the
C=Zr stretching mode. The stronger absorptions at 663.6
and 642.7 cm™' (20.9 cm™" apart) showed deuterium shifts of
—137.1 and —136.5cm™ (H/D isotopic ratio of 1.260 and
1.270), respectively. They are assigned to the CH, wagging
mode of the methylidene complex. The absorptions at 614.9
(I) and 592.2 cm™" (II) also clearly showed reversible varia-
tions in intensity upon irradiation with visible and UV light.
The deuterium counterpart of the I absorption was observed
at 482.6cm™' (the deuterium shift and H/D ratio are
—132.3 cm™ and 1.274, respectively). On the basis of the fre-
quency, large deuterium shift, and calculation results, we
assign the absorptions to the C—Zr—H bending mode of the
methylidene complex.

At even lower frequency, two more absorptions that
showed reversible variations in intensity were observed in
the CH,Cl spectra at 487.2 (I) and 450.6 cm™" (II) (36.6 cm™'
apart), whereas the deuterium counterparts were not ob-
served due to their low frequencies. On the basis of the fre-
quencies and previous results, they are attributed to the CH,
twisting mode. The observed I and II absorptions reveal that
the methylidene complex (CH,=ZrHCI) is a major reaction
product of Zr with CH;Cl, which is consistent with reactions
of laser-ablated Zr with methyl fluoride reported previous-
ly.[6]

The observed frequencies in the Ne, Ar, and Kr matrix
spectra of Zr+ CH;Cl are listed in Table 1, and new results
for the Zr+ CH;F reaction are given in Table 2. The Ar
matrix frequencies of the methylidene and methyl metal
halide complexes are compared with calculated values in
Tables 3 and 4, respectively. The two sets of absorptions (I
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Table 1. Observed product absorptions from reactions of Zr with methyl halides."”!
Zr+ CH;Cl Zr+CD;Cl Zr+ CH;Br Zr+ CD;Br Description
Ne Ar Kr Ne Ar Ar Ar
I I I I I 11 I 11 I I
15742 1554.0, 1570.5 1541.6, 1562.1 1129.8 1115.5, 1127.7 1556.6, 1573.7 1117.1, 1129.9 Zr—H stretch
1545.6 1536.2 1110.0 1546.5 1110.5
754.0 749.1 753.4 744.8 747.0 682.9 676.9 752.9, 756.3 675.8 686.4 C=Zr stretch
741.2
670.1 666.9, 642.7 663.5, 637.1 531.3 527.8, 506.2 665.0, 643.0 527.8, 506.9 CH, wag
663.6 661.9 526.5 661.9 525.2
619.6 614.9, 5922 611.1, 586.1 475.7 482.6 622.6, 484.0 C—Zr—H bend
612.1 607.2 614.8
483.5 487.2 450.6 486.7 456.2 494.4, 453.6 CH, twist
482.7
1384.8 13743 1370.8 996.0 993.8 1370.1 CH, bend
1137.6 1131.7 1133.5, 895.3 892.3 1129.0 889.6 CH; deform
1129.3
515.7 5139 5143 465.4 462.3 514.2 461.4 C—Zr stretch

[a] All frequencies are in cm™'. Stronger absorptions are in bold. The methylidene product is listed in the top portion followed by the insertion product.

Table 2. Observed product absorptions from reaction of Zr with CH;F isotopomers.”)

Zr+CH3F Zr+CDsF Zr+"CH,F Description
Ne Ar Kr Ar Ar
I I ) | I | I I I
1579.2 1537.8, 1551.3 1522.3 1541.6 1104.3 1114.4 1537.8, 1551.3 Zr—H stretch
1532.4 1532.4
743.8 740.0 742.0 732.8 734.8 641.8 645.2 721.5 7232  C=Zr stretch
688.5 669.4 642.2 666.9 636.0 534.0 503.7 663.7 638.4 CH, wag
643.9 633.5 631.0 628.1 625.6 607.5 605.6 632.4 629.1 Zr—F stretch
519.0 501.7 513.2 499.9 509.4 501.0  C—Zr—H bend
1115.8 1114.5 890.5 1106.4 CHj; deform
609.2 611.0 605.0 610.8 610.9 Zr—F stretch
518.8 489.2 C—Zr stretch

[a] All frequencies are in cm'. The methylidene product is listed in the top portion followed by the insertion

product.

and II) were clearly observed in the Ar- and Kr-matrix spec-
tra as shown in Figures 1-3, whereas only one set of absorp-
tions was observed in the Ne matrix spectra. The frequency

difference between I and II was
in general larger in the Kr-
matrix spectra.

The frequency of the Zr—H
stretching I absorption was
lower than that of the II. The
frequency difference of the C=
Zr stretching absorption pair
was far smaller than those of
the H stretching and bending
modes, thus resulting in heavy
overlap. Furthermore, the H
bending (CH, wagging, C—Zr—
H bending, and CH, twisting)
absorption pairs showed larger
frequency differences than the
metal-hydrogen stretching pair.

The largest frequency difference was observed from the CH,
twisting absorptions (~37 cm™!). Other than the Zr—H and
C=Zr stretching frequencies, the I frequencies were all

Table 3. Observed and calculated fundamental frequencies for [CH,=ZrHCI] and [CH,=ZrHBr] in the ground electronic states (‘A).

Description CH,=ZrHCl CD,=ZrDCl CH,=ZrHBr CD,=ZrDBr
Obs Calcd 1 Obs Calcd 1 Obs Calcd 1 Obs Calcd 1
1 11 Planar C, 1 11 Planar C, 1 11 Planar 1 11 Planar C,

C—H, stretch 3184.6 3183.8 1 2355.1 2354.8 3 3185.1 3183.4 1 2355.6 2354.8 4
C—H, stretch 2806.9 2821.1 7 20443 2054.1 3 2800.6 2806.4 6 2039.6 2043.4 3
Zr—H_, stretch 1554.0 15705 16222 1642.6 400 1115.5 1127.7 11543 1168.7 208 1556.6 1573.7 1623.5 16444 406 1117.1 1129.9 11551 1170.0 211
CH, scissors 1345.5 13384 21 1036.3 10334 22 13445 13401 22 1035.5 10339 24
C="Zr stretch 749.1 7534 7709 7706 81 6769 690.9 6903 58 7529 7563 7714 7725 83 6758 6864 691.6 6925 60
CH, wag 663.6 6427 7144 6845 140 5265 5062 559.2 5358 102 6619 643.0 709.0 683.0 139 5252 5069 555.0 5347 101
C—Zr—H, bend 6149 5922 6369 617.8 70 482.6 488.7 4700 64 614.8 6347 616.6 54 484.0 4825 4649 38
CH, twist 4872  450.6 5052 4484 49 3581 3158 17 4827 453.6 4937 4488 48 349.8 319.0 24
CH, rock 4157 398.1 5 3511 2993 5 4142  405.8 5 3082  303.1 3
Zr—X stretch 3572 3657 66 308.4 3602 50 2562 2642 49 251.0 2587 35
Zr—H_, OOP -78.6 2159 87 632 1633 37 —117.7  209.5 80 -87.0 1564 38
bend

C—Zr—X bend 1359 1100 33 122.6 96.9 30 120.8 98.8 23 108.6 873 21

[a] Observed frequencies were all measured in an Ar matrix. B3LYP/6-311++ G(2d,p)/SDD(Zr) calculations

kmmol ™', respectively, and *Cl and "Br were assumed in calculations. OOP =out of plane.
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Table 4. Observed and calculated fundamental frequencies of [CH,ZrCl] and [CH,ZrBr] isotopomers in the ground electronic states (*A).[

Description [CH;ZrCl] [CD,ZrCl] [CH;ZrBr] [CDsZrBr]
Obs MP2 Caled 1 Obs Caled 1 Obs MP2 Caled 1 Obs Caled 1

A’ CH; stretch 3164.1  3090.7 2 2281.1 1 3166.4  3088.0 2 2278.8 1
A’ CHj; stretch 3002.3 29527 6 2119.8 1 3002.0 2948.6 6 2117.3 1
A’ CH; scissors 14083  1408.6 1 1022.4 1 1406.0  1408.1 1 1022.1 1
A’ CH; deform 1131.7 11463 11529 14 892.3 907.0 27 1129.0 11431 11547 14 889.6 908.7 28
A" C—Zr stretch 513.9 526.8 5121 40 462.3 4499 40 5142 5279 5125 44 461.4 4506 41
A" Zr—X stretch 380.5 389.2 76 3714 70 308.5 368.8 37 2982 37
A’ CH; rock 297.4 3471 11 284.6 3 250.1 256.1 24 2465 11
A’ C—Zr—X bend 82.0 94.9 1 86.7 1 71.1 81.3 1 73.5 1
A" CHj stretch 3087.3  3011.3 4 22239 1 3087.4  3006.3 4 2220.0 1
A" CH, bend 13743 14132 14187 7 993.8  1029.6 4 1370.1  1411.8 14184 7 1029.3 4
A" CH; rock 329.2 353.8 5 264.0 3 3213 3544 5 264.1 3
A" CH, distort 109.5 113.7 1 82.7 0 105.0 121.1 1 874 0

[a] Observed frequencies were all measured in an Ar matrix. B3LYP/6-311 4+ G(2d,p)/SDD(Zr) calculations are given with MP2 added for comparison.

Frequencies and intensities are in cm ™' and kmmol !, respectively, and *Cl and ”Br were assumed in calculations.

higher than those of II. These differences in frequency were
unusually large, much larger than the frequency separations
caused by typical matrix site effects.

Earlier studies showed that the Ti-methylidene complexes
in their ground singlet states have planar structures,>*®
whereas the Zr- and Hf-methylidene complexes have C,;
structures with distorted CH, groups.*” The predicted fre-
quencies for this stable C, structure are listed in Table 3.
(Frequencies computed with the large basis set are within 1-
7cm™! and some are closer to the observed values.) Our
BPW91, MP2, and CCSD calculations all showed that the
only stable structure with all real frequencies of CH,=
ZrHCl in the ground singlet state is of C; geometry.

To examine the origins for the two absorption groups I
and II, extensive calculations were carried out for the vari-
ous conformations of the methylidene complex in the
ground singlet state. The CH, distortion and H-C—Zr—Cl di-
hedral angles were varied systematically and the vibrational
characteristics were calculated for the molecular structures.
Interestingly, the planar structure, obtained by fixing the di-
hedral angles, has a low-frequency, imaginary out-of-plane
Zr—H bending mode. In relation to the stable C,; structure,
this structure is only 0.4 kJmol™ higher in energy, and the
predicted Zr—H stretching frequency is about 20 cm™' lower.
On the other hand, the C=Zr stretching frequency is compa-
rable to that of the C; structure, and the CH, wagging, C—
Zr—H bending, and CH, twisting frequencies are higher,
thus reproducing the characteristics of the I absorptions rel-
ative to those of the II. The frequencies predicted for the
planar structure of CH,=ZrHCI in the ground singlet state
are listed along with the values for the C, structure in
Table 3. No other conformation of the methylidene complex
examined in this study reproduces as well as the planar
structure the characteristics of both the I and II absorptions.

The lowest triplet state, which is 17 kcalmol™' higher in
energy than the ground singlet state, has a planar structure
with similar geometrical parameters other than the CH, dis-
tortion. On reaching the triplet state under photochemical
excitation, the methylidene complex eventually relaxes
down to the ground singlet state. We believe that the com-
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plex retains the planar structure because the matrix-cage
configuration adjusts to the planar structure of the triplet
state while the electronic energy is dissipated to the matrix,
thus leading to the I absorptions. The Ar and Kr matrices
are rigid enough to hold the so-formed planar structure
even in the ground electronic state, but the Ne matrix is too
soft to maintain the planar configuration. We suggest that
the observed I and II absorptions arise from nearly planar
(Cy) and pyramidal (C;) structures of the singlet CH,=
ZrHCI complex trapped in the matrix. The absence of such
a splitting for the CH,=TiHX species is due to their planar
ground-state structures.®*®

Other absorptions marked i were also observed at 513.9
and 462.3 cm ™ in Figures 1 and 2, respectively. They were
relatively weak in the original spectrum after deposition,
but increased upon photolysis, particularly with UV light.
Upon annealing, the intensities of these absorptions in-
creased about 3 times. They were much stronger in the spec-
tra of Zr+ CD;Cl (Figure 2). Absorptions showing the same
variation in intensity upon photolysis and annealing were
observed at 1374.3 and 1131.7 cm™! in the Zr+ CH;Cl spec-
tra and at 993.8 and 892.3 cm ! in the methyl region of the
Zr+CD;Cl spectra (not shown). The absorptions are as-
signed to the methyl halide complex, [CH;—ZrCl], in the
triplet ground state, and the frequencies are compared with
the predicted values for the isotopomers in Table 4.

The absorptions of the triplet [CH;—ZrF] complex ob-
served in a previous study of Zr+ CH,F are much weaker.]
The metal-halogen stretching absorption is expected to be
the strongest among the product absorptions. The Zr—F
stretching absorption shown in a previous study is in fact
much weaker than the C—Zr stretching absorptions of
[CH;—ZrCl] shown in Figures 1 and 2 (the Zr—Cl stretching
absorption was not observed due to its low frequency).”
This indicates that more [CH;—ZrCl] was produced relative
to the fluorine counterpart.”! Moreover, the absorptions
from [CH;—ZrF] disappeared completely upon UV photoly-
sis, whereas more [CH;—ZrCl] was produced in the process
of photolysis and particularly annealing.
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In the reaction of the transition metal with methyl halide,
the insertion product, [CH;—MX], is believed to be formed
first, after which migration of the o hydrogen atom gives the
methylidene complex.? ¥ Figures 1-3 show that the amount
of methylidene complex also increases upon photolysis and
annealing. Therefore, the much stronger [CD;—ZrCl] rela-
tive to the [CH;—ZrCl] absorptions indicate that a-D trans-
fer is far less effective than o-H transfer, which is also the
reason for the relatively weak absorptions of the deuterated
methylidene complex.

Zr + CH;Cl 2% [CH;—ZrCl] —[CH,=ZrHC]| (1)
Zr + CH;C1%Y, [CH;—ZrCl] % [CH,=ZrHC(]| (2)

Figures 1-3 also show that the amount of [CH,=ZrHCI]
increases mostly upon near-UV photolysis, whereas that of
[CH;—ZrCl] increases mostly in the early stages of anneal-
ing. This indicates that UV excitation promotes both the in-
sertion reaction to form [CH;—ZrCl] and the subsequent
transformation to [CH,=ZrHCI], or that [CH;—ZrCl] itself
also absorbs UV light and converts to the methylidene com-
plex. On the other hand, the early stages of annealing allow
reaction of the Zr atom with methyl chloride, which shows
that the insertion reaction proceeds without significant acti-
vation energy in the cold matrix, and that this reaction exo-
thermicity also activates o-H transfer.

Zr+ CH;Br

The Zr+ CH;Br product spectra are shown in Figure 4, and
are very similar to the Zr+ CH;Cl spectra in Figure 1. Clear-
ly, the absorptions marked I increased and decreased upon
irradiation with visible and near-UV light, respectively. The
observed absorptions are assigned following the case of
Zr+ CH;CL The absorptions marked I and II at 1556.6 and
1573.7cm™"  (deuterium counterparts at 1117.1 and
1129.9 cm™ in Figure 5, respectively, with H/D ratios of
1.393) are attributed to the Zr—H stretching mode. The ab-
sorption pair at 752.9 and 756.3 cm™! are assigned to the C=
Zr stretching mode. The deuterium counterparts are much
weaker at 675.8 and 686.4 cm™', with H/D ratios of 1.114
and 1.102, respectively. The H/D ratios suggest that this
mostly C=Zr stretching mode includes considerable dis-
placement of the hydrogen atoms.

The much stronger absorptions marked I and II at 661.9
and 643.0cm™! in Figure 4 and 525.2 and 506.9cm™! in
Figure 5, with H/D ratios of 1.260 and 1.271, respectively,
are assigned to the CH, wagging mode. Weak absorptions
marked I were observed at 622.6 and 614 cm™', and the II
absorption was probably obscured by the precursor band
centered at 602 cm™'. These absorptions are attributed to
the C—Zr—H bending mode. At the extreme low-frequency
end, another absorption pair was observed at 482.7 and
453.6 cm™', whereas the deuterium counterparts were not
observed because of their low frequencies. They are as-
signed to the CH, twisting mode. The observed vibrational
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Figure 5. IR spectra in the regions of 1080-1180 and 440-750 cm™' for
laser-ablated Zr atoms codeposited with Ar/CD;Br at 8 K. a) Zr+ CD;Br
(0.5%) in Ar codeposited for 1 h. b) After broadband photolysis with a
near-UV transmitting filter (240 <4 <380 nm) for 30 min. c) After broad-
band photolysis with a filter (4>530 nm) for 30 min. d) After second
photolysis with a near-UV transmitting filter (240 nm <2 <380 nm) for
30 min. e) After second photolysis with a filter (4>530 nm) for 30 min.
f) After third photolysis with a near-UV transmitting filter (240 nm <A<
380 nm) for 30 min. g) After third photolysis with a filter (1> 530 nm) for
30 min. h) After annealing to 26 K. I and II refer to the absorption group
arising from [CH,=ZrDCl], and i refers to the absorption from [CD;—
ZrCl].

characteristics indicate that [CH,=ZrHBr] was formed in
the reaction of Zr atoms with CH;Br.
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Figure 4. IR spectra in the regions of 1500-1650 and 430-800 cm™' for
laser-ablated Zr atoms codeposited with Ar/CH;Br at 8 K. a) Zr+ CH;Br
(0.2%) in Ar codeposited for 1 h. b) After broadband photolysis with a
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nealing to 26 K. I and II refer to the absorption group arising from
[CH,=ZrHBr], and i refer to the absorption from CH;-ZrBr.
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The observed spectroscopic characteristics of the I and II
absorptions of [CH,=ZrHBr] (Figures 4 and 5) are consis-
tent with those for [CH,=ZrHCI] (Figures 1 and 2). The ob-
served difference in frequency of the Zr—H stretching ab-
sorption pair (17.1 cm™) in Figure 4 was slightly larger than
that (16.5 cm™) in the Zr+ CH,ClI spectra, whereas the sep-
arations of other absorption pairs were slightly smaller. As
in the case of [CH,=ZrHCI], only one stable structure (C))
was found in the singlet ground state for [CH,=ZrHBr], but
the planar structure is only
0.4 kcalmol ™' higher in energy.

Calculations also showed that
the lowest triplet state of [CH,=

ZrHBr] is  17.0 kcalmol™ @, . 4‘/ F)

higher in energy than the sin- & i%\\/z“zz; / 7

glet ground state and has a @”f

planar structure. Parallel to the

case of singlet [CH,=ZrHCI],

the predicted vibrational char-

acteristics for the planar (C,)

and C; structures of [CH,=

ZrHBr] are comparable to the I

and II absorptions, respectively %, ag-?

(Table 3). 7 /\5\2%/‘
The intensity of the absorp- ®(§J N "\Z: )

tion at 514.2 cm™' marked i in-
creased only slightly upon pho-
tolysis but more noticeably
upon annealing. Upon anneal-
ing to 26 K, it became more
than twice as strong as in the
original spectrum after deposi- o 22,3 S
tion. Two more absorptions Nif'3 ﬁ/ ' Zr ‘/
showing the same behavior
were observed at 1370.1 and
1129.0cm™ (not shown). The
deuterium counterpart of the
absorption at 5142 cm™! is lo-
cated at 461.4cm ' (Figure 5).
These absorptions are attribut-
ed to [CH;—ZrBr] in the ground triplet state, in line with the
case of Zr+ CH;Cl. The absorptions at 1370.1, 1129.0, and
5242 cm™" are assigned to the CH; bending, CH; deforma-
tion, and C—Zr stretching modes of [CH;—ZrBr], respective-
ly. The absorptions arising from triplet [CH;-ZrBr] were
also stronger relative to those of [CH;~ZrF].!") They gradu-
ally increased in intensity upon photolysis and later
strengthened greatly upon annealing, a behavior similar to
that for [CH;—ZrCl].

In this study, the C—H bending and C—X stretching ab-
sorptions from the CH,CI (1389.8 and 826.1 cm™),””! CHCI
(814.5 cm ™), and CH,Br (1354.9 and 692.1 cm™")?*! radi-
cals, fragments of the precursor by metal-plume radiation,
were observed. They were relatively weak and remained un-
changed upon photolysis but decreased in intensity upon an-
nealing. The weak absorptions at 884.3 and 818.0 cm™! aris-
ing from ZrO, and at 883.4 and 814.0 cm™~' from HfO, (not

respectively.
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shown) were also observed,”” and they increased in intensi-
ty upon photolysis and particularly upon annealing, which
shows that unreacted metal atoms are present in the depos-
ited samples.

Structures of the Zr complexes

The predicted structures of the Zr complexes at the level of
B3LYP/6-311 ++ G(3df,3pd) are shown in Figure 6, and the
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Figure 6. The optimized molecular structures of [CH;—ZrX] (X=F, Cl, or Br) and [CH,=ZrHX] (X=F, Cl, or
Br) calculated with B3LYP||6-3114+G(3df,3pd) | SDD. The bond lengths and angles are in A and degrees,

molecular parameters are listed in Table 5. [CH;—ZrX] and
[CH,=ZrHX] have triplet and singlet ground electronic
states, respectively. In the ground states, their structures
retain C; and C, symmetry (Figure 6) The methylzirconium
halide complexes with F, Cl, and Br have C—Zr bond lengths
of 2.229, 2.219, and 2.213 A and C—Zr—X bond angles of
121.0, 124.9, and 126.1°, respectively. The measured C—Zr
stretching frequency of the complexes increases in the same
order (489.2, 513.9, and 514.2 cm ™).

The stable C, structures of the singlet methylidene com-
plexes vary only slightly with the halogen atom, yet certain
trends are notable. The methylidene structures with F, Cl,
and Br show agostic C—H, bond lengths of 1.114, 1.120, and
1.122 A, H,~Zr distances of 2.342, 2.250, and 2.233 A, C=Zr
bond lengths of 1.964, 1.950, and 1.948 A, Zr—H bond
lengths of 1.886, 1.875, and 1.873 A, and H,—C—Zr bond
angles of 95.1, 90.0, and 89.2°, respectively. The trends are
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Table 5. Geometrical parameters and physical constants calculated for [CH,=ZrHCI] (S), [CH;—ZrCl] (T),

[CH,=ZrHBr] (S), and [CH, < C-ZrBr] (T).1"
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The computed Zr natural

atomic charges®!! are 1.85, 1.56,

Parameters [CH=ZrHC]] (S) [CH,ZrCl] (T) [CH=ZrHBr] (S) [CH,ZrBr] (T)  and 1.49 with F, Cl, and Br, the
Planar G Planar G halogen natural atomic charges
r(C—H,) 1.121 1.120 1.090 1.122 1.122 1.096 are —0.67, —0.50, and —0.46,
r(C—H,) 1.084 1.083 1.100 1.083 1.083 1.105 d th b h
r(C—Zr) 1.953 1.950 2.219 1.951 1.948 2213 an ¢ carbon charges are
HZr—H,) 1.886 1.875 1.884 1.873 *1~O7_- —1.00, and —0.99, re-
HZr-X) 2.406 2.389 2382 2.563 2.546 2.543 spectively, but the charges on H
X H,CH, 112.2 1124 108.1 1124 112.4 108.0 bonded to C are not changed
#CZrH, 1102 106.7 109.8 1065 (£0.001). This shows that elec-
% CZrX 122.0 115.7 124.9 1223 116.2 126.1 tron density fl p hal
A H,ZrX 127.8 1203 1279 120.4 ron densily tows Irom halogen
XH,CZr 90.4 90.0 116.5 89.9 89.2 116.8 and carbon to the electron-defi-
% H,CZr 157.4 156.7 108.1 157.7 157.6 108.1 cient metal center as the agostic
@(H,CZrH;) 0.0 18.1 121.9 0.0 16.5 122.0 interaction, and the C=Zr bond
&(H,CZrX) 180.0 154.8 0.0 180.0 153.7 0.0 . .
t th . A high
&(H,CZrH;) 180.0 —146.4 116.2 180.0 —148.0 116.0 streng 1ncr<'3ase.s 1gher
S(H,CZrX) 0.0 96 121.9 0.0 107 122.0 electron density in the C=Zr
Mol symm C, C, C, C, G C, bond leads to a shorter bond
q(C)P -0.77 —0.74 -0.89 —0.85 -0.77 —0.94 and higher stretching frequency,
(~1.00) (-0.99) which in turn allows more de-
q(H)M 0.03 0.02 0.02 0.03 0.03 0.02 L
018) (0.18) localization of the electron den-
G(H,) 0.03 0.03 0.03 0.02 0.02 0.05 sity, thus resulting in a stronger
(0.20) (0.20) Zr—H bond and more distortion
q(H;)P —0.45 —0.42 0.03 —0.43 —0.41 0.05 of the CH, group. Clearly, the
(=0.44) (—0.43) . . . .
2 —0.83 —078 o082 063 063 —o71 agostic 1nteracj[10n. involves
(~0.50) (~0.46) more than coordination of a‘ C—
q(Zr)® 1.99 1.89 1.62 1.86 1.76 1.53 H bond to an electron-deficient
u (1.56) (1.49) metal center. In this series, the
e 0.83 3.07 218 0.91 3.00 2.88 most electron-deficient metal
Statel? A 'A A7 A 'A A" ter (highest natural posit
AEE) 932 94.0 9.8 913 92.0 95.7 center (fughest natural posttve

[a] B3LYP/6-311 ++ G(3df,3pd)/SDD level of theory. (S) and (T) denote singlet and triplet electronic states.
Bond lengths and angles are in A and degrees, respectively. [b] Mulliken atomic charge. The number in paren-
theses is the natural atomic charge. [c] Molecular dipole moment in D. [d] Electronic state. [e] Binding ener-

gies in kcalmol ' relative to Zr(°F,) and CH;Cl or CH;Br.

accompanied with the observed C=Zr stretching frequencies
of 740.0, 749.1, and 752.9 cm ™' and the Zr—H stretching fre-
quencies of 1537.8 (1551.3), 1554.0 (1570.5), and 1556.6
(1573.7) cm ™, respectively, where the first numbers are the I
frequencies and those in parentheses are the II values. The
calculated and observed results are consistent, which indi-
cates that both the C=Zr and Zr—H bonds become stronger
in the order F, Cl, and Br, and the distortion of the CH,
group increases. In other words, the methylidene complex
becomes increasingly agostic in the order F, Cl, and Br,
while the C=Zr and Zr—H bonds become stronger. The
same result was observed in the CH,=TiHX system.!®!

Two excellent review articles suggested that the agostic in-
teraction arises from delocalization of the carbon-metal
bonding electrons rather than the donation of electron den-
sity located on the alkyl substituent into a vacant orbital of
the electron-deficient metal atom.?"?!! Therefore, the agostic
interaction involves more than inclination of the C—H bond
toward the metal atom, but rearrangement of the electron
density and molecular structure around the carbon-metal
bond. In this series, the halogen atoms are the source of the
variation in the structural and vibrational characteristics,
mostly by changing the electron density in the C=Zr bond.

Chem. Asian J. 2006, 1, 404-416
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charge) supports the weakest
agostic interaction. The appar-
ent inductive effect of the halo-
gen substituents on the struc-
ture and vibrational characteris-
tics of the methylidene complexes accounts for the trend in
agostic bonding and provides an interesting subject for
future theoretical investigation.

Hf+ CH,CI

The spectra of Hf+ CH;Cl and HF + CD;Cl in an Ar matrix
after deposition, photolysis, and annealing are shown in Fig-
ures 7 and 8, respectively. These spectra are similar to the
spectra of Zr in Figures land 2, but the frequencies of the
product absorptions are higher (Table 6). The higher fre-
quencies of Hf complexes relative to those of Zr complexes
were also observed in previous studies,*” and originate
from the large relativistic contraction in bond length for Hf
as predicted by Pyykko et al.”? Two groups of absorptions
marked I and II arising from the methylidene complex were
also observed side by side, while only one group of absorp-
tions was observed in a Ne matrix, consistent with the Zr
cases.

The absorptions at 1615.0 cm™' marked I increased by
about 20 % upon irradiation with visible light, whereas the
one at 1641.6 cm™' marked II decreased by about 10%.
After near-UV photolysis, I slightly decreased, whereas II
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Figure 7. IR spectra in the regions of 1560-1700 and 450-800 cm™ for
laser-ablated Hf atoms codeposited with Ar/CH;Cl at 8 K. a) Hf +CH,Cl
(0.2%) in Ar codeposited for 1 h. b) After broadband photolysis with a
filter (4> 530 nm) for 20 min. c) After broadband photolysis with a near-
UV transmitting filter (240<A1<380nm) for 20 min. d) After second
photolysis with a filter (1>530 nm) for 20 min. e) After second photoly-
sis with a near-UV transmitting filter (240 nm <A <380 nm) for 20 min.
f) After annealing to 26 K. I and II refer to the absorption group arising
from [CH,=HfHCI], and i refer to the absorption from [CH,—HfCl].

Table 6. Frequencies of observed product absorptions from reactions of Hf with methyl halides.?!

<« P /cm™’

Figure 8. IR spectra in the regions of 1120-1220 and 410-700 cm™' for
laser-ablated Hf atoms codeposited with Ar/CD;Cl at 8 K. a) Hf + CD;Cl
(0.5%) in Ar codeposited for 1 h. b) After broadband photolysis with a
filter (4>530 nm) for 20 min. c¢) After broadband photolysis with a near-
UV transmitting filter (240<1<380nm) for 20 min. d) After second
photolysis with a filter (A>530nm) for 20 min. e) After annealing to
26 K. I and II refer to the absorption group arising from [CH,=HfDCI],
and i refers to the absorption from [CD;—HIfCI].

observed in the same frequen-
cy region.? The heavily over-
lapping absorptions at 766.9

. Hf+CH3Ai1 . Hf+CDj,S Hf+A(frH3Br Hf—',—frDJBr Description and 766.3 cm~! (the deuterium

I I I I I I I I counterparts overlap with a

16307 16150, 1646, 11825 11565, 11759, 16191, 16443, 11592, 11778, HiHstretch ~ Precursor absorption) are as-

1607.8 16347 1513 11705 16097 16357 11525 11712 signed to the mostly C=Hf

770.7 7669  766.3 (e] tel 769.1  767.6 6962  697.7 C=HI stretch stretching mode. The absorp-

677.7 272.1, gig.z, 520.8 g.;a;:l; sig.g, 674.4 2‘5“3‘.(7), sgz.g, sig.g, CH, wag tions at 674.5 and 648.8 cm-!
74.5 : 1 510 X 5320  510. :

6261 6014 4645 4626 4516 6225 P 4616 4529 C-Hi-Hbepd DAV deuterium counterparts

ratios of 1.266 and 1.272), re-

1385.0, 1380.2 1010.3 1381.4, 1376.5 1008.3, 1004.9  CHj; scissors Spectively’ and are attributed

1161.1 11559, 1152.8 899.2 1154, 1153.4, 895.9 CH, deform to the CH, wagging mode. The

1150:5 bsorpti t 6261 and

4787 470.1 4184 419.4 473.1 4192 C-Hfstretch ~ aDSOTpuons —a <oan

[a] All frequencies are in cm™'. Stronger absorptions are in bold. The methylidene product is listed in the top
portion followed by the insertion product. [b] Obscured by precursor absorption.

increased by about 30 %. The variations in intensity were re-
peated when the Hf complexes were re-irradiated with visi-
ble and near-UV light. This photoreversibility of absorptions
is similar to the Zr cases, but the variations in intensity for
Hf are far smaller. Upon annealing, the absorption at
1615.0 cm™! decreased while the absorption at 1607.8 cm™,
also marked I, increased dramatically.

The observed absorptions are assigned according to the
Zr cases. The paired absorptions at 1607.8 and 1641.6 cm™
have their deuterium counterparts at 1151.3 and 1175.9 cm ™
(H/D ratios of 1.397 and 1.396), respectively, and are attrib-
uted to the Hf—H stretching mode of the major product. In
previous studies, the Hf—H stretching absorptions of hafni-
um hydrides, which were not observed in this study, were
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601.4 cm™" have their deuteri-
um counterparts at 462.6 and
451.6cm™' (H/D ratios of
1.353 and 1.332), respectively,
and are attributed to the C-Hf~H bending mode.

The present results indicate that both I and II absorptions
arise from the methylidene complex [CH,=HfHCI], which is
a major product in the reaction of Hf with CH;Cl, and is
consistent with a previous study of Hf+CH,F.® Calcula-
tions, however, showed that there is only one stable struc-
ture (C,) at the present level of theory. As with the Zr cases,
the frequency of the Hf—H I stretching absorption is lower
than that of the II, but the frequencies of the C=Hf stretch-
ing absorptions are comparable. The other I frequencies are
higher than the II frequencies (Table 6).

The predicted vibrational characteristics for the stable C,
structure match the observed values of the II absorptions,
whereas those of the planar structure, which is only 0.8 kcal

Chem. Asian J. 2006, 1, 404 -416





Periodic Trends in Agostic Interactions

mol ! higher, are comparable to observed values of the I ab-
sorptions (Table 7). Reversion to the nonplanar structure via
the imaginary out-of-plane Hf—H bending mode is prevent-
ed by the matrix cage. No other structures of the methyli-
dene complex reproduce the observed vibrational character-
istics of the I absorptions relative to those of II. The lowest
triplet state, which is 13 kcalmol ™' higher and accessed upon
photolysis, enables the planar structure to be preserved in
the matrix even after relaxation to the ground electronic
state.

Another absorption marked i is observed at 470.1 cm™,
whose intensity remains almost unchanged in the cycles of
visible and near-UV photolysis, but doubles in the early
stages of annealing. Two more absorptions with the same
behavior were observed at 1385.0 and 1152.8cm™' (not
shown). Consistent with the Zr cases, the three bands at
1385.0, 1152.8, and 470.1 cm ™! are assigned to the CH; bend-
ing, CH; deformation, and C—Hf stretching modes of triplet
[CH;—HfCIl]. They are in fact the strongest observable
modes predicted for the insertion complex (Table 8). [CH;—
HfF] was not identified in the previous reaction of Hf with
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the chloride complex ([CH;—HfCl]) is more stable than the
fluoride, each relative to the corresponding methylidene
complexes.

Hf+ CH,Br

The spectra for Hf+ CH;Br shown in Figures 9 and 10 are
very similar to those for CH;Cl, thus suggesting that CH,=
HfHBr is again the major product. The intensities of the ab-
sorptions marked II increased upon near-UV irradiation but
stay almost unchanged upon irradiation with visible light.
On the other hand, those of I increased only slightly upon
photolysis but dramatically on annealing. The absorptions
are assigned following the case of Hf+4 CH;Cl: the pair at
1609.7 and 1644.3 cm™' to the Hf—H stretching mode, the
ones at 769.1 and 767.6 cm™! to the C=Hf stretching mode,
the bands at 674.4 and 649.0 cm ™ to the CH, wagging mode,
and the peak at 622.5cm™' to the C—Hf—H bending mode.
The observed frequencies of [CH,=HfHBr] are compared
with the predicted values for the planar (C,) and C; stable
structures in the singlet ground state in Table 7. The planar

CH,F™ This indicates that, in agreement with the Zr cases, structure in the ground singlet state is 0.7 kcalmol ™' higher

Table 7. Observed and calculated fundamental frequencies of [CH,=HfHCI] and [CH,=HfHBr] in the ground electronic states (‘A).

Description [CH,=HfHCI] [CD,=HfDCI] [CH,=HfHBr] [CD,=HfDBr]
Exp Calcd 1 Exp Calcd 1 Exp Calcd 1 Exp Calcd 1
1 I Planar C, 1 1 Planar C, 1 1 Planar C, 1 1 Planar C,

C—H,, stretch 3196.0 3195.6 0 2363.3 2363.2 2 3195.8 3196.2 0 2363.3 2363.7 2
C—H, stretch 2804.3 2833.5 9 2043.1 2063.6 3 2802.0 2819.3 8 20412 20533 3
Hf-H_, stretch 1607.8 1641.6 1650.8 1671.4 291 1151.3 11759 1171.3 1186.0 149 16443 16443 1654.8 1672.3 300 1153.5 1177.8 1174.1 1186.5 154
CH, scissors 13457 13343 18 1031.0 10243 18 1342.8 1338.0 19 1029.4 1026.1 19
C=Hf stretch 7669 7663 7682 760.6 58 ol bl 6885 681.7 42 7691 767.6 767.8 7636 61 6962 6977 687.9 6848 45
CH, wag 6745 6488 723.0 6949 115 5328 510.0 569.0 5433 83 6744 6490 7226 6974 115 5320 5103 5648 5451 83
C-Hf-H.bend 626.1 6014 609.5 6000 56 462.6 451.6 459.6 447.1 47 6225 bl 606.8 6050 44 461.6 4529 4539 4475 29
CH, twist 496.6 4315 54 3522 3500 48 482.0 4335 45 3417 3083 23
CH, rock 4054  369.0 3 339.0 3025 16 3972 386.0 6 298.6  292.6 4
Hf—X stretch 3428 3508 52 3044 2826 3 2322 2422 50 229.8 2368 27
Hf-H, OOP —1258 2246 65 -934 166.8 29 — —128.7 2074 49 —-942 1550 27
bend

C—Hf—X bend 127.7 1112 20 114.6 982 17 113.5 1006 17 101.0 885 15
[a] Observed frequencies were all measured in an Ar matrix. B3LYP/6-311++G(2d,p)/SDD(Zr) calculations were used. Frequencies and intensities are in cm™' and

kmmol ™', and **Cl and ”Br were assumed in calculations. [b] Obscured by precursor absorption.

Table 8. Observed and calculated fundamental frequencies of [CH;HfCl] and [CH;HfBr] isotopomers in the ground electronic states (*A).1

Description [CH;HICI] [CD;HICI] [CH;HfBr] [CD;HfBr]

Exp MP2 Caled 1 Exp Calced 1 Exp MP2 Caled 1 Exp Caled 1
A’ CH; stretch 3156.4  3078.7 3 2272.3 2 31555 30813 3 2274.4 1
A’ CH; stretch 3011.0 2956.3 6 2123.0 1 3010.5  2958.9 6 2124.6 1
A’ CH; scissors 14139 14142 3 1025.7 2 14105 14127 3 1024.7 2
A’ CH,; deform 1152.8 11576 11674 18 899.2 9156 28 1150.5  1156.0 11649 19 895.9 9139 30
A’ C—Hf stretch 470.1 517.6 503.1 25 4194 4395 23 473.1 5158 500.3 31 4192 4380 29
A’ Hf-X stretch 3715 3972 33 3473 59 3559 387.1 21 302.7 13
A’ CH; rock 340.5 3376 39 300.5 1 2352 2282 23 2262 20
A’ C-Hf—X bend 74.4 812 0 74.8 0 64.3 69.7 0 62.9 0
A" CHj stretch 3096.4  3013.5 4 22252 1 3096.3  3017.1 3 2227.8 1
A" CH, bend 1385.0 14134 14181 8 10103  1028.6 5 13814 14112  1417.0 8 1008.3  1027.9 5
A" CH; rock 366.5 385.9 2 287.8 2 3574 381.0 2 284.6 2
A" CH, distort 91.9 96.5 1 70.0 0 83.1 84.1 1 61.5 0

[a] Observed frequencies were all measured in an Ar matrix. B3LYP/6-311 4+ + G(2d,p)/SDD(Zr) calculations are given with MP2 added for comparison.
Frequencies and intensities are in cm ™' and kmmol ™', and *Cl and "Br were assumed in calculations.
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Figure 9. IR spectra in the regions of 1560-1700 and 450-800 cm™' for
laser-ablated Hf atoms codeposited with Ar/CH;Br at 8 K. a) Hf + CH;Br
(0.2%) in Ar codeposited for 1 h. b) After broadband photolysis with a
filter (4> 530 nm) for 20 min. c) After broadband photolysis with a near-
UV transmitting filter (240<1<380nm) for 20 min. d) After second
photolysis with a filter (41>530 nm) for 20 min. e) After second photoly-
sis with a near-UV transmitting filter (240 nm <A <380 nm) for 20 min.
f) After annealing to 26 K. I and II refer to the absorption group arising
from [CH,=HfHBr], and i refers to the absorption from [CH;—HfBr].

in energy than the C, structure, and the lowest triplet state,
which has a planar structure, is 13 kcalmol™ higher in
energy.

The absorption at 473.1 cm™
and two associated absorptions
at 1381.4 and 1150.5cm™" (not
shown) increased upon photol-
ysis, and increased by almost

1

100% upon annealing. These & @4 Y,

absorptions are attributed to
[CH,—HfBr]. Figure9 also
shows that the [CH;—HfBr] ab-
sorptions are stronger than

those for [CH,—HfCI]. The

Grignard-type complex was B, e g

not identified from the Hf+ SN T
. . o0 ozl S

CH;F reaction, which suggests Gy HF

that the [CH;—HfF] first w3 N

formed in the reaction of Hf
with CH;F was rearranged to
the high-oxidation-state com-
plex [CH,=HfHF]. Calcula-
tions showed that, as with the
Zr case, the methylhafnium
halide complexes are essential-
ly equal in energy relative to
the methylidene complex; the
energies of the methylhafnium
halide and methylidene com-
plexes are within 1 kcalmol™

with F, Cl, and Br substituents.  and degrees, respectively.
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Figure 10. IR spectra in the regions of 1120-1220 and 440-700 cm™" for
laser-ablated Hf atoms codeposited with Ar/CD;Br at 8 K. a) Hf+ CD;Br
(0.5%) in Ar codeposited for 1 h followed by broadband photolysis with
a filter (A>530 nm) for 20 min. b) After broadband photolysis with a
near-UV transmitting filter (240 <A <380 nm) for 20 min. c¢) After second
photolysis with a filter (4>530nm) for 20 min. d) After annealing to
26 K. I and II refer to the absorption group arising from [CH,=HfDBr],
and i refers to the absorption from [CD;—HfBr].

Structures of the Hf complexes

The predicted structures for the Hf complexes at the level
of B3LYP/6-311++ G(3df,3pd) are shown in Figure 11, and
the molecular parameters are listed in Table 9. The methyl
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Figure 11. The optimized molecular structures of [CH;—HfX] (X=F, Cl, or Br) and [CH=HfHX] (X=F, Cl,
or Br) complexes calculated with B3LYP||6-311 ++G(3df,3pd) | SDD. The bond lengths and angles are in A
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Table 9. Geometrical parameters and physical constants calculated for [CH,=HfHCI] (S), [CH;HfCIl] (T),

[CH=HfHBr] (S), and [CH,HfBr] (T).1?

CHEMISTRY
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dene complexes [CH,=MHX]

all become more agostic in the

Parameters [CHL=HfHCI] (S) [CH,HLC]] (T) [CH,=HfHBr]1 (S) [CH,HIBr] (T)  order F, Cl, and Br.
Planar C, Planar C,
r(C—H,) 1.121 1.118 1.092 1.121 1.120 1.092
r(C—H, 1.082 1.082 1.099 1.082 1.082 1.099 :
rEC—Hg 1.963 1.962 2.220 1.961 1.959 2.219 Conclusions
r(Hf—Hs;) 1.886 1.869 1.884 1.868
F(Hf=X) 2397 2.376 2.383 1.553 2.533 2.542 Reactions of laser-ablated Zr
% H,CH, 111.4 111.9 107.7 111.7 111.9 107.9 and Hf atoms with methyl chlo-
4 CHfH, 108.9 104.9 108.5 104.9 ride and bromide in an excess
SRl T P N orKe e e
% H,CHf 90.2 91.5 1153 90.1 90.4 1156 ried out during condensation.
% H,CHf 158.3 155.1 109.3 1583 156.4 109.0 Two major products, the meth-
&(H,CHfH;) 0.0 20.1 1215 0.0 178 121.6 ylidene [CH,=MHX] (X=Cl or
oHCHE) 1800 105 1170 80 187 168 Br) and methyl metal halide
@(H,CHIX) 0.0 96 1215 0.0 ~106 1215 [CH;-MX]  complexes, were
Mol symm C, C, C, C, C, C, identified in the IR spectra.
g(C) —0.66 -0.62 -0.89 —0.64 —0.60 -0.77 Whereas the amount of both
(-111) (=1.09) products increased upon pho-
q(H)M 0.03 0.00 0.06 0.02 0.01 0.02 .
(0.19) (0.19) tolysis, that of the methyl metal
g(H,) 0.07 0.06 0.09 0.08 0.06 0.05 halide increased substantially
(0.20) (0.20) upon annealing, in contrast to
q(Hy)® -0.38 -033 0.09 —0.36 -0.32 0.05 the low yield of the methyl
g(xX) —0.80 (—8:‘712) -0.78 —0.57 (—8:‘5‘? —0.62 ﬂuor,ide Comp,lexes 4[6CH3_MF]
(—0.51) (—047) studied previously,*®  which
q(H)® 1.74 1.65 1.43 147 1.42 127 shows that this insertion reac-
(1.68) (1.62) tion is spontaneous and re-
ut 0.76 332 238 0.76 3.14 247 quires little or no activation
Statel"! ‘A 'A A ‘A 'A A
AEE) 89.7 90.1 91.1 88.1 885 89.5 encrgy.

[a] B3LYP/6-311 ++ G(3df,3pd)/SDD level of theory. (S) and (T) denote singlet and triplet electronic states.
Bond lengths and angles are in A and degrees, respectively. [b] Mulliken atomic charge. The number in paren-
theses is the natural atomic charge. [c] Molecular dipole moment in D. [d] Electronic state. [e] Binding ener-

gies in kcalmol ' relative to Hf(°F,) and CH;CI or CH;Br.

metal halide and methylidene complexes have the triplet
and singlet ground electronic states with C, and C; symme-
try, respectively, consistent with the Zr cases.

The variations in structure of the Hf methylidene with the
halogen atoms are similar to those observed for the Zr
methylidene complexes. The structures with F, Cl, and Br
show agostic C—H; bond lengths of 1.109, 1.118, and
1.120 A, H,~-Hf distances of 2.413, 2.284, and 2.260 A, C=Hf
bond lengths of 1.977, 1.962, and 1.959 A, Hf-H bond
lengths of 1.874,1.869, and 1.868 A, and H,—C—Hf bond
angles of 99.0, 91.5, and 90.4°, respectively. In this series, the
Hf natural atomic charges are 1.96, 1.68, and 1.62 with F, Cl,
and Br, the halogen natural atomic charges are —0.69,
—0.51, and —0.47, and the carbon charges are —1.17, —1.11,
and —1.09, respectively, but the H; and H, charges are not
changed. A higher electron density in the C=Hf bond leads
to a shorter bond length and higher stretching frequency,
which is most probably accompanied by a higher extent of
delocalization of the electron density to the rest of the mole-
cule. This in turn results in a stronger Hf—H bond and more
distortion of the CH, group, as discussed for the Zr com-
plexes. In summary, the Group IV (Ti, Zr, and Hf) methyli-
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Two sets of absorptions from
the methylidene complex in Ar
and Kr matrices were observed
side by side with up to 37 cm™
separation, but only one set was
observed in the spectra for the
Ne matrix. The two sets of absorptions form a persistent
photoreversible system in the Zr spectra. Upon irradiation
with visible light, the intensiites of I absorptions increased
but those of II decreased; near-UV irradiation reversed the
effect. In the case of the Hf complex, the variations in inten-
sity of the two sets of absorptions were much smaller. Calcu-
lations for a planar methylidene complex in the singlet
ground state reproduced the characteristics of the I absorp-
tions, whereas the vibrational characteristics of the more
stable C; structure matched those of the II absorptions,
which means that the matrix traps methylidene complexes
in nearly planar and pyramidal forms.

The agostic interaction in the methylidene complexes in-
creases with the substituents F, Cl, and Br, in that order.
Computed natural electron charges revealed a flow from
carbon and halogen atoms to the metal centers that is con-
sistent with the halogen inductive effect. The C=M and M—
H stretching frequencies increased and the bond lengths de-
creased with the distortion of the CH, group. The same
trend was also observed in the [CH,=TiHX] system.>®l A
higher electron density in the C=M bond not only strength-
ens the bond, but is accompanied by a more agostic distor-
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tion and a stronger M—H bond as well. The consistent varia-
tion of the molecular structure around the C=M bond and
the vibrational frequencies with halogen substituents follow
charge reorganization and support recent descriptions of the
agostic interaction.’™?!] This interaction involves more than
electron donation from the nearby C—H bond to the metal
center; it includes charge reorganization and molecular
structural rearrangement to stabilize the carbon-metal
bond.

Experimental and Calculational Methods

CH;Cl, CH;Br, CD;Br (Cambridge Isotope Laboratories, 99 %), and
CD;Cl (synthesized from HgCl, and CD;Br) were used to react with
laser-ablated Zr and Hf atoms (Johnson-Matthey) in excess Ne, Ar, or
Kr during condensation at 8 K with a closed-cycle He refrigerator (Air
Products). The methods were described in detail elsewhere.>”*! Concen-
trations of gas mixtures were typically 0.2-0.5 %. After reaction, IR spec-
tra were recorded at a resolution of 0.5 cm ™' with a Nicolet 550 spectrom-
eter with an HgCdTe detector. Samples were later irradiated by a combi-
nation of an optical filter (A >530 nm or 240 <A <380 nm) and a mercury
arc lamp (175 W, globe removed) and were annealed, after which more
spectra were recorded.

Complementary density functional theory (DFT) calculations were car-
ried out with the Gaussian 03 package.™ B3LYP density functional 6-
3114+ G(2dp) basis sets for C, H, Cl, and Br and SDD pseudopotential
and basis sets for Zr and Hf were obtained to provide a consistent set of
vibrational frequencies for the reaction products. For confirmation of the
B3LYP results, MP2, BPW91, and CCSD calculations were also carried
out with the same basis sets. Geometries were fully relaxed during opti-
mization, and the optimized geometries were confirmed by vibrational
analysis. The illustrated structures were calculated with the large 6-311+
+ G(3df,3pd) basis set. All vibrational frequencies were calculated analyt-
ically. In the calculation of the binding energy of a metal complex, the
zero-point energy was included.
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Two-Dimensional Acetylenic Scaffolding: Extended Donor-Substituted
Perethynylated Dehydroannulenes
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Abstract: Starting from (Z)-bis(N,N-
diisopropylanilino)-substituted  tetra-
ethynylethene (TEE), perethynylated
octadehydro[12]- and dodecadehy-
dro[18]annulenes were prepared by ox-
idative Hay coupling. The dodecadehy-
dro[18]annulene with six peripheral
N,N-diisopropylanilino substituents was
characterized by X-ray crystallography.
Elongation of the Z-bisdeprotected
TEE by Cadiot-Chodkiewicz coupling
with 1-bromo-2-(triisopropylsilyl)-
ethyne provided a Z-configured bis(bu-

ditions  N,N-diisopropylanilino-substi-
tuted perethynylated hexadecadehy-
dro[20]- and tetracosadehydro[30]an-
nulenes. The diisopropylanilino sub-
stituents enhance the properties of
these unprecedented all-carbon perim-
eters in several distinct ways. They
ensure their solubility, increase their
stability, and importantly, engage in
strong intramolecular charge-transfer

Keywords: alkynes charge
transfer - conjugation - dehydroan-

interactions with the electron-accepting
all-carbon cores, resulting in intense,
bathochromically shifted charge-trans-
fer bands in the UV/Vis spectra. The
charge-transfer character of these
bands was confirmed by protonation-
neutralization experiments. The redox
properties of the new carbon-rich chro-
mophores were investigated by cyclic
voltammetry and rotating disk voltam-
metry, which indicated different redox
behavior for aromatic (4n+2 m elec-
trons) and antiaromatic (4n m elec-

tadiyne), which after alkyne deprotec-
tion afforded under Hay coupling con-

Introduction

Acetylenic macrocycles are the subject of intensive research
at the interface between synthetic and physical organic
chemistry as well as advanced materials science.*? In par-
ticular, carbon-rich structures such as dehydroannulenes?
and dehydrobenzoannulenes (DBAs)®” have attracted
much attention for several reasons. They are studied both
experimentally and theoretically to enhance further the un-
derstanding of aromaticity/antiaromaticity and, in general, &
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trons) dehydroannulenes.

conjugation in unsaturated macrocyclic systems.[®! With their
extended st chromophores, a number of representatives fea-
ture interesting optoelectronic properties such as high third-
order optical nonlinearities.?*! Furthermore, some of these
acetylenic macrocycles represent hypothetical constituents
of two-dimensional all-carbon networks such as graphyne or
graphdiyne, which are predicted to display fascinating elec-
tronic and mechanical properties.'™!*? Also, some of them
act as potent receptors for compounds such as fullerenes.”

Over the past decade, we developed a large library of tet-
raethynylethene (TEE, 3,4-diethynylhex-3-ene-1,5-diyne)
building blocks“#! and applied them to the construction of
novel families of acetylenic macrocycles such as perethyn-
ylated dehydroannulenes,™® expanded radialenes,?®%1314]
and radiaannulenes.!**') With their numerous sp-hybridized
carbon atoms, the all-carbon cores of these systems feature
potent electron-accepting properties. Among the first deriv-
atives prepared were the per(silylethynylated) octadehy-
dro[12]annulene 1a, with an antiaromatic macrocyclic pe-
rimeter as revealed by UV/Vis and '"H NMR spectroscopy,
and the larger, aromatic dodecadehydro[l8]annulene
2a.1%° Later, the terminally N,N-dimethylanilino-substitut-
ed derivatives 1b and 2b were synthesized,**¥ as well as a
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series of anilino-substituted expanded radialenes® ! and ra-
diaannulenes.**'*! The combined investigation of all three
classes of acetylenic macrocycles clearly demonstrated three
beneficial effects obtained upon introduction of the periph-
eral m-electron donor groups: 1) the solubility of the com-
pounds is enhanced, 2)the electron-deficient all-carbon
cores are stabilized against nucleophilic attack and cycload-
ditions, and 3)intense bathochromically shifted charge-
transfer (CT) bands result from strong intramolecular CT in-
teractions between these groups and the electron-accepting
all-carbon cores.!

In view of the appealing optoelectronic properties of
donor-substituted 2a and 2b, we became interested in the
preparation of even larger derivatives. Herein, we describe
the synthesis and properties of the extended donor-substitut-
ed hexadecadehydro[20]Jannulene 3 and tetracosadehy-
dro[30]annulene 4. To enhance further the solubility and sta-
bility of these extended unsaturated st chromophores and
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their TEE precursors, we replaced the N,N-dimethylanilino
with N, N-diisopropylanilino residues as peripheral electron-
donating groups. For comparison, the N,N-diisopropylanili-
no-substituted [12]- and [18]annulenes 1¢ and 2¢ were also
prepared.

Results and Discusssion
Synthesis of 1¢ and 2¢

The preparation of 1b/2b involved the photochemical £—Z
isomerization of 51" to cis-TEE 6 (Scheme 1; ~40% Z and
50% E isomer were isolated from the irradiated 0.44 mm
solutions), which subsequently had its silyl groups removed
and was subjected to macrocyclization by oxidative cou-
pling."* However, on the larger scale required for the syn-
thesis of the targeted expanded [20]- and [30]annulene pe-
rimeters, the separation of 5§ and 6 was tedious and low-
yielding due to the limited stability of Z isomer 6 during
column chromatography (SiO,). Furthermore, purification
of larger amounts of starting F isomer 5, formed by Sonoga-
shira cross-coupling,[**1%17l required repetitive column chro-
matography, which also led to substantial loss of material.
We therefore turned to bulkier, sterically better protecting
anilino donor groups. N,N-dihexylanilino residues did not
prove to be very useful as separation of the £ and Z isomers
formed by photoisomerization was not possible on a prepa-
rative scale due to their similar polarity."> Gratifyingly,
N, N-diisopropylanilino groups were found to enhance suffi-
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Scheme 1. Synthesis of dehydroannulenes 1¢ and 2¢. a) [PACL(PPh;),], Cul, (iPr),NH, 21 h, 69%. b) hv, Et,0,
2h, 20°C, 49% (10), 48% (7). ¢) nBu,NF, THF, 15 min, 0°C. d) CuCl, TMEDA, air, acetone, 2 h, 20°C, 26 %

(1c), 46% (2¢) (yields over two steps).

ciently the stability of the TEE derivatives while at the
same time not causing additional problems with separation.

(E)-Bis-(N,N-diisopropylaniline)-substituted 7 was pre-
pared in 69% yield by cross-coupling of TEE 8! with 4-
iodo-N,N-diisopropylaniline (9; Scheme 1). The latter was
not available by one-pot dialkylation of 4-iodoaniline with
2-iodopropane, but required the isolation of the intermedi-
ate 4-iodo-N-isopropylaniline, which was subjected to the
second alkylation (22% yield over the two steps). Irradia-
tion of 7 in Et,O™%®¥®! with a medium-pressure Hg lamp
(125 W) for 2 h at 20°C provided a mixture of E and Z iso-
mers, which was readily separated by column chromatogra-
phy (SiO,) to yield 10 (49 %) along with starting material 7
(48%). No signs of decomposition were observed during the
workup and purification of 10. Upon slow evaporation of a
solution of E-configured TEE 7 in hexane, single crystals
suitable for X-ray crystallographic analysis were formed.
The compound crystallized in the triclinic space group P1
with two molecules in the unit cell. The torsion angles
C(Ph)—C(Ph)~N—C(iPr) in two independent molecules are
—26.9 and —12.4°, and —0.1 and 35.4°, respectively. The
angles at the nitrogen atoms sum to 358.9 and 351.6°, which
indicates a very small degree of pyramidalization at these
atoms. The Si(iPr); groups of both independent molecules
show static and dynamic disorder that could not be resolved
(see Supporting Information).

Deprotection of 10 with nBu,NF in moist THF was imme-
diately followed, without any purification, by oxidative Hay
coupling." Mass-spectrometric analysis (MALDI-TOF) of
the crude product mixture indicated the formation of octa-
dehydro[12]annulene 1¢ and dodecadehydro[18]annulene
2¢, together with smaller quantities of higher macrocyclic
oligomers (i.e. tetra-, penta-, and hexamer; see Supporting
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Information). Whereas the two
macrocycles 1¢ (26%) and 2¢
(46%) were separated by
column chromatography, at-
tempts to isolate the higher
oligomers were not successful.
Dehydroannulenes 1c¢ and

7 R = N(iPr), 2c¢ are deep-purple metallic

5 R=NMe, solids that are readily soluble

in common organic solvents.

“ b) Antiaromatic, strained 1¢ can

‘ R be stored in solution in CH,Cl,

P at —20°C for months, but dete-

riorates readily as a solid at

| 20°C. On the other hand, 2¢

x did not show any signs of de-

O composition when kept as a

R solid at 20°C over a period of

10 R =N(iPr), months. In comparison to the
6 R =NMe,

previously reported synthesis
of 1b (2% yield) and 2b (22%
yield), the yields of both 1lc
(26 %) and 2¢ (46 %) obtained
under similar conditions were
significantly improved.!**4 Better solubility facilitated their
purification, and the new N,N-diisopropylanilino donor
groups conveyed much higher stability, as demonstrated, in
particular, by the substantially higher yield of 1¢ with its
delicate [12]annulene chromophore.

Single crystals of 2¢ suitable for X-ray crystallographic
analysis were obtained by very slow evaporation of a solu-
tion in CH,Clyhexane at 20°C. The compound crystallizes
in the triclinic space group P1 with one macrocycle and one
CH,CIl, molecule in the asymmetric unit. The central core of
2¢ (C1 to C18) is practically planar with a maximum devia-
tion from the corresponding mean plane of about 0.12 A
(Figure 1a). The phenyl rings, on the other hand, are all
twisted with respect to this plane, with torsion angles of 14.7
(C96 to C101), 15.5 (C36 to C41), 25.2 (C81 to C86), 42.1
(C66 to C71), 63.7 (C21 to C26), and 68.8° (C51 to C56). A
preliminary analysis suggests that this twisting may be
caused, at least partly, by weak intermolecular C—H---xt in-
teractions involving C—H residues of phenyl rings and acety-
lenic moieties of neighboring molecules.”” Two such interac-
tions, between the phenyl ring C51 to C56 (showing the larg-
est rotation out of the macrocyclic plane) and a neighboring
molecule in the crystal packing of 2¢, are shown in Fig-
ure 1b. As a result, H53 undergoes two short contacts to the
carbon atoms of the triple bond C9'—C10’ in the macrocyclic
core, and H52 makes two short contacts to the exocyclic
triple bond C64'—C65'. The corresponding C--H distances
range from 2.66 to 3.01 A, and the C--H—C angles from 125
to 157° (note that the H positions used for the present anal-
ysis are based on stereochemical considerations with C—H
distances of 1.085 A). The torsion angles C(Ph)—C(Ph)-N—
C(iPr) vary between —32.7 (C23—C24—N27—-C31) and
+27.5° (C98—C99—N102—C103). Pyramidalization of the ni-
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Figure 1. a) ORTEP plot of 2¢; arbitrary numbering, H atoms and sol-
vent molecule are omitted for clarity. Atomic displacement parameters at
223 K are drawn at the 30% probability level. Selected bond lengths (A):
C1—C2 1.387(5), C2—C3 1.416(5), C3—C4 1.214(5), C4—C5 1.350(5), C5—
C6 1.221(5), C6—C7 1.410(5), C7T—C8 1.390(4), C2—C34 1.414(5), C34—
C35 1.214(5), C35—C36 1.420(5). Selected bond angles (°): C2—C1—C18
120.1(3), C1—C2—C3 120.3(3), C4—C3—C2 179.1(4), C3—C4—CS5 179.9(4),
C5—C6—C7 175.9(3), C65—C64—C8 168.6(3). The torsion angles C(Ph)—
C(Ph)-N—C(iPr) vary between —32.7 (C23—C24—N27—C31) and +27.5°
(C98—C99—N102—C103). The sums of the three bond angles at the nitro-
gen atoms range between 357.9 (N102) and 359.8° (N42). b) Arrange-
ment of neighboring molecules in the crystal packing of 2 ¢ showing inter-
molecular C—H--r interactions.

trogen atoms is not significant. This is expressed by the
sums of the three bond angles at these nitrogen atoms,
which range from 357.9° (N102) to 359.8° (N42). Interesting-
ly, one of the exocyclic C=C—C(sp*) moieties, namely C65—
C64—CS8, is considerably bent based on its bond angle of
168.6°, presumably due to the above mentioned C—H--x in-
teractions and additional crystal-packing effects (Figure 1b).

Synthesis of 3 and 4

Removal of the Si(iPr); groups in 10 with nBu,NF, followed
by Cadiot-Chodkiewicz coupling!®®?!! with 1-bromo-2-(tri-
isopropylsilyl)ethyne,” furnished the elongated TEE deriv-
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ative 11 in good yield (57%) as an air- and light-stable
deep-red solid (Scheme 2). The Si(iPr); protecting groups
were removed (nBu,NF), and the free bis(buta-1,3-diyne)
was subjected to oxidative Hay coupling without further pu-
rification. The crude mixture obtained in the macrocycliza-
tion was examined by MS (MALDI), which indicated the
formation of macrocycles 3 and 4 but not of any higher
cyclic oligomers. Separation by column chromatography
(SiO,, hexanes/Et,0=1:1) afforded dehydro[20]annulene 3
(6 %) and dehydro[30]annulene 4. The latter was further pu-
rified by size-exclusion chromatography (bio-beads SX-3,
THF) to give pure 4 in 13% yield. Both macrocycles are
only sparingly soluble in hexanes/Et,O (1:1); nevertheless,
this is the only solvent mixture that gave reasonable chro-
matographic separation of 3 and 4. The solubility problems
during purification are a major reason for the low yields of
the isolated pure dehydroannulenes.

Both 3 and 4 were obtained as deep-purple metallic solids
that are readily soluble in chlorinated organic solvents. The
stability of the rather strained 3 is limited: it decomposed
even in solution in CH,Cl, kept at —20°C; after several
weeks, black insoluble material of unknown composition
was obtained. In contrast, 4 showed higher stability and can
be kept in the solid state at 20°C for a couple of days with-
out significant signs of decomposition.

The identity of 3 and 4 was confirmed by HRMS
(MALDI-FT) and 'H and "*C NMR spectroscopy. During
the characterization of 1c, 2¢, 3, and 4 by 'H NMR spectros-
copy in CDCl;, no concentration dependence of the chemi-
cal shifts of the aromatic protons was observed. This indi-
cates the absence of self-association within the concentra-
tion range studied (0.1-5.0 mm), in agreement with the elec-
tronic absorption behavior, which obeys the Beer-Lambert
law (see below).

UV/Vis Spectroscopy

In previous work,[**% we had observed that the replacement
of terminal silyl groups in 1a and 2a by N,N-dialkylanilino
donor groups resulted in dramatic spectral changes. New in-
tense, longer-wavelength absorptions appeared in the UV/
Vis spectra of 1b and 2b that were identified as CT bands
resulting from intramolecular charge transfer from the pe-
ripheral electron-donating anilino groups to the electron-ac-
cepting all-carbon core. The UV/Vis spectra of the newly
prepared donor-substituted dehydroannulenes 1e¢, 2¢, 3, and
4 in CH,Cl, are displayed in Figure 2.

At first sight, the spectra of all the macrocycles are domi-
nated by an intense, broad CT band at 1., =552+2 nm,
with end absorptions at around 800 nm (1.55 eV). Interest-
ingly, this band is more intense in the spectrum of 2¢ (A=
553 nm (2.24 eV), e=136100M 'cm™) than in the spectrum
of the more-extended 4 (4,,=554nm (2.24¢eV),
89800M ‘cm™). The band is clearly weakest in the spectra
of 3 (Apax=552nm (224eV), e=41100m 'em™!) and 1ec
(Amax=550nm (2.25eV), £=34400m 'ecm™"). In agreement
with the concentration-independent NMR spectra (see
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(iPr);S

(iPr);Si

Scheme 2. Synthesis of dehydroannulenes 3 and 4. a)nBu,NF, THF, 20 min, 0°C. b) CuCl, nBuNH,,
NH,OH-HCI, 1-bromo-2-(triisopropylsilyl)ethyne, N,N-dimethylformamide (DMF), 26h, 20°C, 57%.
¢) nBu,NF, THF, 15 min, 0°C. d) CuCl, TMEDA, air, acetone, 2 h, 20°C, 6% (3), 13% (4) (yields over two

steps).
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Figure 2. UV/Vis spectra of dehydroannulenes 1¢, 2¢, 3, and 4 in CH,ClL.
—e—ele, ———2¢, eeere 3, —4.

above), no deviations from the Beer—Lambert law were ob-
served within the concentration range studied (2x107%-2x
10~°m), thus indicating that the macrocycles are unable to
undergo any kind of self-aggregation in CH,Cl,.

In comparison to the N,N-dimethylanilino-substituted an-
alogues 1b and 2b,**4! the longest-wavelength absorption
maxima of 1¢ and 2¢ are bathochromically shifted by more
than 30 nm, presumably due to the stronger electron-donat-
ing ability of the N,N-diisopropylanilino groups.*!

The charge-transfer character of the longest-wavelength
absorption bands in all four dehydroannulenes was con-
firmed in protonation experiments. When solutions of these
compounds in CH,Cl, were acidified with p-toluenesulfonic
acid (Figures 3 and 4; see also Supporting Information), the
color changed from purple to yellow. The intense bands at
Amax=29552+2 nm nearly completely disappeared, and the
new absorptions were substantially hypsochromically shift-
ed. Neutralization with triethylamine regenerated nearly
quantitatively the original spectra (Figures 3 and 4).
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N(iPr), These protonation experi-
ments not only confirm the CT
character of the longest-wave-
length bands but also provide a
glimpse of the chromophoric
properties of the perethynylat-
ed dehydroannulenes, which
are unperturbed by donor-ac-
ceptor interactions. The two
4n+2 m-electron systems clear-
ly show a different spectral be-
havior to the two 4n ones. In
the case of the 4n m chromo-
phores 1c¢ and 3, broadened
bands are generated upon pro-
tonation, with the first strong
maxima appearing at around

200000+ .
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S

Figure 3. UV/Vis spectra of 1¢ and 2¢ in CH,Cl, recorded neat, after
acidification with p-toluenesulfonic acid, and after reneutralization with
triethylamine. «++. 1¢, ——-1c¢ acidified, ----- 1c¢ neutralized, — 2¢, —+—-
2 ¢ acidified, —— 2 ¢ neutralized.

400 nm. In contrast, the spectra of the protonated 4n+2 m-
electron chromophores 2¢ and 4 feature highly structured,
very intense bands, with the longest-wavelength maximum
of 4 (=471 nm (2.63 eV), e=96300m'cm™') appearing
at a lower energy than in the spectrum of 2¢ (4,,,, =441 nm
(2.81eV), £=186000m 'cm™'). The spectra of protonated
1c and 2c expectedly resemble those previously recorded
for protonated 1b and 2b, respectively.'*!!

The nature of the conjugated macrocyclic m-electron pe-
rimeter also seems to influence the efficiency of the intra-
molecular charge-transfer interaction, as expressed by the
intensity of the CT band (Figure 2). If this efficiency is
solely determined by the extension of the macrocyclic, elec-
tron-accepting perimeter and the number of donor-acceptor
paths, the intensity of the CT band would increase in the se-
quence [12]annulene 1le<[18]annulene 2c¢<[20]annulene
3 <[30]annulene 4. Experimentally, however, the intensities
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Figure 4. UV/Vis spectra of 3 and 4 in CH,Cl, recorded neat, after
acidification with p-toluenesulfonic acid, and after reneutralization with
triethylamine. «+ee+ 3, ——- 3 acidified, ----- 3 neutralized, — 4, —+—+ 4
acidified, ——- 4 neutralized.

of the CT bands of the two 4n+2 perimeters 2¢ and 4 are
much higher than those of the two 4n perimeters 1c¢ and 3.
At present, we do not have a good explanation for this un-
precedented finding.

Electrochemistry

The redox properties of 1¢, 2¢, 3, and 4 as well as their pre-
cursors 7, 10, and 11 were studied by cyclic voltammetry
(CV) and rotating-disc voltammetry (RDV). The measure-
ments were carried out in CH,Cl, with nBu,NPF, (0.1m) as
the supporting electrolyte. All potentials are given against
Fc*/Fc (ferricinium/ferrocene couple) as an internal refer-
ence and are uncorrected from ohmic drop (Table 1).

The N,N-diisopropylanilino-substituted TEEs 7, 10, and
11, similar to the N,N-dimethylanilino derivatives 5%*°! and 6
(see Supporting Information), gave well-resolved voltammo-
grams. They undergo two reduction steps: a reversible one-
electron transfer followed by an irreversible multielectron
step close to the electrolyte discharge. Oxidation occurs in a
single reversible two-electron transfer on the two N,N-diiso-
propylanilino groups. In the case of 5 and 6, the oxidation
peak current ratio /I, is beyond unity for low scan rates,
and reaches unity for scan rates higher than 1 Vs~'. This be-
havior is characteristic for an electrochemical-chemical
(EC) mechanism, with the generated oxidized species under-
going a chemical reaction (see Supporting Information). On
the other hand, for the N(iPr), derivatives, no followup
chemical reaction could be observed on the time scale of
CV. It seems that replacing the methyl groups with isopropyl
chains stabilizes the electrogenerated dicationic species.

Optically transparent thin-layer electrode (OTTLE) stud-
ies of the first reduction steps for 7 and 10 gave nice spectral
evolutions with well-defined isosbestic points (see Support-
ing Information). The reversibility of the process could be
confirmed, as the initial spectrum was recovered quantita-
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Table 1. Electrochemical data of N,N-diisopropylanilino-substituted TEE
dehydroannulenes observed by CV and RDV in CH,Cl, (with 0.1m
nBu,NPF,).l!

(&Y% RDV
E°[V]P AE, [mV]¥  E,.[V]Y E,[V] Slope [mV]1!
1c  +0.40 100 +0.44 (2¢7) 100
+0.24 60 +024 2¢7) 60
—1.14 70 ~117(le?) 80
—~1.48 80 -152(e) 75
2¢ +0.37 +0.30(3e”) 85
—-1.31 70 ~132(le) 60
-1.63 80 ~1.65(e) 60
—2.43
3 +0.64  40.67M
+0.34 60 +0.35 80
—-0.98 -1.02
-1.18 -1.21
4 +0.40
-1.20
-1.35
-1.63
7 +032 100 +035(Qe7) 75
-1.98 80 -1.98 70
—-2.50
10 +033 95 +0.38 (2¢7) 100
-1.98 70 —2.00(le”) 70
-2.53
11 +038 60 +0.37 (2¢7) 80
+0.33 60
-1.62 75 -1.63(le”) 60
—227 —2.18 120

[a] All potentials are given versus the Fc*/Fc couple as internal standard.
[b] E°=(E+E,)/2, where E,. and E,, correspond to the cathodic and
anodic peak potentials, respectively. [c] AE,=E,—E,., where the sub-
scripts ox and red refer to the conjugated oxidation and reduction steps,
respectively. [d] E,.=irreversible peak potential. [e] E:, =half-wave po-
tential. [f] Slope=slope of the linearized plot of E versus log[l/(I;,—1)],
where I, is the limiting current and / the current. [g] Small amplitude
signal. [h] Not a well-defined wave due to electrode inhibition during oxi-
dation.

tively after reoxidation. Time-resolved OTTLE spectra
during the oxidation of 7 and 10 clearly indicate that the
generated dications are unstable and undergo a chemical re-
action. However, the spectra observed for the dication of 7
and 10 are identical, with absorption bands at 456, 487, and
777 nm (see Supporting Information). Reduction of the elec-
trogenerated species could not regenerate quantitatively the
initial spectrum. Only 70 % of the initial spectrum could be
recovered for 7. In contrast, the final spectrum of 10 after
reduction shows only one main band at 482 nm that is typi-
cal for the E derivative 7 (see Supporting Information). It is
clear that although the generated dication is not very stable,
an electrochemically induced isomerization occurs during
the oxidation of 10 to generate the more stable E isomer 7.
Such isomerization had been observed in the case of bis(4-
nitrophenyl)-substituted TEEs.**!

The increased stability of N,N-diisopropylanilino-substi-
tuted dehydro[12]annulene 1c¢ allowed for the first time the
exploration of the redox properties of a donor-substituted
antiaromatic 7 system (for the CV traces, see Supporting In-
formation). Thus, 1¢ was reduced in two reversible one-elec-
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tron steps (—1.14 and —1.48 V) and oxidized in two two-
electron oxidation steps (4+0.24 and +0.40 V). Aromatic do-
decadehydro[18]annulene 2¢ was reduced in two one-elec-
tron reversible steps at —1.31 and —1.63 V, the third reduc-
tion being an irreversible multielectron step. Only one oxi-
dation could be observed. This oxidation is irreversible at
scan rates below 0.1 Vs~!, and becomes reversible at scan
rates higher than 5 Vs, thus indicating an EC oxidation
mechanism. The comparison of the peak amplitude obtained
by CV and the limiting currents observed by RDV for the
first reduction and the first oxidation indicates that the oxi-
dation involves only three electrons. No additional signal is
observed for the remaining N,N-diisopropylanilino group. It
is not excluded that electrode inhibition or low solubility of
the generated trication in CH,Cl, precludes the observation
of the expected further oxidation.

Antiaromatic 3 underwent film formation during electro-
chemical investigations. Nevertheless, reproducible voltam-
mograms could be obtained for the first scan on newly pol-
ished electrodes. The observed peak potentials under these
conditions are listed in Table 1. Oxidation occurs in two
steps, the first one being reversible for scan rates higher
than 1 Vs™. The second oxidation is irreversible and of a
small amplitude. We also showed by RDV that the first oxi-
dation gave a well-defined wave, whereas the second step
was inhibited by the formation of an insulating film. Such
behavior may explain the small amplitude of the signal ob-
served by CV. The reductions of 3 are not well-resolved, but
the observed potentials are consistent with the structure of
the studied species.

Aromatic macrocycle 4 undergoes one irreversible oxida-
tion as well as several small-amplitude reduction steps as
observed by CV. The peak currents and potentials are scan-
dependent due to film formation on the electrode surface.
Reproducible voltammograms could only be observed for
the first scan carried out on a newly polished electrode. The
observed peak potentials under these conditions are listed
in Table 1. The single oxidation signal observed may corre-
spond to the oxidation of the six N,N-diisopropylanilino sub-
stituents. Indeed, comparison with the behavior of the corre-
sponding precursor 11, oxidized in a two-electron step,
shows a similar oxidation potential. It seems that the sub-
stituents are not conjugated with the central all-carbon core
and as such behave as independent redox centres.

As a general trend in the whole series of compounds cur-
rently studied, one can see that the first oxidation potential
is quite similar and characteristic of the oxidation of an
N,N-diisopropylanilino group as observed previously.?*!
These substituents behave as quite independent redox cen-
ters, being only slightly affected by the electron-acceptor
character of the remaining conjugated core. This is a sign of
weak conjugative coupling between donor and acceptor
moieties.”

In contrast, comparison of the first reduction potentials
shows that an extension of the electron-accepting acetylenic
7t system from 10 to 11, from 1¢ to 3, and from 2c¢ to 4 pro-
vokes an anodic shift for the first reduction potential, which
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is expected. Also, increasing the number of electron-donat-
ing N,N-diisopropylanilino substituents (1¢ vs. 2¢ and 3 vs.
4), shifts the first reduction potential to more-negative
values. The reduction potentials of N,N-diisopropylanilino-
substituted 1c¢ and 2¢ are shifted towards more negative
values by 150 to 200 mV in comparison to their Si(iPr);-sub-
stituted analogues 1a and 2a,” thus indicating the electron-
donating effects of the N,N-diisopropylanilino groups
(Table 1).

A careful analysis of the observed influence of the elec-
tron-donating anilino groups on the first reduction poten-
tials of 1¢, 2¢, 3, and 4 provides a deeper insight into the an-
tiaromatic/aromatic characteristics of the studied dehy-
droannulenes. Going from antiaromatic 1¢ to aromatic 2c,
the number of electron-donating N,N-diisopropylanilino
groups is increased from four to six (similarly so on going
from 3 to 4). On account of this fact, it is quite difficult to
quantify the potential shift corresponding to one electron-
donating substituent. However, an average value may be ob-
tained. Indeed, previous studies showed that for dehydroan-
nulene 2b (—1.36 V in THF), which bears six peripheral
N,N-dimethylanilino substituents,"* a 240-mV shift com-
pared to the Si(iPr);-substituted analogue 2a (—1.12V in
THF),'*®® was observed. That implies a cathodic shift of
roughly 40 mV (if additive) when one Si(iPr); group is re-
placed by one N,N-dialkylanilino substituent. Similar evolu-
tions between 1¢, which bears four electron-donating anilino
groups, and its silylated counterpart gave a cathodic shift of
150 mV that is in good agreement with a 40-mV shift per
N,N-dialkylanilino group. Taking into account the estimated
value of 40 mV, increasing the number of donor substituents
by two, when going from 1c¢ to 2¢, should shift the potential
to more negative values by about 80 mV. However, the ex-
perimentally found (CV) difference between the first reduc-
tion potentials of 1¢ and 2¢ is 170 mV, which is much larger
than the expected value. Even though the data for 3 and 4
are rather scarce, the effect of N,N-dialkylanilino substitu-
ents is expected to be the same. The difference between the
first reduction potentials of 3 and 4 is 220 mV (although the
CV traces showed that the reductions were irreversible).
Based on the above-mentioned considerations, this differ-
ence should again be only about 80 mV (effect of two addi-
tional anilino groups). Therefore, it seems that the antiaro-
maticity of 1¢ and 3 and the aromaticity of 2¢ and 4 provide
an explanation for the observed reduction behavior: it is
easier to inject an electron into the antiaromatic 4n m-elec-
tron perimeters than into the aromatic 4n+2 systems.?’!

Conclusions

By employing a photochemical route to Z-bisprotected
donor-substituted TEEs,"*¥ bis(N,N-diisopropylanilino)-sub-
stituted TEE 10, with improved stability and solubility, was
prepared for the construction of large dehydroannulenes.
Yields in the macrocyclization of 10 to the perethynylated
octadehydro[12]annulene 1¢ and dodecadehydro[18]annu-
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lene 2c¢ are significantly improved compared to the yields
previously obtained in the synthesis of the N,N-dimethylani-
lino-substituted dehydroannulenes 1b and 2b. This is readily
explained by the enhanced solubility and stability provided
by the diisopropylamino compared to the dimethylamino
groups. The first X-ray crystal structure of an anilino-substi-
tuted dehydro[18]annulene was obtained, revealing a practi-
cally planar macrocyclic framework of 2¢. Pairs of macrocy-
cles in the crystal lattice undergo multiple intermolecular
C—H:--mt interactions involving the C—H residues of phenyl
rings and acetylenic m bonds. Oxidative Hay coupling of
elongated building block 11 after alkyne deprotection af-
forded the wunprecedented expanded hexadecadehy-
dro[20]annulene 3 and tetracosadehydro[30]annulene 4, dec-
orated and stabilized by peripheral electron-donating N,N-
diisopropylanilino groups. UV/Vis spectroscopy furnished
evidence for strong intramolecular charge-transfer interac-
tions between the peripheral electron-donating anilino
groups and the central electron-deficient cores. These inter-
actions seem to be more effective in the 4n+2 than the 4n
m-electron chromophores. Electrochemical studies of the
newly prepared dehydroannulenes demonstrated the elec-
tron-accepting power of their all-carbon cores. Careful anal-
ysis provided indications that the antiaromatic systems are
more readily reduced than the aromatic counterparts, in
agreement with previous findings.”’ The presented work
clearly demonstrates once more the power and versatility of
TEE building blocks for the modular construction of large,
two-dimensional all-carbon sheets.

Experimental Section

Materials and General Methods

Reagents and solvents were purchased at reagent grade from Acros, Al-
drich, and Fluka, and used as received. THF was freshly distilled from
Na/benzophenone, and CH,Cl, from CaH, under N,. Hay catalyst refers
to a freshly prepared solution of CuCl (100 mg, 1.0 mmol) and N,N,N',N'-
tetramethylethylenediamine (TMEDA; 0.15 mL, 1.0 mmol) in acetone
(25 mL). All reactions except Hay couplings were performed under an
inert atmosphere by applying a positive pressure of N, or Ar. Compound
8! and 1-bromo-2-(triisopropylsilyl)ethyne/?? were prepared according
to the procedures in the literature. Column chromatography (CC) and
plug filtrations were carried out with SiO, 60 (particle size 0.040-
0.063 mm, 230-400 mesh; Fluka) and distilled technical solvents. Thin-
layer chromatography (TLC) was conducted on aluminum sheets coated
with SiO, 60 F,5, obtained from Macherey-Nagel; a UV lamp (254 or
366 nm) was used for visualization. Size-exclusion chromatography
(GPC) was performed on bio-beads SX-3 from Bio-Rad. Melting points
were measured on a Biichi B-540 melting-point apparatus in open capil-
laries and are uncorrected. “Decomp.” refers to decomposition. Some
melting/decomposition points could not be determined due to the low
stability of the compounds. UV/Vis spectra were recorded on a Varian
Cary-5 spectrophotometer. The spectra were recorded in CH,Cl, or
CHCl; in a quartz cuvette (1 cm). The absorption wavelengths are report-
ed in nm with the extinction coefficient Mm'cm™ in brackets; shoulders
are indicated as sh. Infrared spectra were recorded on a Perkin Elmer
FT1600 spectrometer. "H NMR and *C NMR spectra were recorded on a
Varian Gemini 300 or on a Bruker DRX500 spectrometer at 20°C.
Chemical shifts are reported in ppm relative to the signal of SiMe,. Re-
sidual solvent signals in the 'H and *C NMR spectra were used as an in-
ternal reference. Coupling constants (/) are given in Hz. The apparent
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resonance multiplicity is described as s (singlet), brs (broad singlet), d
(doublet), t (triplet), q (quartet), sept (septuplet), and m (multiplet).
High-resolution (HR) EI-MS and ESI-MS spectra were recorded on a
Hitachi-Perkin Elmer VG-Tribrid spectrometer and a Finnigan Mat
TSQ 7000 spectrometer, respectively. HR FI-MALDI spectra were re-
corded on an IonSpec Ultima FT instrument with [(2E)-3-(4-tert-butyl-
phenyl)-2-methylprop-2-enylidene|malononitrile (DCTB) or 3-hydroxypi-
colinic acid (3-HPA) as matrix. The most important signals are reported
in m/z units with M as the molecular ion. MALDI-TOF spectra were re-
corded on a Bruker Reflex spectrometer with DCTB as matrix. Elemen-
tal analyses were performed by the Mikrolabor at the Laboratorium fiir
Organische Chemie, ETH Ziirich, with a LECO CHN/900 instrument.

Electrochemistry

Electrochemical measurements were carried out at 20°C in CH,CI, con-
taining 0.1 M nBu,NPF; in a classical three-electrode cell. CH,Cl, was pur-
chased at spectroscopic grade from Merck, dried over molecular sieves
(4 A), and stored under Ar prior to use. nBu,NPF, was purchased at
electrochemical grade from Fluka and used as received. The working
electrode was a glassy carbon disk electrode (2 mm in diameter) used
either motionless for CV (0.1-10 Vs™') or as a rotating-disc electrode for
RDV. The auxiliary electrode was a platinum wire, and the reference
electrode was an aqueous Ag/AgCl electrode. All potentials are refer-
enced to the Fc*/Fc couple, used as an internal standard, and are uncor-
rected from ohmic drop. The accessible range of potentials on the glassy
carbon electrode was 4+1.4 to —2.4 V versus Fc*/Fc in CH,Cl,. The cell
was connected to the computerized multipurpose electrochemical device
AUTOLAB (Eco Chemie BV, Utrecht, The Netherlands) controlled by
GPSE software running on a personal computer.

X-ray Crystallographic Analysis

The structures were solved by direct methods (SIRS-97)?"! and refined

by full-matrix least-squares analysis (SHELXL-97)! using an isotropic
extinction correction. All heavy atoms were refined anisotropically. H
atoms were refined isotropically; H positions were based on stereochemi-
cal considerations.

7: Crystal data at 220(2) K for Cs,H7N,Si,, M,=787.34: triclinic, space
group P1 (no. 2), Peaea =0.992 gem 3, Z=2, a=12.0694(5), b=12.6299(7),
c=17.9160(8) A, o =92.044(4), f=92.778(3), v =104.564(2)°, V=
2636.9(2) A*. Bruker-Nonius Kappa-CCD diffractometer, MoK, radia-
tion, A=0.7107 A, ©=0.099 mm~". An orange crystal of 7 (~0.30x0.25x
0.10 mm®) was obtained by slow evaporation of a solution of 7 in hexane.
Numbers of measured and unique reflections are 13250 and 8046, respec-
tively (R;,=0.050). The Si(iPr); groups of both independent molecules
exhibit static and dynamic disorder that could not be resolved. Final
R(F)=0.107, wR(F*)=0.279 for 515 parameters, 5336 reflections with 7>
20(I), 6.97 <0 <24.16° (corresponding R values based on all 8046 reflec-
tions are 0.151 and 0.330, respectively).

2c¢: Crystal data at 223(2) K for C,(,H,;sNg-CH,Cl,, M, =1502.87: triclinic,
space group P1 (no. 2), Peea=1.050 gem™, Z=2, a =17.1470(4), b=
18.5800(5), ¢=8.7780(5) A, @=109.728(2), p=101.812(2), y=
113.563(2)°, V =4752.6(3) A’. Bruker-Nonius Kappa-CCD diffractometer,
MoK, radiation, 1=0.7107 A, x=0.115mm™". A black crystal of 2¢
(=0.25x0.22 x0.10 mm®) was obtained by very slow evaporation of a solu-
tion of 2¢ in CH,Clyhexane. Numbers of measured and unique reflec-
tions are 18810 and 11496, respectively (R, =0.059). Final R(F)=0.073,
wR(F?)=0.181 for 1123 parameters, 7810 reflections with I>2a(I), 7.48 <
0<22.49° (corresponding R values based on all 11496 reflections are
0.114 and 0.217, respectively).

CCDC-605747 (7) and CCDC-605748 (2¢) contain the supplementary
crystallographic data (excluding structure factors) for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre, 12 Union Road, Cambridge, CB21EZ, UK (fax:
(4+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk) or athttp://
www.ccde.cam.ac.uk/data request/cif.
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Syntheses

4-Iodo-N-isopropylaniline: A mixture of 4-iodoaniline (2.00 g, 9.1 mmol),
2-iodopropane (24.9¢g, 147mL, 147 mmol), and Na,CO; (224g,
21.2 mmol) in ethanol (50 mL) was stirred for 30 h at 80°C. The solvent
was removed in vacuo, and the residue was mixed with hexane (200 mL)
and filtered. The filtrate was concentrated in vacuo and subjected to CC
(SiO,, hexanes/EtOAc=10:1) to afford the product (1.68 g, 71%) as a
colorless oil. R;=0.46 (SiO,, hexanes/EtOAc=10:1); UV/Vis (CHCL):
Jmax () =262 (25300), 305 nm (2800 M *cm'); IR (neat): #=23401, 2962,
1586, 1491, 1315, 1293, 1292, 1249, 1181, 808 cm™'; '"H NMR (300 MHz,
CDCL): 6=1.19 (d, J=6.2 Hz, 6H), 3.48 (brs, 1H), 3.57 (m, 1H), 6.36
(dd, J=6.8, 2.1 Hz, 2H), 7.40 ppm (dd, /=6.8, 2.1 Hz, 2H); *C NMR
(75 MHz, CDCl,): 6=23.01, 44.33, 77.36, 115.58, 137.98, 147.23 ppm; MS
(EI) (70 eV): miz (%): 261.0 (70) [M]™*, 246.0 (100) [M—CHj;]*; elemen-
tal analysis: calcd (%) for CoH,IN (261.11): C 41.40, H 4.63, N 5.36;
found: C 41.37, H 4.70, N 5.40.

9: 4-Iodo-N-isopropylaniline (1.68 g, 6.42 mmol), 2-iodopropane (10.9 g,
6.4 mL, 64.1 mmol), and Na,CO; (1.23 g, 11.6 mmol) in ethanol (30 mL)
were stirred for 46 h at 80°C. The solvent was removed in vacuo, and the
oily residue was purified by CC (SiO,, hexanes/EtOAc=15:1) to afford 9
(603 mg, 31 %) as a white solid. R;=0.59 (SiO,, hexanes/EtOAc=10:1);
m.p.: 40.5-41.1°C; UV/Vis (CHCL): 4., (€)=278 (17900), 310 nm (sh,
2900 m'em™'); IR (neat): ¥=2968, 1584, 1495, 1384, 1367, 1317, 1293,
1189, 1153, 1123, 1024, 811, 786 cm™'; '"H NMR (300 MHz, CDCL,): 6 =
1.21 (d, J=6.8 Hz, 12H), 3.76 (sept, /J=6.8 Hz, 2H), 6.63 (dd, J=7.0,
22 Hz, 2H), 742 ppm (dd, J=7.0, 2.2 Hz, 2H); "CNMR (75 MHz,
CDCly): 6=21.25, 47.49, 78.56, 120.01, 136.98, 147.53 ppm; ESI-MS: m/z
(%): 304.2 (100) [M+H]*; elemental analysis: calcd (%) for C,H;IN
(303.19): C 47.54, H 5.98, N 4.62; found: C 47.53, H 5.89, N 4.80.

7: 8 (500 mg, 1.14 mmol), [PdCL,(PPh;),] (72 mg, 0.10 mmol), and Cul
(33 mg, 0.17 mmol) were added to a degassed solution of 9 (694 mg,
2.29 mmol) in diisopropylamine (30 mL), and the mixture was stirred for
21 h at 20°C. CH,Cl, (200 mL) was then added, and the deep-red mixture
filtered through a plug (SiO,, CH,Cl,). The solvents were removed in va-
cuo, and the residue was purified by CC (SiO,, toluene/hexanes=20:1)
to give 7 (615mg, 69%) as orange crystals. R;=0.38 (SiO,, hexanes/
EtOAc=20:1); m.p.: 209.5-211.3°C (decomp.); UV/Vis (CHCL): A,
(£)=300 (36000), 344 (sh, 12400), 472 nm (46000 m'cm™"); IR (neat):
v=2939, 2863, 2197, 2141, 1599, 1515, 1418, 1369, 1329, 1293, 1138, 1116,
1016, 994, 882, 817 cm™'; '"H NMR (300 MHz, CDCL;): 6=1.14 (s, 42H),
1.28 (d, J=6.9 Hz, 24H), 3.86 (sept, J=6.9 Hz, 4H), 6.74 (d, /=9.0 Hz,
4H), 7.28 ppm (d, J=9.0 Hz, 4H); "C NMR (75 MHz, CDCl;): 6 =11.48,
18.84, 21.22, 47.45, 87.02, 99.93, 100.09, 104.46, 109.82, 115.53, 115.75,
132.39, 14832 ppm; HRMS (FT-MALDI) (DCTB): m/z: caled for
Cs,H,sN,Si,*: 786.5704 [M]*; found: 786.5688; elemental analysis: calcd
(%) for Cs,H7N,Si, (787.37): C 79.32, H 9.98, N 3.56; found: C 79.33, H
9.93, N 3.61.

10: A solution of 8 (275 mg, 0.349 mmol) in Et,O (140 mL) was irradiat-
ed with a medium-pressure Hg lamp (125 W) for 2 h at 20°C. The dark-
orange residue obtained by evaporation of the solvent in vacuo was sub-
jected to CC (SiO,, hexanes/EtOAc=20:1) to yield 10 as an orange solid
(134 mg, 49 %) and recovered 7 (133 mg, 48 %). R;=0.29 (SiO,, hexanes/
EtOAc=20:1); m.p.: 70.4-72.5°C; UV/Vis (CHCL): A, (¢)=283 (sh,
26500), 305 (30200), 412 (30500), 470 nm (30300 m'cm™'); IR (neat):
v=2941, 2864, 2178, 2132, 1602, 1516, 1463, 1418, 1368, 1329, 1292, 1188,
1115, 1016, 996, 883, 818 cm™'; '"H NMR (300 MHz, CDCl,): §=1.13 (s,
42H), 1.28 (d, /J=6.9 Hz, 24H), 3.88 (sept, J=6.9 Hz, 4H), 6.76 (d, /=
9.0 Hz, 4H), 7.32 ppm (d, /=9.0 Hz, 4H); "CNMR (75 MHz, CDCL,):
0=11.51, 18.88, 21.26, 47.50, 87.44, 100.15, 100.38, 104.41, 109.89, 115.42,
115.62, 132.43, 148.40 ppm; HRMS (MALDI) (DCTB): m/z caled for
C5,H,sN,Si,*: 786.5704 [M]*; found 786.5708; elemental analysis: calcd
(%) for Cs,HsN,Si, (787.37): C 79.32, H 9.98, N 3.56; found: C 79.42, H
9.94, N 3.39.

1c and 2¢: nBu,NF (1M in THF, 0.35 mL) was added to a cooled solution
(0°C) of 10 (90 mg, 0.114 mmol) in moist THF (10 mL). After the mix-
ture was stirred for 15 min, CH,Cl, (50 mL) was added, and the mixture
was filtered through a plug (SiO,, CH,Cl,). The solvents were evaporated
in vacuo, and the residue was dissolved in acetone (150 mL). Hay catalyst
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(3mL) was added, and the mixture was stirred while exposed to air for
2 h at 20°C. The deep-purple solution was filtered through a plug (SiO,,
acetone) and evaporated in vacuo. The residue was subjected to CC
(SiO,, CH,CL/EtOAc=1—2%) to afford 1¢ (14.1mg, 26%) and 2¢
(24.8 mg, 46 %), both as deep-purple metallic solids. 1¢: R;=0.79 (SiO,,
CH,CL/EtOAc=1%); UV/Vis (CH,ClL): An., (e)=336 (55100), 440
(22700), 550 (34400), 600 nm (23000 M~'cm™"); IR (neat): ¥=2926, 2863,
2152, 2128, 1595, 1515, 1406, 1368, 1329, 1292, 1186, 1152, 1112, 1019,
965, 936, 816 cm™'; '"H NMR (300 MHz, CDCL): 6=1.27 (d, J=6.8 Hz,
48H), 3.87 (sept, J=6.8 Hz, 8H), 6.70 (d, /=9.0 Hz, 8H), 7.22 ppm (d,
J=9.0Hz, 8H); "CNMR (125MHz, CDCL): 6=21.07, 47.45, 84.90,
87.94, 94.72, 104.71, 108.82, 115.74, 121.50, 132.68, 148.94 ppm; HRMS
(MALDI) (DCTB): m/z caled for CgHy,N,*: 944.5757 [M]*; found:
944.5764. 2¢: R;=0.68 (SiO,, CH,CL/EtOAc=2%); m.p.: 218°C
(decomp.); UV/Vis (CH,CL): A (¢)=304 (90400), 375 (46700), 553
(136100), 573 nm (sh, 131000 M 'cm™); IR (neat): ¥#=2968, 2931, 2160,
1596, 1515, 1407, 1367, 1328, 1292, 1185, 1151, 1136, 1115, 1066, 1017,
815 cm™'; '"H NMR (300 MHz, CDCL,): §=1.32 (d, J=6.9 Hz, 72H), 3.93
(m, 12H), 6.81 (d, J=9.0Hz, 12H), 747 ppm (d, J=9.0 Hz, 12H);
BCNMR (75 MHz, CDClLy): 6=21.31, 47.65, 83.75, 85.83, 87.16, 105.20,
109.35, 115.59, 116.38, 133.07, 149.16 ppm; HRMS (MALDI) (DCTB):
mlz caled for Cy,H;sNgt: 1417.8669 [M]*; found: 1417.8653; elemental
analysis: caled (%) for C,,H,;xNy (1418.02): C 86.40, H 7.68, N 5.93;
found C 86.39, H 7.75, N 5.97.

11: nBu,NF (1M in THF, 1.90 mL) was added to a cooled solution (0°C)
of 10 (500 mg, 0.635 mmol) in moist THF (30 mL). After the mixture was
stirred for 20 min, CH,Cl, (100 mL) was added, the mixture was filtered
through a plug (SiO,, CH,Cl,), and the solvents were removed in vacuo.
The residue was dissolved in dry DMF (130 mL), and NH,OH-HCI
(441 mg, 6.35 mmol), butylamine (1.39 ¢, 1.90 mL, 19.1 mmol), and 1-
bromo-2-(triisopropylsilyl)ethyne (1.66 g, 6.35 mmol) were added. The
mixture was thoroughly degassed (three freeze—-pump-thaw cycles). CuCl
(629 mg, 6.35 mmol) was added, and the mixture stirred for 26 h at 20°C.
The mixture was poured into H,O (1L), saturated aqueous NaCl
(200 mL) was added, and the mixture extracted with EtOAc (5x
200 mL). The combined organic layers were washed with saturated aque-
ous NaCl (2x250 mL), dried (MgSO,), and concentrated in vacuo to
leave a deep-red solid. CC (SiO,, hexanes/EtOAc=10:1) afforded 11
(305 mg, 57%) as a deep-red solid. R;=0.25 (SiO,, hexanes/EtOAc=
20:1); m.p.: 78.2-81.0°C; UV/Vis (CH,CL): A, (€)=307 (39000), 326
(sh, 32300), 364 (sh, 14500), 388 (14500), 462 (21300), 536 nm
(27300 m'cm™); IR (neat): #=2940, 2864, 2161, 2088, 1600, 1516, 1463,
1418, 1368, 1329, 1293, 1187, 1153, 1117, 1016, 996, 882, 818 cm™;
'H NMR (300 MHz, CDCL,): 6=1.10 (s, 42H), 1.28 (d, J=6.9 Hz, 24 H),
3.89 (sept, J=6.9Hz, 4H), 6.74 (d, J=9.0Hz, 4H), 7.34ppm (d, J=
9.0 Hz, 4H); "CNMR (75 MHz, CDCl;): 6=11.49, 18.75, 21.27, 47.60,
73.31, 82.69, 86.64, 89.88, 93.12, 104.01, 109.10, 115.52, 116.97, 132.92,
149.09 ppm; HRMS (ESI): m/z caled for CsgHyoN,Si,*: 835.5782 [M+
H]*; found: 835.5765; elemental analysis: caled (%) for CsHsN,Si,
(835.42): C 80.51, H 9.41, N 3.35; found: C 80.26, H 9.29, N 3.28.

3 and 4: nBuy,NF (1M in THF, 0.90 mL) was added to a cooled solution
(0°C) of 11 (250 mg, 0.300 mmol) in moist THF (25 mL). After the mix-
ture was stirred for 15 min, TLC (SiO,, hexanes/EtOAc=10:1) indicated
complete deprotection. CH,Cl, (100 mL) was added, and the mixture was
filtered through a plug (SiO,, CH,Cl,). The solvents were removed in va-
cuo, and the oily residue was dissolved in acetone (850 mL). Hay catalyst
(58 mL) was added, and the mixture was stirred while exposed to air for
2 h at 20°C. The deep-purple solution was diluted with CH,Cl, and fil-
tered through a plug (SiO,, CH,Cl,). The solvents were evaporated in va-
cuo to leave a deep-purple solid, which was subjected to CC (SiO,, hex-
anes/Et,0=1:1) to yield 3 (8 mg, 6%) and impure 4, which was subse-
quently further purified by preparative GPC (bio-beads SX-3, THF) to
give pure 4 (16 mg, 13%). Both 3 and 4 are deep-purple metallic solids.
3: R;=0.46 (SiO,, hexanes/Et,0=1:1); UV/Vis (CH,CL): A, (¢)=316
(62200), 363 (47400), 391 (44700), 481 (sh, 36900), 552nm
(41100 M 'em™); IR (neat): #=2956, 2924, 2864, 2161, 2079, 1598, 1515,
1460, 1367, 1329, 1292, 1176, 1149, 1114, 1018, 817 cm™'; 'H NMR
(500 MHz, CDCl;): 6=1.28 (d, J=6.9 Hz, 48H), 3.88 (sept, /J=6.9 Hz,
8H), 6.71 (d, J=9.1 Hz, 8H), 7.24 ppm (d, J=9.1 Hz, 8H); *C NMR
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(125 MHz, CDCly): 0=21.06, 47.49, 69.60, 73.90, 83.50, 84.90, 84.95,
106.43, 108.38, 115.22, 120.94, 132.83, 149.17 ppm; HRMS (MALDI)
(DCTB): ml/z caled for C,sH;,N,*: 1040.5752 [M]*; found: 1040.5769. 4:
R;=0.25 (SiO,, hexanes/Et,0=1:1); UV/Vis (CH,ClL): A (¢)=311
(115500), 374 (sh, 63000), 554 (89800), 614 nm (sh, 76400 v 'cm™"); IR
(neat): v=2962, 2925, 2863, 2147, 2074, 1594, 1514, 1413, 1367, 1327,
1290, 1183, 1136, 1112, 816 cm™'; '"H NMR (500 MHz, CDCl;): 6 =1.31
(d, J=69Hz, 72H), 391 (sept, J=6.9 Hz, 12H), 6.77 (d, J=9.0 Hz,
12H), 7.38 ppm (d, J=9.0 Hz, 12H); "CNMR (125 MHz, CDClL,): 6 =
21.10, 47.51, 66.46, 72.57, 76.15, 82.76, 86.70, 106.57, 108.67, 115.31,
117.21, 132.94, 149.20 ppm; HRMS (MALDI) (DCTB): m/z caled for
C1aH0sNG*: 1560.8630 [M]*; found: 1560.8599.
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Ruthenium-Catalyzed Oxidation of Alkenes, Alkynes, and Alcohols to
Organic Acids with Aqueous Hydrogen Peroxide

Chi-Ming Che,* Wing-Ping Yip, and Wing-Yiu Yu'"!

Abstract: A protocol that adopts aque-
ous hydrogen peroxide as a terminal
oxidant and [(Mestacn)(CF;CO,),Ru'"-
(OH,)]CF;CO, (1; Mestacn=1,4,7-tri-

acid, the loading of 1 can be lowered
to 0.1 mol%. On the one-mole scale,
the oxidation of cyclohexene, cyclooc-
tene, and 1-octanol with 1 mol% of 1

yield), suberic acid (158 g, 91 % yield),
and 1-octanoic acid (129 g, 90 % yield),
respectively. The oxidative C=C bond-
cleavage reaction proceeded through

methyl-1,4,7-triazacyclononane) as a
catalyst for oxidation of alkenes, al-
kynes, and alcohols to organic acids in
over 80% yield is presented. For the
oxidation of cyclohexene to adipic

Introduction

The development of new processes for selective organic oxi-
dations with environmentally friendly oxidants has potential
practical applications in the synthesis of fine chemicals. De-
spite its importance, organic oxidations with molecular
oxygen or hydrogen peroxide are difficult to control and
usually result in mixtures of products. In the context of
metal-catalyzed organic oxidations with H,O, as a terminal
oxidant, there have been extensive studies on early transi-
tion metal catalysts.'! Recent papers by Noyori and co-
workers? highlighted the use of sodium tungstate for trans-
forming alkenes into carboxylic acids with H,O, as oxidant.
A notable feature of their work is that this one-pot reaction
can be applied to a 100-g scale for cycloalkene oxidation,
thus implying the feasibility of industrial/practical applica-
tions.

Ruthenium-catalyzed organic oxidations are well-docu-
mented for applications in organic synthesis.'**! In the last
few decades, a diverse range of structurally characterized
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Open Laboratory of Chemical Biology of the Institute of Molecular
Technology for Drug Discovery and Synthesis
The University of Hong Kong
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85%  the formation of cis- and trans-diol in-
termediates, which were further oxi-
dized to carboxylic acids via C—C bond

alkenes -

cleavage.

oxoruthenium complexes were found to be highly reactive
and undergo C—H bond hydroxylation and alkene epoxida-
tion reactions.*”) Despite advances in the oxidation chemis-
try of oxoruthenium complexes,*” studies on ruthenium-
catalyzed organic oxidations with aqueous hydrogen perox-
ide as a terminal oxidant remain sparse. In the past ten
years, there were reports by various research groups on the
use of molecularly defined ruthenium catalysts for alkene
and alcohol oxidations with H,0,.®'% Recently, Beller and
co-workers® reported a protocol for ruthenium-catalyzed
alkene epoxidation in tert-amyl alcohol that employed hy-
drogen peroxide as oxidant. Previously, we reported that
[(Mestacn)(CF;CO,),Ru"(OH,)]CF;CO, (1; Mestacn=
1,4,7-trimethyl-1,4,7-triazacyclononane) is an active catalyst
for the oxidation of alkenes and alcohols by tert-butyl hy-
droperoxide (TBHP).""! We also reported the stoichiometric
alkene and alkyne oxidations by cis-[(Mestacn)-
(CF;CO,)Ru"'0,]ClO, to give cis-1,2-diols or dialdehydes in
aqueous medium, the latter arising from C—C bond cleava-
ge." Herein is a protocol for the oxidation of alkenes, al-
kynes, and alcohols, by using a slight excess of hydrogen per-
oxide as a terminal oxidant, to the corresponding carboxylic
acids in the presence of 1 (0.2-1 mol % ); complete reaction
was attained within a reasonable time span (4 h).

Results and Discussion

We previously reported that 1 is an active catalyst for the
oxidation of alkenes, alcohols, and alkanes by TBHP.'" A
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silica-gel-supported Ru-Me;tacn complex prepared by treat-
ing 1 with silica gel in absolute ethanol was found to be a
useful heterogeneous catalyst for organic oxidations.'*?
Herein, the catalytic activity of 1 toward organic oxidations
with aqueous hydrogen peroxide as a terminal oxidant is ex-
amined.

Oxidation of Alkenes

Aqueous H,0, (35%) was added slowly to a solution of cy-
clohexene (5 mmol) in aqueous fert-butanol (tBuOH/H,O =
2:1 v/v) in the presence of 1 (50 umol) at 60°C. Complete
substrate conversion was observed, with cis- and trans-1,2-
cyclohexanediol (30% and 68% yield, respectively) being
obtained (see Supporting Information). At room tempera-
ture, neither cis- nor trans-1,2-cyclohexanediol was formed,
and the starting cyclohexene was fully recovered.

Other cycloalkenes such as cyclooctene and cyclopentene
gave a mixture of cis- and trans-diols under the same reac-
tion conditions. Similar reaction of cyclooctene with H,O,
(1.2 equiv) gave cis-cyclooctane-1,2-diol and cyclooctene
oxide in 50% and 42% yield, respectively, based on com-
plete substrate conversion. For the oxidation of cyclopen-
tene, cis- and trans-cyclopentane-1,2-diol were obtained in
28 % and 57 % yield, respectively. These results are given in
the Supporting Information.

Abstract in Chinese:

FBEAAABTRIFAMA] [(Mestacn)(CF;CO,),Ru™(OH)ICF;CO, (1) LA
AEIE ~ RISHIBE S AR - IR 80% - BIRBRCMEMRC 1% - &1k
Bl 1B FIE AT MBS 0.1 mol% e FEEAT 1 mol%HyfE(E 1 H SR AZE] 1 mol
PRI - BROUS ~ BEGH 1-FRE AIE LR E T (85% > 124 g) ~ £
iz (91% - 158 ¢) 7l 1-3f% (90% > 129 g) o PRAH C=C RIS BAREIE
eSO IRNE- NS - Z RS - FRE— P S UER C-C 8 - Al -
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As 1 is an effective catalyst for alkene epoxidation by
TBHP' and cis-[(Mestacn)(CF;CO,)Ru"'0,]CIO, can un-
dergo stoichiometric alkene dihydroxylation in fert-butanol/
H,0,[" the cis- and trans-diol products described above may
come from two or more reaction pathways. A possible path-
way for the trans-diol products is the ring opening of the ep-
oxide intermediates. We found that when the oxidation of
cyclohexene was conducted under reflux conditions for 4 h,
adipic acid was isolated in 88% yield; neither the cis- nor
the trans-diol was detected based on 'H NMR spectroscopic
analysis of the crude reaction mixture (Table 1, entry 2).

When 0.1 mol % catalyst was used, a longer reaction time
of 12 h was required for complete reaction, and 2-cyclohex-
en-1-one and 2-cyclohexen-1-ol were obtained as side prod-
ucts. With 1 mol% of catalyst 1, other cycloalkenes were
oxidized to the corresponding dicarboxylic acids in >85%
yield (Table 1, entries 1-7). For the acyclic aliphatic terminal
alkenes (Table 1, entries8 and9), oxidative C=C bond

Table 1. Oxidation of alkenes by aqueous H,O, catalyzed by 1.1Y

Entry Alkene Conversion Product Yield
[%] (o]
1 100 HOC -~ _-COH 85
2[c,d] 100 HO2C\/\/\CO2H 88
3 100 HOC._~_~_COH g5
4 100 HO.C A COH 93

100 Ho,e A" con 9

HO,C CO,H
100 95

w% %5{3&%@@@@

6
Me
7 100 HO,C_ A~ 85
CO,H
8 100 ST CoH 93
9 100 S -COH 90
100 coHE 100 CoHsCO,H 80
119 m-CICH,CH=CH, 100 m-CIC¢H,CO,H 80
fe.1] —
12 Cat 100 CeHsCO,H 82
130 CHe  CeHs 100 CeHsCOH 78

[a] 2.5 mL (25 mmol) of aqueous H,0O, was used. [b] Yield of isolated prod-
uct. [c] Adipic acid was obtained in 35% yield when distilled water (9 mL)
was used as solvent; the low product yield is probably due to the high volatil-
ity of cyclohexene under reflux conditions. With 0.5 mol% 1: adipic acid
(76 %), 2-cyclohexen-1-one (8 % ), 2-cyclohexen-1-ol (8 %); with 0.1 mol% 1:
adipic acid (60%), 2-cyclohexen-1-one (15%), 2-cyclohexen-1-ol (15%).
[d] With 1 mol substrate, introduction of H,0, took 6 h for completion, and
the reaction mixture was further heated at reflux for 6h. [e]17.5%
(25 mmol) aqueous H,0, was added over 12 h and the reaction was further
heated at reflux for 1 h. [f] Benzaldehyde was detected in 5-15% yield with
GC.
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cleavage to the corresponding carboxylic acids (>90%
yield) was observed.

For styrene oxidation under the typical reaction condi-
tions, that is, styrene (5 mmol), 1 (1 mol%), H,0O, (35%,
slowly added over 3 h with a syringe pump), and aqueous
tert-butanol (fBuOH/H,0=2:1 v/v, reflux, 4 h), benzalde-
hyde (53%) and benzoic acid (45%) were obtained. When
a dilute hydrogen peroxide solution (17.5% v/v) was em-
ployed, and its introduction was extended to 12 h, benzoic
acid was obtained in 80% yield (Table 1, entry 10). By this
protocol, other aryl alkenes underwent similar oxidative
C=C bond cleavage to give the corresponding organic acids
in >78% yield.

It is likely that the oxidation of alkenes to carboxylic
acids with the 14+ H,0, protocol would proceed via the for-
mation of alcohol intermediates. In support of this postula-
tion, 1 was found to be an effective catalyst for the oxida-
tion of alcohols, including the aliphatic ones (Table 3, en-
tries 3-6), to the corresponding carboxylic acids. cis-Cyclo-
octane-1,2-diol and trans-cyclohexane-1,2-diol were oxidized
by the 14+H,0, (3.3equiv) protocol (Table3, entries1
and 2) to the corresponding dicarboxylic acids in >96%
yield, and no 1,2-diketones were detected at the end of the
reaction. When the reaction was performed with cyclohex-
ane-1,2-dione as substrate, no substrate conversion was ob-
served, and all the starting diketone was recovered.

Oxidation of Alkynes

It is known that ruthenium trichloride and ruthenium
nanoparticles!"” are efficient catalysts for the oxidation of al-
kynes by NalO,. We previously reported that alkynes can be
stoichiometrically oxidized by cis-[(Mestacn)-
(CF;CO,)Ru"'0,]ClO, to 1,2-diketones.!” Herein we found
that alkynes can be oxidatively cleaved to carboxylic acids
with the 1+ H,O, protocol.

Treatment of 1-phenyl-1-propyne (5 mmol) with aqueous
H,0, (35%, 20 mmol) and 1 (50 umol) in aqueous terz-buta-
nol (9 mL, tBuOH/H,0=2:1 v/v) at reflux afforded benzoic
acid in 83 % yield, with 100 % substrate conversion (Table 2,
entry 1). No 1,2-diketone was detected. Similarly, 4-ethynyl-
toluene was oxidized to give 4-methylbenzoic acid in 88 %
yield (Table 2, entry 2).

Terminal alkynes such as 4-ethynyltoluene, 1-hexyne, 1-
octyne, and 4-methylpentyne (Table 2, entries 2-5) under-
went similar oxidative-cleavage reactions to give the corre-
sponding carboxylic acids as a single product (75-88%
yield) with 100 % substrate conversion.

When (2-nitro)-1-phenyl-1-propyne was used as substrate
(Table 2, entry 6), only 23% substrate conversion was ob-
tained with 89% product yield. Similarly, oxidation of 4-
octyne to butanoic acid proceeded with 89 % product yield
but only 36 % substrate conversion (Table 2, entry 7).

It was reported that the formation of [3+42] cycload-
ducts!™ took place in the reaction between alkynes and cis-
[(Mestacn)(CF;CO,)Ru"'0,]CIO,. However, we did not ob-
serve the corresponding [3+2] cycloadduct in the catalytic

Chem. Asian J. 2006, 1, 453 -458
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Table 2. Oxidation of alkynes by aqueous H,O, catalyzed by 1.1

Entry Alkyne Conversion Product Yield
[%] (%]

1 CeHs—=="CHs 100 CeHsCO,H 83

2 m-MeCeHi——"H 100 m-CICgH,CO,H 88

3 SN 100 o -COH 75

P NG N
4 i 1 COH 80
5 )\/\\ 100 )vCOzH 78

o

=z i
‘
=
©

n

COLH
. "
o NO,

7 SN 36 _~_-CO,H 89

[a] Reaction conditions: 1 (1 mol%) was added to a mixture of tert-buta-
nol (6 mL) and distilled water (3 mL) containing substrate (5 mmol). The
reaction mixture was heated at reflux, during which aqueous H,O,
(2.0 mL, 20 mmol) was added over 3 h. The reaction mixture was then
stirred for a further 1 h, and the product was purified by column chroma-
tography. [b] Yield of isolated product.

oxidation of alkyne with 1 as a catalyst (1 mol %) and aque-
ous H,0, as a terminal oxidant by ESI-MS analysis of the
reaction mixture, and no 1,2-diketone was detected. Further-
more, a control experiment with cyclohexane-1,2-dione as
substrate revealed no substrate conversion. Although the
mechanism underlying the catalytic alkyne oxidations re-
quires further investigation, the formation of reactive oxoru-
thenium species from the 1+H,0, protocol under reflux
conditions is plausible.

Oxidation of Alcohols and Aldehydes

Previous studies revealed that primary alcohols are poor
substrates for the 1-catalyzed organic oxidations with
TBHP.!"! Herein, when 1-hexanol was employed as sub-
strate (Table 3, entry 3), 100 % substrate conversion was ob-
tained when a slight excess of hydrogen peroxide (2.2 equiv)
was used, and hexanoic acid was isolated in 95 % yield.

Other aliphatic and benzylic alcohols such as 1-heptanol,
1-octanol, 1,6-hexanediol, and benzyl alcohol could also be
oxidized to the corresponding carboxylic acids in >92%
yield (Table 3, entries 4-7). For oxidation of benzyl alcohol,
a longer reaction time was needed to obtain full substrate
conversion (the introduction of H,0, (17.5%) took 12 h for
completion; see Experimental Section). Oxidation of hydro-
benzoin and 1-phenylethanol (Table 3, entries9 and 10)
gave benzoic acid and acetophenone in 93% and 98%
yield, respectively.

Although the 1+ H,0O, protocol successfully converted al-
cohols into carboxylic acids in good yields and selectivities,
studies of the reaction mixture with ESI-MS revealed the
presence of a single molecular ion cluster peak attributed to
1 (m/z=516), and no other ruthenium species was identi-
fied.

As for aldehydes, benzaldehyde was fully converted into
benzoic acid in 94 % yield (Table 4, entry 1). Aliphatic alde-
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Table 3. Oxidation of alcohols by aqueous H,O, catalyzed by 1.

Entry  Alcohol Conversion  Product Yield
[%] (o]
OH
101 Q 100 HOQC\/Q\}A\/COM 97
OH
OH
20 O/ 100 HOLC ™ con 96

“OH

39 M oH 100
49 T on 100

\/\/\COZH 95

o COH 96

s HToH 100 ] coH 9

g HO HOH 100 HOC A% COH gy

Fleeel  CoHY “OH 100 CeH:CO,H 93

81 mFCH.CH,OH 100 m-FCeH,CO.H 83
HO_ OH

[b.f.¢]
9 ol o, 100 CeHsCOH 93
OH o

10l 100 98!

CGHs)\ CsH5ﬂ\

[a] Yield of isolated product. [b] 1.7 mL (17 mmol) of aqueous H,O, was
added. [c] 1.1 mL (11 mmol) of aqueous H,O, was added. [d] 2.2 mL
(22 mmol) of aqueous H,0, was added. [e] At 60°C, 20% substrate con-
version was detected. [f] 5-8% benzaldehyde was detected with GC.
[g] 17.5% (11 mmol) aqueous H,0, was added over 12 h and the reaction
was further heated at reflux for 1 h. [h] Determined with GC.

hydes such as 1-hexanal and 1-heptanal could also be oxi-
dized by the 1+4+H,0, protocol to give the corresponding
acids in up to 87% yield and with 100 % substrate conver-
sion (Table 4, entries 2 and 3).

For the 1-catalyzed alkene and alcohol oxidations, only a
trace amount of aldehyde was observed by GC and
"H NMR spectroscopic analysis. It is likely that the alcohol
was first oxidized to aldehyde, which was then further oxi-
dized to the corresponding acid. At 298 K, the second-order
rate constants for the oxidation of benzyl alcohol and ben-
zaldehyde by cis-[(Tet-Meg)Ru"'0,](ClO,), (Tet-Meg=
N,N,N', N'-tetramethyl-3,6-dimethyl-3,6-diazaoctane-1,8-di-
amine) are 1.6x1072 and 1.4 dm*mol's™[™¥ respectively.
These rate constants reveal that oxidation of aldehyde to

Table 4. Oxidation of aldehydes by aqueous H,O, catalyzed by 1.1

Entry Aldehyde Conversion Product Yield
[%] (21"
CHO
1 ©/ 100 CeHsCO,H 94

2 \/\/\CHO 100 \/\/\COZH 85

S -COH g7

[a] Reaction conditions: 1 (1 mol%) was added to a mixture of ferr-buta-
nol (6 mL) and distilled water (3 mL) containing substrate (5 mmol). The
reaction mixture was heated at reflux, during which aqueous H,O,
(0.6 mL, 6 mmol) was added over 3 h. The reaction mixture was then stir-
red for a further 1 h, and the product was purified by column chromatog-
raphy. [b] Yield of isolated product.
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carboxylic acid proceeds much faster than oxidation of alco-
hol to aldehyde by the Ru=0O complexes. For the oxidation
of 1-heptanol, introduction of H,O, (1.1 equiv) led to 50%
substrate conversion, and heptanoic acid was detected exclu-
sively.

Scaled-Up Reactions

In the literature, most reported metal-catalyzed organic oxi-
dations with hydrogen peroxide as a terminal oxidant were
conducted on a millimole scale.*'¥) The recent tungstate-
catalyzed cyclohexene oxidations by H,O, reported by
Noyori and co-workers®? could be carried out on a 1-mol
scale with 1 mol % catalyst in a one-pot process. We exam-
ined the feasibility of scaling up the 14+H,0, oxidation with
1 mol of substrate. In the presence of 1 (6.29 g, 0.01 mol)
and cyclohexene (82.15¢g, 1mol)/cyclooctene (110.2 g,
1 mol), dropwise introduction of aqueous hydrogen peroxide
gave a yellow reaction mixture, the process of which took
6 h for completion. During the reaction, the color changed
from vyellow to purple, indicating the formation of
[(Mestacn),Ru™,(u-0)(u-CF;CO,),* .7 After the reaction
mixture was heated at reflux for another 6 h, adipic acid
(124 g; Scheme 1)/suberic acid (158 g) was obtained in 85%
and 91 % yield, respectively. At a lower catalyst loading
(0.2 mol %), the oxidation of cyclohexene on a 1-mol scale
took a longer time (12 h) for complete introduction of aque-
ous hydrogen peroxide, and the reaction mixture was heated
at reflux for a further 8 h. Adipic acid was obtained in 70 %
yield (102 g), and allylic oxidation products such as 2-cyclo-
hexen-1-one and 2-cyclohexen-1-ol were obtained in 12%
and 13 % yield, respectively.

QR
+ 1
tBuOH, H,0O

HO.C ~ 0o,

OH OH
CC-(x
OH “OH
H0,

{BUOH, H,0

Scheme 1. Production of adipic acid with the 1+ H,O, protocol.

The scaled-up protocol is also applicable to the oxidation
of alcohols. As an example, when aqueous hydrogen perox-
ide (2.2 mol) was added to a reaction mixture containing 1
(6.29 g, 0.01 mol) and 1-octanol (130.2 g, 1 mol), and the
mixture heated at reflux for another 6 h, 1-octanoic acid was
obtained in 90 % yield (129 g).

General Remarks

Oxidative-cleavage reactions of C=C and C=C bonds with
aqueous hydrogen peroxide as a terminal oxidant are re-
ported in the literature." Diols are usually proposed as re-
action intermediates, which undergo Baeyer—Villiger oxida-
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tion to give cleavage products. By employing the same cata-
lyst loading (1 mol%) and amount of hydrogen peroxide
(4.4 equiv) as that of the Na,WO,-catalyzed alkene oxida-
tions, 1-catalyzed oxidation of cyclohexene gave similar re-
sults. When 1 mol cyclohexene was employed as substrate,
the reaction took 12 h for completion, and adipic acid was
obtained in 85% yield. It was reported that the Na,WO,-
catalyzed oxidation of cyclooctene and 1-octene by aqueous
H,O, gave the corresponding acids in 9% and 36 % yield,
respectively. For the similar 1-catalyzed oxidation of cyclo-
octene and 1-octene, we obtained suberic acid and heptanoic
acid in 93% and 90 % yield, respectively. In previous work
by Noyori and co-workers,” phenanthrene was oxidized to
2,2"-biphenyldicarboxylic acid in 41% yield by the
Na,WO,+H,0, protocol. However, we did not observe any
substrate conversion in the oxidation of phenanthrene,
p-xylene, and toluene with the 14 H,O, protocol. Recently,
we reported that cis-[(Mestacn)(CF,CO,)Ru"'0,]CIO, un-
derwent [3+2] cycloaddition with alkenes to give the corre-
sponding Ru™ cycloadducts, further hydrolysis of which
gave diol products with concomitant formation of
[(Mestacn),Ru™,(u-O)(u-CF;CO,),](C10,),.l" Herein, when
cyclooctene was employed as substrate (either at 60°C or
reflux), slow introduction of H,0, into the reaction mixture
containing cyclooctene and 1 in aqueous tert-butanol gave a
yellow solution. This yellow solution displayed a distinct
UV/Vis absorption peak at A,,,, (CH,Cl,) =390 nm. A single
molecular cluster peak at m/z=529 [M]*, formulated as
[(Me;tacn)(CF;CO,)Ru™O(H)CH(CH,)HCO]*,™ was ob-
served in the ESI-MS spectrum. Upon introduction of satu-
rated aqueous NaClO, (2 mL) to the reaction mixture after
complete substrate consumption, [(Mestacn),Ru™,(u-O)(p-
CF;C0,),](Cl0,), was obtained in 10% yield. The residual
yellow solution was analyzed with ESI-MS, which revealed a
single prominent ion cluster peak at m/z =516 that matches
the formulation of 1. A similar observation was noted for
the 1-catalyzed oxidation of cyclohexene (4., (CH,Cl)=
396 nm, m/z=>501). If the oxidation was conducted at 60°C,
a mixture of cis- and trans-diol plus some allylic oxidation
products (2-cyclohexen-1-ol and 2-cyclohexen-1-one) were
obtained. We propose that the reaction between 1 and H,O,
gives one or more oxidizing intermediates, presumably via
Ru=0 species, which further undergoes cycloaddition with
alkenes.

Based on these observations, we suggest that the 1-cata-
lyzed oxidation of alkenes by H,O, proceeds through the
formation of diols as intermediates. The 1-catalyzed H,O,
oxidation of alkene to carboxylic acid is analogous to the
tungstate-catalyzed oxidation of cyclohexene;? the latter
was proposed to proceed through multiple steps, which in-
clude diols and a-hydroxy ketone intermediates, followed by
a subsequent Baeyer—Villiger oxidation.”!

The reaction of 1 with H,O, in the absence of organic
substrates was monitored by ESI-MS and UV/Vis spectral
analysis. From an aqueous solution of tert-butanol (9 mL,
tBuOH/H,0=2:1 v/v) containing 1 (0.01 mmol) and H,O,
(4.4 mmol) at reflux/60°C, aliquots of the reaction mixture
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were taken for analysis. According to the ESI-MS analysis,
molecular cluster peaks at m/z=516 ([(Mestacn)-
(CF,CO,),Ru™(OH,)]*) and m/z=899 ({[(Mestacn),Ru"™,
(1-O)(u-CF5CO,),](CF5CO,)} ") were detected. No ion clus-
ter peak (m/z=417) corresponding to [(Mestacn)-
(CF;CO,)RuO,]* was observed. According to previous
work,l”? [(Mestacn)(CF5CO,)Ru"'0,]* shows a strong ab-
sorption peak at 320 nm; however, in the present case, only
weak absorption peaks at 261 and 545 nm attributed to
[(Mestacn),Ru"™,(u-O)(u-CF;CO,),]** were found in the
UV/Vis spectrum of the reaction mixture. We determined
the second-order rate constants for the reaction of
[(Mestacn)(CF5CO,)Ru"'0,]* with cyclohexene and cyclo-
octene to be 233 and 872 dm’mol 's™!, respectively. It is
likely that any cis-[(Mestacn)(CF;CO,)Ru"'0,]* formed in
the reaction mixture would rapidly react with C=C bonds,
rendering its detection difficult.

In the absence of organic substrates at 60 °C/reflux with 1
(10 pmol), H,O, (35%, 4.4 mmol), and aqueous tert-butanol
(9 mL, rBuOH/H,0=2:1 v/v), no oxygen gas was evolved
over the 3-h process of adding H,O,. This is in contrast to
the reported ruthenium trichloride that spontaneously de-
composes H,0, even at room temperature.’” Notably, no
oxygen was evolved in the reaction of catalytic/stoichiomet-
ric amounts of cis-[(Mestacn)(CF;CO,)Ru"'0,]CIO, with
H,0,.

Conclusions

In summary, an environmentally friendly protocol has been
developed for catalytic oxidation of alkenes, alkynes, and al-
cohols to give the corresponding carboxylic acids. In the lit-
erature, the reported ruthenium-catalyzed organic oxida-
tions with hydrogen peroxide as a terminal oxidant require
a ruthenium catalyst loading of up to 5mol %" and up to
15 equivalents of hydrogen peroxide.®™ Herein, only
1 mol % of catalyst 1 and a nearly stoichiometric amount of
hydrogen peroxide (10% excess) were used. Our prelimina-
ry results showed that under aerobic conditions, treatment
of cycloheptene (5 mmol) with 1 (1 mol%) in aqueous fert-
butanol (9 mL) for 14 h gave cis- and trans-1,2-cyclohep-
tanediol in 31% and 65% yield, respectively, with 13%
alkene consumption. Our effort to develop an efficient pro-
tocol for ruthenium-catalyzed organic oxidations with air as
a terminal oxidant is in progress.

Experimental Section

All solvents and substrates were purified by standard procedures, 1 was
prepared according to the method in the literature,'' and characteriza-
tion of organic products was referenced to authentic samples. Dropwise
introduction of aqueous hydrogen peroxide was carried out with a sy-
ringe pump.
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General Procedure

1 (1 mol%) was added to a mixture of tert-butanol (6 mL) and distilled
water (3 mL) containing substrate (5 mmol). Aqueous H,O, was then
added to the reaction mixture at reflux over 3 h. For oxidation of aromat-
ic substrates, H,O, (17.5%) was added dropwise over 12 h, and the reac-
tion mixture was stirred for another 1h. The reaction mixture was first
cooled in an ice/salt bath, and all the unreacted H,O, was removed by
adding saturated aqueous sodium bisulfite (3 mL). After the internal
standard (1,4-dichlorobenzene) was added, the products were extracted
with diethyl ether (5x20mL), and the combined extracts were dried
over anhydrous MgSO, and filtered. The aliquots were taken for product
identification and quantification with GC or NMR spectroscopic analysis.

For reactions on the 1-mol scale, 1 (0.01 mol) was added to a mixture of
tert-butanol (1200 mL) and distilled water (600 mL) containing substrate
(1 mol). Aqueous H,O, (500 mL) was then added to the reaction mixture
at reflux over 6 h, and the reaction mixture was stirred for another 6 h.
The unreacted H,O, was removed by adding saturated aqueous sodium
bisulfite (100 mL). fert-Butanol was recycled by simple distillation at
83°C, and water was further distilled off to give a viscous layer contain-
ing residual solvent and crude product. The product was extracted with
diethyl ether (5x200 mL), and the combined extracts were dried over an-
hydrous MgSO, and filtered. The ethereal layer was evaporated to dry-
ness by a rotary evaporator to give the corresponding carboxylic acid
products (Scheme 1).
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