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VIF is one of the six accessory proteins of HIV-1. It has been shown to be necessary for the survival of
HIV-1 in the human body and for the retention of viral infectivity. It is strongly expected that a new
therapeutic strategy against HI'V-1 infection could be realized by blocking the biological pathway to
VIF. In this paper, a three-dimensional model of VIF was constructed by comparative modeling based
on two templates, VHL and NarL, which were used to construct the C-terminal domain and
N-terminal domain of VIF, respectively. A model of the VIF-ElonginB-ElonginC complex was
constructed, and molecular dynamics simulations were used to investigate the interactions between VIF
and ElonginB-ElonginC. Mutagenesis was used to identify the function of some conserved residues in
the putative SOCS-box. The results showed that the mutations of the critical residues led to the
disruption of the interactions between VIF and ElonginB-ElonginC, consistent with experimental
observations. These novel models of VIF and its complex has therefore provided structural
information for investigating the function of VIF at the molecular level.

Introduction

Despite the recent success of anti-HIV-1 therapy in controlling
disease progression, human immunodeficiency virus type-1 in-
fection is still one of the most serious infectious diseases across
the world. In the past, therapeutic targets for HIV-1 infection
have been focused on reverse transcriptase, protease, and HIV
integrase. However, because drug resistance emerges during anti-
HIV-1 treatment and no vaccine is currently available, new targets
that can be used to disrupt the lifecycle of HIV-1 infection
are continually sought. HIV-1 VIF protein, one of the six viral
accessory proteins,* has been recently reported to play a crucial
role in mediating the replications of HIV-1 in lymphocytes and
macrophages. Furthermore, it is essential for the survival of HIV-
1 in vivo,** suggesting that HI'V-1 VIF protein could be a potential
target for anti-HIV drug development.”™®

HIV-1 VIF is a small (192 residue) protein encoded by viral
RNA. In the absence of VIF, the host anti-retroviral factor
APOBEC3G, which is a member of the family of cytidine
deaminase of nucleic acid-editing enzymes,”! is packaged into
the HIV-1 virus and down-regulates HIV-1 infection by causing
extensive lethal deoxycytosine-to-deoxyuracil mutation in the
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newly synthesized HIV-1 negative-strand DNA.>"'¢ However, the
antiviral function of APOBEC3G is neutralized in the presence of
VIF. VIF, through the specific binding to APOBEC3G and then
targeting it for ubiquitination and degradation,>'"?! efficiently
prevents APOBEC3G being packed into the newly synthesized
virus, and ensures that the virus remains infectious.

VIF mediates neutralization of APOBEC3G through a process
consisting of two steps™®? (Fig. 1). First, VIF irreversibly binds
to APOBEC3G along with ElonginB, ElonginC, Cul5 and Rbx-1,
forming a complex that has E3 ubiquitin ligase activity. Second, the
complex mediates the ubiquitination and degrades APOBEC3G
rapidly via a ubiquitin—proteasome pathway, resulting in the
elimination of APOBEC3G and thus the loss of its anti-HIV

= B proteasome

degradation
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Fig. 1 VIF functions as a bridge that specifically recruits APOBEC3G
into an EI1-E2-E3 ubiquitin-ligase complex for ubiquitination and
subsequent proteasome degradation. VIF consists of two domains: the
N-terminal domain (which binds to APOBEC3G), and the C-terminal
domain (where SOCS-box is located, which specifically interacts with the
ElonginB—ElonginC complex).
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functions. In this process, VIF acts as a bridge between its specific
substrate (APOBEC3G) and the E3 ubiquitin ligase complex,
and is thus central to the operation of the ubiquitin—proteasome
pathway. Mutagenesis studies indicate that VIF contains at least
two functionally crucial domains'®?*22: an N-terminal region that
is important for binding to APOBEC3G, and a C-terminal region
with a conserved SLQ(Y/F)LA®®D®D motif (O stands for a
hydrophobic amino acid), which is responsible for its interaction
with the ElonginB-ElonginC complex. Both domains are required
for neutralization. The simple association of APOBEC3G with the
C-terminal domain of VIF is insufficient to suppress the antiviral
activity of APOBEC3G.

There are high similarities between the conserved
SLQ(Y/F)LA®O®OD motif of VIF and the SOCS-box of
SOCS proteins (suppressor of cytokine signaling). Both the
SOCS-box motif and the SLQ(Y/F)LA®DDD motif are located
at the C-terminal regions of the corresponding proteins, and
the sequences of these two motifs show strong homology and
evolutionary conservation.”* In addition, these motifs possess
the same function. The SOCS-box in SOCS proteins, like the von
Hippel-Lindau tumor suppressor (VHL), has been reported to be
responsible for directly interacting with the ElonginB-ElonginC
complex, and is thereby crucial for the formation of SCF-like
E3-ubiquitin-ligase.*** The SLQ(Y/F)LA®OD®D® motif of
VIF has also been reported to mediate its interactions with
the ElonginB-ElonginC complex. In view of these similarities,
it is speculated that the SLQ(Y/F)LA®D®DD motif is a novel
type of SOCS-box and that VIF is an SOCS-box-containing
protein. Therefore, the C-terminal region of VIF where the
SLQ(Y/F)LAD®DDOD motif is located is most likely to adopt a
similar structure to the SOCS-box in SOCS proteins.”” However,
although the C-terminal region of VIF shows strong similarity
to the SOCS-box of SOCS proteins, the N-terminal region shows
no similarity to the corresponding parts of SOCS proteins.
Furthermore, no report has been published regarding the
structural characteristics of the N-terminal region of VIF.

To date, the function and structural features of VIF have been
fairly well investigated. However, there still exist numerous aspects
that need to be resolved. To achieve a clear understanding of
the function and structure of VIF, more thorough biological
studies are needed. Meanwhile, a three-dimensional structure
could greatly help us to understand the behavior of VIF at
the molecular level. Since the crystal structure of VIF is still
unavailable, a three-dimensional model of VIF was constructed
in this study based on the crystal structure of VHL and NarL.?®
VHL was used for the construction of the C-terminal domain
and NarL used as the template for the N-terminal domain.
A model of the VIF-ElonginB-ElonginC complex was also
proposed based on the crystal structure of the VHL-ElonginB-
ElonginC complex. The complex was subjected to molecular
dynamics simulation to investigate the VIF-ElonginB-ElonginC
interactions. Additionally, based on the constructed VIF model,
the effects of some conserved amino acids on the function of
VIF were investigated. The construction of a structural model
and computational study of its interactions with other proteins
could lead to further understanding of the function of VIF in the
infectious cycle of HIV-1 and provide useful information for the
development of new chemotherapy for HIV infection based on
VIF as the therapeutic target.

Computational methods

Template selection and sequence alignment

The sequence of VIF was obtained from Swiss-Prot/TrEMBL
(entry P69722), and its secondary structure was predicted using
the PSI-PRED?* program. The N-terminal (residue 1 to 143) of
VIF was submitted to Threader 3,* a fold recognition method, for
template searching. NarL (PDB code 1A04), which had the highest
Z-score, was selected as the template for the construction of the
N-terminal domain of VIF. VHL was selected as the template for
the construction of the C-terminal (residue 142-177) domain of
VIF based on the multiple sequence alignments of VIF and several
SOCS proteins including VHL, SOCS-1, ASB2, WSB1 and RAR,
using ClustalW.*!

Homology model generation of the VIF
(SOCS-box)-ElonginB-ElonginC complex

The homology module in Insight II was used to build the initial
model of the SOCS-box region of VIF. The model backbone was
obtained by transferring the backbone coordinates of the VHL to
the corresponding residues of VIF (structurally conserved regions,
SCRs) except for the variable regions (LOOPs), which were
constructed using MODELLER?®* with satisfaction of spatial
constraints. For the side chains, library values of rotamers are
adopted.

The initial model of the VIF(SOCS-box)-ElonginB-ElonginC
complex was constructed by replacing VHL in the crystal structure
of the VHL-ElonginB-ElonginC complex with the SOCS-box
region of VIF constructed above. Based on this model, a series
of mutated complexes were obtained with the Biopolymer module
in Insight II. To further refine the model of the complex, energy
minimization was carried out by Discover3 with the CVFF force
field. One thousand steps of energy minimization in combination
with steepest descent and conjugated gradient were performed.

Residues from 50 to 57 in ElonginC were added using Insight
I1, and each resulting complex were solvated in a triclinic box with
the simple point charge (SPC) water model. Before submission
to 5 ns of molecular dynamics simulation, 500 steps of steepest-
descent energy minimization were carried out to relieve possible
atom bumps. All simulations were performed by GROMACS
package 3.2.13** with the GROMOS96 force field.*® To maintain
the system at a constant temperature of 300 K, the Berendsen
thermostat®” was applied with a coupling time of 0.1 ps. Also, a
constant pressure of 1 bar was applied with a coupling constant
of 0.5 ps. The value of the isothermal compressibility was set
to 4.5 x 107° bar™' for water simulation. All bond lengths were
restrained by the LINCS algorithm.*® Electrostatic interactions
between charged groups at distance less than 10 A were calculated
explicitly, and long-range electrostatic interactions were calculated
using the particle-mesh Ewald algorithm.*® A cutoff distance of
10 A was applied for Lennard-Jones interactions. For each system,
the simulation cell was a triclinic periodic box; the minimum
distance between the protein and the box wall was set to more
than 7 A so that the protein would not directly interact with its
own periodic image. To neutralize the charges of the modeled
systems, 10 water molecules were replaced by 10 CI~ ions. These
ions were located at positions of the chosen water oxygen atoms.
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Secondary structure analysis was carried out employing the DSSP
(define secondary structure of proteins) method.*

Homology model generation of the VIF-ElonginB—ElonginC
complex

A model of the whole VIF including both N and C-terminal
domains was constructed using the Homology module in Insight
II. The construction of the C-terminal domain of VIF was based
on VHL, and the N-terminal domain of VIF was built with NarL
as the template. VHL and NarL were pre-superposed on their
C-terminal domains in order to give a rational orientation of
the constructed N and C domains of VIF. Then, the initial 3D
model of VIF was submitted to 1000 steps of energy minimization.
Each step of energy minimization was performed by Discover3
with steepest descent and, subsequently, conjugated gradient
optimization methods. Procheck3.4* was used to generate a
Ramachandran plot for evaluating the minimized model, and
Verify3D* was used for further evaluation.

The initial model of VIF-ElonginB-ElonginC complex was
constructed by replacing VHL in the crystal structure of the
VHL-ElonginB-ElonginC complex with the whole VIF model
constructed above. This initial model was minimized by 1000 steps
of energy minimization with the combination of steepest descent
method and conjugated gradient optimization method. 5 ns of
molecular dynamics simulation of the VIF-ElonginB-ElonginC
complex was carried out by Gromacs3.2.1 to optimize the model
further and to investigate its conformational space. The process
and parameters employed were the same as in the simulation of
the VIF (SOCS-box)-ElonginB-ElonginC complex, except that
2 water molecules were replaced by 2 Cl~ ions to neutralize the
charges of the system. The electrostatic potential map of VIF was
calculated by solving the Poisson—Boltzmann equation with the
finite difference method (Delphi module in Insight IT).

Results and discussion

Construction of VIF model

PSI-BLAST*#* was used to search the homologous sequence
of VIF in the Protein Data Bank,* but the highest sequence

similarity to any protein in the Data Bank was only 21%. The
result implied that no template sequence was available for building
the whole VIF directly. Recently, it was reported that proteins
of the SOCS family, which are involved in forming a unique
SCF-like E3-ubiquitin-ligase complex, act as a linker between
their specific substrate and the ElonginB-ElonginC complex.
Each SOCS protein contained at least two domains. One is a C-
terminal domain that is responsible for interacting with ElonginB—
ElonginC complex, and the other is an N-terminal domain that is
responsible for binding to the specific substrate. VIF is a SOCS-
box-containing protein and is also composed of two domains;*®
oneis the SOCS-box located at the C-terminal region that interacts
with the ElonginB-ElonginC complex, and the other is located in
the N-terminal region that binds with APOBEC3G. Furthermore,
it was reported that members of the SOCS family have similar C-
terminal domains, whereas their N-terminal domains are diverse
both in sequence and structure. Based on these reports, it is
reasonable to divide VIF into two domains and construct the
model of each domain separately.

C-terminal domain of VIF. It was reported recently?”’ that the
conserved SLQ(Y/F)LA®D®DOD motif of VIF, which was located
at the C-terminal region, possesses striking resemblance with
the SOCS-box of SOCS proteins. The similarity did not only
show in sequence homology, but also in function. The SOCS-
box in SOCS proteins has been reported* to form a direct
interaction with ElonginB-ElonginC, which is crucial for the for-
mation of the SOCS-ElonginB-ElonginC complex, and thereby
initiates the ubiquitin—proteasome degradation pathway. Since the
SLQ(Y/F)LAO®DOOD motif of VIF was also demonstrated to in-
teract with ElonginB-ElonginC in the VIF-ElonginB-ElonginC
complex, it was widely speculated”” that the SLQ(Y/F)LA®DDD
motif of VIF was a novel type of SOCS-box and might adopt
a 3D structure similar to the SOCS-box in SOCS proteins when
interacting with the ElonginB-ElonginC complex.

To investigate further the similarity between VIF and the SOCS
family members, a multiple sequence alignment was carried out.
Sequences of several members of the SOCS family, including VHL,
SOCS-1,* ASB2,* WSBI1,*® and RAR.,* were aligned with VIF
by ClustalW (Fig. 2a). The SOCS-box domains in these proteins
(colored pink) that mediate interactions with ElonginB-ElonginC
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Fig.2 (a) Sequence alignment of VHL and five SOCS family proteins. Residues in the SOCS-box are colored pink. Key point positions that are reported
to make direct interactions to the ElonginB-ElonginC complex are colored red. The secondary structure of VIF is predicted by PSIPRED, and the
secondary structure of VHL is taken from its crystal structure. (b) Sequence alignment between the SOCS-box of VIF and the C-terminal domain of

NarL.
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are fairly well conserved, especially the key positions (highlighted
in red) that have been reported to make direct interaction with
the ElonginB—ElonginC complex. One or two unique types of
amino acids are conserved in these key point positions in the
SOCS-box family of proteins. Therefore, mutation of these amino
acids will lead to impairment of the ability of SOCS-box to bind
to the ElonginB-ElonginC complex. The conservation of key
point amino acid residues implies that the C-terminal domain
of VIF likely have 3D structure similar to that of other SOCS-
box domains. The 3D structure with conserved amino acids at
crucial positions must be favored in the formation of the VIF-
ElonginB-ElonginC complex. More evidence that supports the
structure similarity between VIF and SOCS proteins comes from
the secondary structure comparison between VIF and VHL (PSI-
PRED was used to predict the secondary structure of VIF). The
results showed that two helices, which were highly similar to those
in the SOCS-box region of VHL, existed in the putative SOCS-box
region of VIF (Fig. 2a), suggesting that, at least in the SOCS-box
regions, VIF and VHL have a similar structure. Since VHL protein
(PDB code 1LMS8)* of the SOCS protein family is the only one
that currently has an available crystal structure, its structure was
used as the template for building the structure of the C-terminal
domain of VIF.

N-terminal domain of VIF. Although VIF and VHL display
strong similarity in their C-terminal domains, their N-terminal
domains bear no resemblance. When comparing the secondary
structure of VIF predicted by PSIPRED with the crystal structure
of VHL in their N-terminal regions, little similarity was found.
Specifically, only B-sheets were found in the N domain in VHL,
but there were at least three helices in the corresponding part of
VIF. This indicates that VIF and VHL adopt different structure
folds in their N-terminal domain, and it was inappropriate to use
VHL as a single template for the construction of VIF.

It is well known that the 3D structures of homologous proteins
are better conserved than their amino acid sequences. Remote ho-
mologs can have as few as 10-15% conserved residues and yet still
have very similar 3D structures and often similar functions. The
3D structure is a more acceptable index for characterizing poorly
homologous proteins than sequence. Threader3, which searches
templates of domains based on a fold-recognition method, was
used in this study to search for 3D structures similar to the
N-terminal domain of VIF. The N-terminal domain sequence
of VIF (1-143), along with its secondary structures predicted

by the PSI-PRED, were submitted to Threader3 to search its
redundant fold database. The top 10 proteins (according to their
Z-scores) are shown in Table 1. Among the templates suggested
by Threader3, four of them shared the same folds. They were the
nitrate/nitrite response regulator from E. coli (NarL, PDB code
1A04), the hydrogenase from E. coli (PDB code 1CFZ), and the
oxidoreductases from Desulfovibrio africanus (PDB code 1KEK)
and Desulfovibrio gigas (PDB code 1ESD). All these proteins share
adomain with similar folds, which consist of four (1IKEK) or five a-
helices and five parallel B-sheets, while other parts of these proteins
differ remarkably.

NarL not only showed a strong similarity in secondary struc-
tures to VIF according to Threader3, but also is composed of
an N-terminal domain and a C-terminal domain. While the N-
terminal domain in NarL displayed good similarity to the N-
terminal domain of VIF, its C-terminal domain also showed
excellent structural resemblance to the SOCS-box in VHL (Fig. 2b,
Fig. 3). Besides structural homology, the protein NarL and VIF
share some functional similarities as well. It was reported® that
phosphorylation and multimer formation are important for the
function of NarL in vitro. Similar phenomena were also found
for VIF. Based on these facts, the N-terminal domain of VIF was
constructed by using NarL as the template.

VHL and NarL were used to construct the C-terminal putative
SOCS-box region and the N-terminal region of VIF, respectively.
In order to give a good orientation of these two domains, the
alignment structure of VHL and NarL (Fig. 3) was used as the
template. The last 15 residues (178-192) at the C-terminal region
were neglected in the model construction, since they showed little
structure similarity to both VHL and NarL. Furthermore, it
was reported that the last 10-20 residues in the C-terminal are
functionally unimportant, because the antiviral activities of VIF
is still retained even these residues are deleted.” The quality of
the constructed VIF model was evaluated by Procheck and Verify
3D. According to Ramachandran plot, most of the residues had
@ and ¥ angles in the core (82.7%) and allowed (14.7%) regions,
only a small part of residues (2.6%) were in the generous allowed
regions, and no residue was in disallowed region. Moreover,
the verified 3D result showed that all residues were above the
threshold.

The whole VIF-ElonginB-ElonginC complex was submitted
to 5 ns of molecular dynamics simulation. The RMSD of the
backbone atoms of VIF in the process of simulation was extracted
and displayed in Fig. 4a. As shown in Fig. 4a, in the first 2 ns,

Table 1 Threader3 results for the N-terminal region (residues 1-143) of VIF. According to Threader3, a Z-score >4 indicates “very significant—probably
a correct prediction”, >3.5 indicates “significant—good chance of being correct”, >2.7 indicates “borderline significant—possibly correct”, and >2.0

indicates “poor score—could be right, but needs other confirmation”

PDB code Description Alignment length Z-score Rank
1a04A2 The nitrate/nitrite response regulator 117 3.91 1
1cfzAO Hydrogenase maturating endopeptidase HYBD 121 3.13 2
Imfa0l Immunoglobulin 97 3.10 3
1kekA3 Pyruvate—ferredoxin oxidoreductase 129 3.04 4
1fdr02 Flavodoxin reductase 129 2.85 5
1v5uA0 Pleckstrin homology domain of SBF1 106 2.77 6
1bebAO Bovine B-lactoglobulin 128 2.75 7
1jmxA4 Amine dehydrogenase 120 2.73 8
leSdA1 Rubredoxin: oxygen oxidoreductase 117 2.59 9
2pth00 Peptidyl-tRNA hydrolase 125 2.55 10
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Fig. 3 (a) and (b) The superposition of VHL SOCS-box and the C-terminal domain of NarL. (c) The sequence alignment of VIF with NarL and
VHL. Residues in the box are defined as structurally conserved regions (SCRs) and other residues are LOOPs.

the protein relaxed slowly, and then it reached a steady state.
This simulation results indicated that an acceptable model was
constructed. The steady state represented an optimized model of
VIF, and a snapshot after 5 ns of simulation of the whole complex
was extracted for investigation (Fig. 4b, 4c).

Model validation and function analysis

Interactions between VIF and the ElonginB—ElonginC com-
plex. It has been revealed by mutational analysis**! that
some residues such as Serl44, Alal49, Leul63 and Leul69
in SLQ(Y/F)LA®DDPD motif were critical for the activity of
VIFE. Mutations of these residues would severely impair the ability
of VIF to interact with ElonginC. The interaction between the
SOCS-box of VIF and ElonginC and its comparison with the
VHL(SOCS-box)-ElonginC interface are illustrated in Fig. 5. As
shown in Fig. 5, the VIF-ElonginC interface involved two helices
of VIF and two helices plus one loop region of ElonginC. Leul45,
Alal49, Alal52 and Leul53 of VIF formed a hydrophobic cluster
which made interaction with ElonginC. In addition, Leul63
and Leul69 constituted another hydrophobic cluster which con-
tributed to the stabilization of the interaction between VIF and

ElonginC. Based on this VIF(SOCS-box)-ElonginB-ElonginC
model, mutations were performed (Table 2) and the stabilities of
the mutant models were investigated by 5 ns of molecular dynamics
simulation.

Although the SLQ(Y/F)LA®®®® motif of VIF displays
strong similarity to the SOCS-box of the SOCS family proteins, a
major difference between the SOCS-box motif of VIF and other
SOCS-box motifs is that the highly conserved cysteine (Cys162 in
VHL) is replaced by an alanine (Alal149) in VIF (Fig. 2a). It was
reported that this conserved cysteine in the SOCS box is critical
for binding with ElonginC through a hydrophobic interaction®
(Fig. 5). If VIF interacts with ElonginC through this SOCS-
box motif, it is expected that both the alanine and cysteine are
functional and exchangeable at this position. In this study, both
the wild-type VIF model and the VIF-A149C mutant model
remained stable during the whole simulation processes (Fig. 6).
The initial structures of these two models were well conserved,
especially the two helices (including helix-1 and helix-2), whose
secondary structures were almost unchanged in the simulation.
This conservation was also reflected in the RMSD values of the
backbone atoms of the two helices. Both RMSD of helix-1 and
helix-2 in these two models not only remained small but also

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 617-626 | 621





Table 2 Models used for molecular dynamics simulations

Models Description Biological activity
VIF Wild type VIF (residue 142 to 177) +
VIF-A149C Ala 149 was mutated to Cys +
VIF-A149L Ala 149 was mutated to Leu —
VIF-SLQ(AAA) Ser 144, Leu 145, Gln 146 were mutated to Ala —
VIF-Elc4 Ala 100, Leu 101, Leu 103, Leu 104 were mutated to Ser —
VIF-L163S Leu 163 was mutated to Ser —
VIF-L169S Leu 169 was mutated to Ser -
VHL Wild type VHL (residue 155 to 192) +
VHL mutant Cys 162 was mutated to Ala +

Time (px)

N terminal domain

C terminal domain

Fig. 4 (a) Time-dependent RMSD of VIF backbone atoms during 5 ns
of molecular dynamics simulation. (b) and (c) The structures of VIF and
the VIF-ElonginB-ElonginC complex after 5 ns of molecular dynamics
simulation.

stable. These results implied that Ala149 of VIF could be replaced
by cysteine and the replacement would not affect the binding of
VIF with ElonginC. This exchangeable behavior was supported by
experimental mutational analysis?’ that an A149C substitution in
VIF did not significantly alter its interaction with ElonginC, and
more importantly, its function of blocking the antiviral activity
of APOBEC3G was retained. Moreover, experimental results
demonstrated that since both C and A have short side chains,
when A149 of VIF was changed to another hydrophobic amino
acid, such as leucine, which has a longer side chain, VIF lost its
ability to form a complex with ElonginC.? To test if our VIF model
would show structural differences when A was mutated to L, a
VIF-A149L mutant model was also constructed and submitted to
a molecular dynamics simulation. In contrast to wild-type VIF
and VIF149C models, the VIF-A149L mutant model showed
instability in the simulation process and its initial structure was
severely impaired (Fig. 6). Helix-1, where the mutant leucine is
located, had almost the same secondary structure, and the RMSD
was kept at about 0.9 A. However, the structure of the helix-2

Leul03

Fig. 5 The interfaces of (a) VHL(SOCS-box)-ElonginC and (b)
VIF(SOCS-box)-ElonginC.

region was totally destroyed to a coil, and it was hard to reach
a stable structure in the process of simulation. Our simulation
study suggested that mutation of 149A to 149L of VIF led to the
destruction of SOCS-box motif and loss of the binding ability
to ElonginC, which was in good agreement with experimental
observations.

622 | Org. Biomol. Chem., 2007, 5, 617-626

This journal is © The Royal Society of Chemistry 2007





‘Secondary structure

a Wild type VIF

ey = = = -

1 oo o
[)Gol IE-Bridge I Bend (1 Turn B A-Helix I 3-Holix

RMSD of helix-1 EMAD el heioe-2

o

RMSD ()

]
Time (ps)

wee 200 o Twe
Tine (ps)

RMSD of helix-2

4 B

'RMSD of helix-1

;o we w0 0 0 00
Time (ps) Time(ps)

" RMSD of helix-1 " RMSD of helix3

20 3000
Time(ps)

) E
Time(ps)

Fig. 6 (a) Secondary structure, analyzed using DSSP, as a function of time for SOCS-box region of VIF. (b) The RMSD of the backbone atoms of
helix-1 (residues 145 to 152) and helix-2 (residues 167 to 174). The curve of wild-type VIF is colored black, while VIF-A149C is green, and VIF-A149L is
red. (c) The RMSD helix-1 and helix-2 as described in (b). Wild-type VIF is colored black, while VIF-SLQ(AAA) is colored red and VIF-Elc4 is colored
green. (d) The RMSD helix-1 and helix-2 as described in (b). Wild-type VIF is colored black, while VIF-L163S is red, and VIF-L169S is green.

The SLQ motifis important for VIF to interact with ElonginC.*
In the simulated model, this motif fitted into a concave surface
formed by two helices of ElonginC, and the interface was totally
hydrophobic. The most significant van der Waals contact was
made by Leul45, which protruded from helix-1 and into an
ElonginC pocket (Fig. 5). Mutation of these residues (SLQ) to
AAA, which possessed shorter side chains, significantly reduced
their hydrophobic interactions. According to the VIF-SLQ(AAA)
model, although helix-1 remained intact during the whole simula-
tion process, one helix of ElonginC, which forms the hydrophobic
pocket, tended to move out of the pocket. Moreover, the structure
of helix-2 collapsed into a coil. The large fluctuation of RMSD
values of helix-2 implied that the binding of this region to
ElonginC was lost (Fig. 6). The simulation results were consistent
with experimental mutation analysis, which indicated that the
interaction of VIF SOCS-box (SLQ to AAA) and ElonginC was
significantly reduced.*!

Further investigation of the VIF-ElonginC interface revealed
that four hydrophobic residues in ElonginC (Alal00, LeulOl,
Leul03, Leul04) played major roles in mediating its interac-
tions with VIF. In the VIF-Elc4 model, these residues were all
replaced by hydrophilic serine. Simulation results showed that the
introduction of serine completely destroyed the VIF-ElonginC
hydrophobic interface and that helix-2 of VIF collapsed to a
coil (Fig. 6), agreeing with the experimental observation that
the mutated ElonginC (Elc4) has a drastically reduced ability to
interact with VIE.

In addition to the SLQ motif, downstream Leul63 and Leul69
in the SOCS-box of VIF were also reported to be required

for VIF function.”” Mutations of these two residues to the
more hydrophilic serine residues showed diminished activity of
interaction with ElonginC. In the simulated models of wild-type
VIF, one of these residues was located in helix-2 and the other
was in the loop region. Both Leul63 and Leul69 contributed to
the hydrophobic interactions with a helix in ElonginC. Molecular
dynamics simulations of the VIF-L163S and VIF-L169S models
verified the importance of these two residues, since both models
displayed instability in the simulation process, especially in their
helix-2 regions (Fig. 6). As in all the unstable models simulated,
helix-2 of the VIF-L163S and VIF-L169S models turned into coils,
and lost their ability to interact with ElonginC.

In order to ensure that the simulations were not in favor of
protein unfolding, the same simulation procedures were performed
on a complex of ElonginB-ElonginC along with the SOCS-box
of VHL (155-192), whose crystal structure is known and can be
obtained directly from the crystal structure 1LMS. To investigate
whether alanine and cysteine were exchangeable in position 162,
a mutated model VHL-C162A was constructed. Stable models
were observed in the process of molecular dynamics simulations,
in which the structure of helix-1 and helix-2 were maintained
(Fig. 6). This result suggested that the simulation processes were
not inclined to make protein chaos.

To sum up, 9 complex models were constructed, including
both wild-type and mutated VIF/VHL(SOCS-box)-ElonginB—
ElonginC complex models, and every model was submitted to
a 5 ns molecular dynamics simulations. Through 9 indepen-
dent molecular dynamics simulations, the dynamics behavior of
the SOCS-box-ElonginC interface was characterized. Mutant
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VIF-A149C and mutant VHL-C162A were reported to retain
their activity to interact with ElonginC. Their models, along
with wild-type VIF and VHL models, were constructed, appeared
to be stable during the simulations, and the structures were
maintained. In contrast, other models of mutated proteins,
including VIF-A149L, VIF-SLQ(AAA), VIF-Elc4, VIF-L163S,
VIF-L169S, which were reported to lose their ability to interact
with ElonginC, were unstable, and (at least partly) disrupted
structures were observed during simulations. In all simulations,
the helix-2 of VIF appeared to be very sensitive to their structural
stabilities. Unstable structures invariably led to the disappearance
of the helix structure of helix-2, even when the mutated residue was
located in helix-1. The fact that all simulation results were con-
sistent with reported experimental mutational analysis supports
the statement that VIF is a SOCS-box-containing protein, and
the putative SOCS-box mediates its interaction with ElonginB-
ElonginC.

Insight into Cys114 and Cys133. Two conserved cysteines,
Cysl14 and Cys133, play an important role in the function of
VIF. Mutations of these two cysteines to serines destroy the
ability of VIF to down-regulate APOBEC3G. Yu et al”” found
that VIF with C114S or CI133S mutation still binds to the
ElonginB-ElonginC complex but not to Cul5. The inability to
form a VIF-BC-Cul5 complex leads to the loss of function of
VIFE. These results indicated that these two cysteines might be
responsible for the interaction with Cul5. However, according
to the reports of Mehle et al5* and Masayuki et al.,”* VIF
with C114S or C133S mutations still interacts with Cul5 at least
weakly, and forms the VIF-BC-Cul5 complex, but the C114S—
BC-Cul5 or C133S-BC-Cul5 complex loses the E3 ligase activity
toward APOBEC3G. Thus Masayuki et al. proposed that instead
of interacting with Cul5, Cysl14 and Cys133 might affect the
conformation of VIF and perturb the position of APOBEC3G in
the ligase complex, resulting in the loss of the E3 ligase activity
of the VIF-BC-Cul5 complex. Based on the VIF-ElonginB-
ElonginC model we constructed, Cys114 and Cys133 were located
in two adjacent loop regions (Fig. 7). These two loops, along
with the two helices surrounding them, constituted a groove. This
groove was heavily negatively charged and forms the negatively
charged center in VIF. Thus it is highly possible that Cys114 and
Cys133 of VIF might be directly involved in the interaction with
another protein, like Cul5 or APOBEC3G.

PPLP domain. According to our VIF-ElonginB-ElonginC
model, the 161PPLP164 domain was located in the SOCS-box
region of VIF and constituted a positively charged concave
surface (Fig. 8). This concave face is important, since synthesized
peptides containing PPLP domain were reported to potently block
the function of VIFE*** Thus, this interface could be targeted
in a new strategy to develop diverse VIF inhibitors, such as
peptidomimetics and other small organic molecules.

The importance of this domain is widely appreciated due to
its role in mediating VIF multimerization, since multimerization
is reported to be necessary for the function of VIF in the
viral life cycle, and deletion of the PPLP domain significantly
impairs both the ability of VIF to form multimers and its
ability to down-regulate APOBEC3G.*** However, in our model,
the PPLP domain partly interacts with ElonginB. It is possi-
ble that the deletion of the PPLP domain might also affect

Fig. 7 (a) Solid surface of VIF showing negatively charged concave.
Coloring is according to the electrostatic potential at the surface calculated
with DELPHI. (b) 3D structure of VIF from the same viewpoint as (a).

the VIF-ElonginB interactions and inhibit the formation of a
VIF-BC-Cul5 complex, therefore leading to the loss of VIF
function.

Conclusion

In conclusion, a three-dimensional model of HIV-1 VIF proteins
was constructed using homology modeling. Due to low sequence
identity, the modeling process was performed using two templates.
The C-terminal domain of VIF was reported to be a novel SOCS-
box, so it was constructed using the SOCS-box of VHL as the
template. The N-terminal domain of VIF was constructed using
NarL as the template, because the N-terminal domain of NarL
showed strong similarity to the N-terminal domain of VIF in
its secondary structure. Molecular dynamics simulations revealed
that this VIF(SOCS-box)-ElonginB-ElonginC model was stable,
and mutation of the critical residue located in the VIF-ElonginC
interface led to an unstable model. These results were consistent
with experimental mutational analysis. The model obtained in this
study provided the structural information on the molecular level
for investigating the function of VIF and exploring its prospects
as a novel drug target.
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Fig. 8 (a) Solid surface of VIF showing positively charged concave
surface. Coloring is according to the electrostatic potential at the surface
calculated with DELPHI. (b) 3D structure of VIF from the same viewpoint
as (a).

Acknowledgements

This study was supported by the Ministry of Science and
Technology of China (Grant No. 2004CB518904). We thank Dr
Jundong Zhang for help in revising the manuscript and Mr Chao
Ma for help in preparing the figures.

References

1 D. Trono, Cell, 1995, 82, 189-192.

2 M. Emerman and M. H. Malim, Science, 1998, 280, 1880-1884.

3 N. Madani and D. Kabat, J. Virol., 1998, 72, 10251-10255.

4 D. H. Gabuzda, K. Lawrence, E. Langhoff, E. Terwilliger, T. Dorfman,
W. A. Haseltine and J. Sodroski, J. Virol., 1992, 66, 6489-6495.

5 H. M. S. James, C. G. Nathan, A. M. F. Ron and H. M. Michael, Nat.
Med., 1998, 4, 1397-1400.

6 M. S. Ann, C. G. Nathan, D. C. Jonathan and H. M. Michael, Nature,
2002, 418, 646-650.

7 M. R. Kristaine, M. Mariana, L. K. Susan and K. David, Trends Mol.
Med., 2004, 10, 292-297.

8 B. Lea and K. Moshe, Curr. Med. Chem., 2003, 11, 221-231.

9 A.Jarmuz, A. Chester, J. Bayliss, J. Gisbourne, I. Dunham, J. Scott and
N. Navaratnam, Genomics, 2002, 79, 285-296.

10 N. B. Kate, K. H. Rebecca, M. S. Ann, O. D. Nicholas, C. Soo-Jin and
H. M. Michael, Curr. Biol., 2004, 14, 1392-1396.

11 P. Phuong, B. Ronda and F. G. Myron, Biochemistry, 2005, 44, 2703~
2715.

12 R. Mariani, D. Chen, B. Schrofelbauer, F. Navarro, R. Konig, B.
Bollman, C. Miink, H. Nymark-McMahon and N. R. Landau, Cell,
2003, 114, 21-31.

13 D. Lecossier, F. Bouchonnet, F. Clavel and A. J. Hance, Science, 2003,
300, 1112.

14 M. Bastien, T. Priscilla, C. Gersende, F. Marc, P. Luc and T. Didier,
Nature, 2003, 424, 99-103.

15 H. Zhang, B. Yang, R. J. Pomerantz, C. Zhang, S. C. Arunachalam and
L. Gao, Nature, 2003, 424, 94-98.

16 K. Shindo, A. Takaori-Kondo, M. Kobayashi, A. Abudu, K. Fukunaga
and T. Uchiyama, J. Biol. Chem., 2003, 278, 44412-44416.

17 K. Stopak, C. de Noronha, W. Yonemoto and W. C. Greene, Mol. Cell,
2003, 12, 591-601.

18 M. Mariana, M. R. Kristine, L. K. Susan and K. David, Nat. Med.,
2003, 9, 1398-1403.

19 A. M. Sheehy, N. C. Gaddis and M. H. Malim, Nat. Med., 2003, 9,
1404-1407.

20 X. H. Yu, Y. K. Yu, L. D. Liu, K. Luo, W. Kong, P. Y. Mao and X. F.
Yu, Science, 2003, 302, 1056-1060.

21 A. Mehle, B. Strack, P. Ancuta, C. Zhang, M. McPike and D. Gabuzda,
J. Biol. Chem., 2004, 279, 7792-7798.

22 L. D. Liu, X. H. Yu, K. Luo, Y. K. Yuand X. F. Yu, J. Virol., 2004, 78,
2072-2081.

23 J. G. Zhang, A. Farley, S. E. Nicholson, T. A. Willson, L. M. Zugaro,
R. J. Simpson, R. L. Moritz, D. Cary, R. Richardson, G. Hausmann,
B. I. Kile, S. B. H. Kent, W. S. Alexander, D. Metcalf, D. J. Hilton,
N. A. Nicola and M. Baca, Proc. Natl. Acad. Sci. U. S. A., 1999, 96,
2071-2076.

24 T. K. Benjamin, A. S. Brenda, S. A. Warren, A. N. Nicos, M. E. M.
Helene and J. H. Douglas, Trends Biochem. Sci., 2002, 27, 235-
241.

25 K. Iwai, K. Yamanaka, T. Kamura, N. Minato, R. C. Conaway, J. W.
Conaway, R. D. Klausner and A. Pause, Proc. Natl. Acad. Sci. U. S. A.,
1999, 96, 12436-12441.

26 E. S. Charles, G. K. William, Jr. and P. P. Nikola, Science, 1999, 284,
455-461.

27 Y. K. Yu, Z. X. Xiao, E. S. Ehrlich, X. H. Yu and X. F. Yu, Genes Dev.,
2004, 18, 2867-2872.

28 B.Igor, S. Imke, K. G. Maria, C. Duilio, P. G. Rovert and E. D. Richard,
Biochemistry, 1998, 37, 3665-3676.

29 D. T. Jones, J. Mol. Biol., 1999, 292, 195-202.

30 D.T. Jones, W. R. Taylor and J. M. Thornton, Nature, 1992, 358, 86-89.

31 D. Higgins, J. Thompson, T. Gibson, J. D. Thompson, D. G. Higgins
and T. J. Gibson, Nucleic Acids Res., 1994, 22, 4673-4680.

32 A.Saliand T. L. Blundell, J. Mol. Biol., 1993, 234, 779-815.

33 A. Sali, L. Potterton, F. Yuan, H. van Vlijjmen and M. Karplus,
Proteins, 1995, 23, 318-326.

34 H. J. C. Berendsen, D. van der spoel and A. R. van Drunen, Comput.
Phys. Commun., 1995, 91, 43-56.

35 E. Lindahl, B. Hess and D. van der Spoel, J Mol. Model, 2001, 7,
306-317.

36 D. van der Spoel, A. R. V. Buuren, D. P. Tieleman and H. J. Berendsen,
J. Biomol. NMR, 1996, 8, 229-238.

37 H. J. C. Berendsen, J. P. M. Postma, W. F. V. Gunsteren, A. DiNola and
J. R. Haak, J. Chem. Phys., 1984, 81, 3684-3690.

38 B. Hess, H. Bekker, H. J. C. Berendsen and J. G. E. M. Fraaije,
J. Comput. Chem., 1997, 18, 1463-1472.

39 T. Darden, D. York and L. Pedersen, J. Chem. Phys., 1993, 98, 10089—
10092.

40 W. Kabsch and C. Sander, Biopolymers, 1983, 22, 2577-2637.

41 R. A. Laskowski, M. W. MacArthur, D. S. Moss and J. M. Thornton,
J. Appl. Crystallogr., 1993, 26, 283-291.

42 J. U. Bowie, R. Luthy and D. Eisenberg, Science, 1991, 253,
164-170.

43 S. F. Altschul, T. L. Madden, A. A. Schaffer, J. Zhang, Z. Zhang, W.
Miller and D. J. Lipman, Nucleic Acids Res., 1997, 25, 3389-3402.

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 617-626 | 625





44 A. A. Schaffer, L. Aravind, T. L. Madden, S. Shavirin, J. L. Spouge, 49 M. T. Ross, Nature, 2005, 434, 325-337.
Y. I. Wolf, E. V. Koonin and A. S. F. ltschul, Nucleic Acids Res., 2001, 50 E. S. Charles, G. K. William, Jr. and P. P. Nikola, Science, 1999, 284,

29, 2994-3005. 5413.
45 H. M. Berman, J. Westbrook, Z. Feng, G. Gilliland, T. N. Bhat, H. 51 H. M. S. James, M. S. Ann, A. C. Elise, A. M. F. Ron and H. M.
Weissig, I. N. Shindyalov and P. E. Bourne, Nucleic Acids Res., 2000, Michael, J. Virol., 1999, 73, 2675-2681.
28, 235-242. 52 A. Mehle, J. Goncalves, M. Santa-Marta, M. McPike and D. Gabuzda,
46 S. Minamoto, K. Ikegame, K. Ueno, M. Narazaki, T. Naka, H. Genes Dev., 2004, 18, 2861-2866.
Yamamoto, T. Matsumoto, H. Saito, S. Hosoe and T. Kishimoto, 53 K. Masayuki, T. K. Akifumi, M. Yasuhiro, I. Kazuhiro and U. Takashi,
Biochem. Biophys. Res. Commun., 1997, 237, 79-83. J. Biol. Chem., 2005, 280, 18573-18578.
47 J. Kohroki, S. Fujita, N. Itoh, Y. Yamada, H. Imai, N. Yumoto, T. 54 S. C. Yang, Y. Sun and H. Zhang, J. Biol. Chem., 2001, 276, 4889-4893.
Nakanishi and K. Tanaka, FEBS Lett., 2001, 505, 223-228. 55 B. Yang, L. Gao, L. Li, Z. X. Lu, X. J. Fan, C. A. Patel, R. J. Pomerantz,
48 D. Vasiliauskas, S. Hancock and C. D. Stern, Mech. Dev., 1999, 82, G. C. DuBois and H. Zhang, J Biol. Chem., 2003, 278, 6596—

79-94. 6602.

626 | Org. Biomol. Chem., 2007, 5, 617-626 This journal is © The Royal Society of Chemistry 2007






PAPER

www.rsc.org/obc | Organic & Biomolecular Chemistry

Synthesis and biological activities of novel
furo|2,3,4-jk||2]benzazepin-4(3 H )-one derivativesT

Kumiko Ando,* Yukiko Akai,” Jun-ichi Kunitomo,” Takehiko Yokomizo,” Hidemitsu Nakajima,’ Tadayoshi
Takeuchi,* Masayuki Yamashita,’ Shunsaku Ohta,? Takahiro Ohishi¢ and Yoshitaka Ohishi*“

Received 5th October 2006, Accepted 11th December 2006

First published as an Advance Article on the web 18th January 2007

DOI: 10.1039/b614510h

A novel seven-membered lactam formation method has been established by intramolecular ring closure
reaction of 4-bromo-(E)-3-[(2-alkylvinyl)carbonylamino]benzo[b]furans (17) under Heck coupling
conditions. A number of furo[2,3,4-jk][2]benzazepin-4(3 H)-ones (20), tricyclicbenzo[b]furans, have been
prepared by this method and evaluated for their leukotriene B, (LTB,) receptor and

poly(ADP-ribose)polymerase-1 (PARP-1) inhibitory activities.

Introduction

We previously reported the preparation of various 2- and 4-[( E)-2-
alkylcarbamoyl-1-methylvinyl]benzo[b]furan derivatives and their
selective LTB, receptor (BLT,, BLT,) inhibitory activities. This
study revealed a significant relation between the conformation of
the (E)-2-alkylcarbamoyl-1-methylvinyl group and BLT, and/or
BLT, inhibitory activity.'? The (E)-2-(2-alkylcarbamoyl-1-methyl-
vinyl) group of (E)-2-(2-alkylcarbamoyl-1-methylvinyl)benzo-
[b]furans (A) showing selective BLT, inhibition lay on nearly the
same plane as the benzo[b]furan ring. On the other hand, (E)-4-(2-
alkylcarbamoyl-1-methylvinyl)benzo[b]furans (C) inhibited both
BLT, and BLT,, and the (£)-4-(2-alkylcarbamoyl-1-methylvinyl)
group had a substantial torsion angle from the benzo[b]furan ring
plane. These results suggested that conformational restriction of
the (E)-2-alkylcarbamoyl-1-methylvinyl group by conversion of a
ring-type functional group might affect the inhibitory potency and
the selectivity for BLT, and/or BLT, (Fig. 1).

The ring formation originating from the (E)-2-alkylcarbamoyl-
1-methylvinyl group of A affords 2,3-fused benzo[b]furan deriva-
tives (B).*® There have been many reports of the preparation
and bioactivity of these derivatives (B).”!" On the other hand,
ring formation of the (E)-2-alkylcarbamoyl-1-methylvinyl group
of C affords tricyclicbenzo[b]furans (D) having a seven-membered
lactam fused to the 3,4-position of the benzo[b]furan (Fig. 1).
There have been few reports concerning the synthesis of 3,4-
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Fig. 1 Cyclization of the alkylcarbamoylvinyl group.

fused tricyclicbenzo[b]furan derivatives.”> We were interested in
both the synthesis and bioactivities of the tricyclicbenzo[b]-
furans (D).

Recently, the PARP-1 inhibitory activity of some tricyclic
lactam compounds has been reported (Fig. 2)."*'¢ PARP-1 is
a nuclear enzyme that is activated by DNA strand breaks. It
plays an important role in the reaction that transfers the ADP-
ribose moiety from nicotinamide adenine dinucleotide (NAD")
to various proteins.”?* PARP-1 inhibitors are thought to be
implicated in a wide spectrum of diseases, including ischemic
diseases, inflammatory diseases, multiple sclerosis, arthritis and
Parkinson’s disease. Therefore, much work has been done toward
preparing PARP-1 inhibitors.** These reports suggested that
the tricyclicbenzo[b]furans (D) might possess PARP-1 inhibitory
activity.

We report here the synthesis of novel tricyclicbenzo[b]furans
(D) and their evaluation for LTB, receptor and PARP-1 inhibitory
activities.

This journal is © The Royal Society of Chemistry 2007
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Fig. 2 Tricyclic lactams with PARP-1 inhibition activity.

Results and discussion
Chemistry

Tricyclic lactam compounds have been prepared using intramolec-
ular cyclization, for example Friedel-Crafts reaction,* Bischler—
Napieralski reaction®* and lactam cyclization reaction.** We
hypothesized that 4-bromobenzo[b]furans having the vinylcar-
bonylamino group (-NHCOCH=CH-R) at the 3-position would
be subject to intramolecular cyclization between the two groups
to form seven-membered lactam fused benzo[b]furan rings under
Heck coupling conditions.*

3-Amino-4-bromobenzo[b]furans (12), key intermediates to
synthesize the tricyclicbenzo[b]furan (D), were prepared. Regio-
selective bromination of 2-acetoxy-3-methoxybenzaldehyde (6)
with bromine in the presence of KBr gave 2-acetoxy-6-bromo-3-
methoxybenzaldehyde (7) according to the procedure reported by
Smil et al.** Compound (7) was converted to 6-bromo-2-hydroxy-
3-methoxybenzonitrile (10) in three steps.’”*® Reaction of 10

with chloroacetone and 2-bromo-4'-chloroacetophenone afforded
2-acetyl-3-amino-4-bromo-7-methoxybenzo[b]furan (12a) and
3-amino-4-bromo-2-(4-chlorobenzoyl)-7-methoxybenzo[b]furan
(12b), respectively. On the other hand, treatment of 10 with ethyl
bromoacetate under similar conditions afforded only the alkyloxy
compound (11), which was converted to 3-amino-4-bromo-2-
ethoxycarbonyl-7-methoxybenzo[b]furan (12¢) by treatment with
NaH (Scheme 1).

The key intermediates (12a, 12¢) were treated with cinnamoyl
chloride (16a) to give 4-bromo-3-(E)-cinnamoylaminobenzo-
[b]furans (17a, 17b, respectively). A mixture of 17a and 17b, pal-
ladium acetate, tri-o-tolylphosphine and triethylamine in acetoni-
trile was heated at 82 °C for 4-12 h under Heck coupling conditions
to afford yellow needles of 20a (34.4%) and 20b (62.2%) as the main
product, respectively. MS, "TH-NMR and elemental analysis data of
20a and 20b suggested them to be tricyclicbenzo[b]furans, 2-acetyl-
9-methoxy-6-phenylfuro[2,3,4-jk][2]benzazepin-4(3H)-one (20a)
[MS; m/z (EI) 333 (M*, 100.00). '"H-NMR; é 5.99 (1H, d, J 2.3,
5-H), 9.71 (1H, br s, NH)] and 2-ethoxycarbonyl-9-methoxy-6-
phenylfuro[2,3,4-jk][2]benzazepin-4(3 H)-one (20b) [MS; m/z (EI)
363 (M*, 100.00). '"H-NMR; ¢ 5.94 (1H, d, J 2.2, 5-H), 9.00
(1H, br s, NH)]. The intramolecular cyclization forming seven-
membered lactams under Heck coupling conditions proceeded
successfully (Scheme 2, path A).

Syntheses of furo[2,3,4-jk][2]benzazepin-4(3 H)-one derivatives
having an aromatic substituent group at the 6-position were carried
out.  3-Amino-4-bromo-2-ethoxycarbonyl-7-methoxybenzo[b]-
furan (12¢) was treated with chloroacetyl chloride to give 4-bromo-
3-chloroacetylamino-2-ethoxycarbonyl-7-methoxybenzo[b]furan
(13). Diethyl[2-(4-bromo-2-ethoxycarbonyl-7-methoxybenzo[b]-
furan-3-ylamino)-2-oxoethyl]phosphonate (14) was obtained from
13 by treatment with triethyl phosphite. Treatment of 14 with
several benzaldehydes (15a—15d) in the presence of NaH under
the Horner-Wadsworth-Emmons (HWE) reaction conditions®
afforded the corresponding 4-bromo-(£)-3-cinnamoylamino-
benzo[b]furans (17f-17i). Ring closure reaction of 17f—~17i under

Br Br
CHO  (CH,C0),0 CHO Bry CHO HoNOH - HCI N
OH  pyridine ococH, KBrH:0 ococH,  PYridine, CHiOH OH C(gfgg;\lz
0, 3 2
OCHs s OCHs 7o.0% OCHs OCH,
5 6 7 8
Br
Br o Br Br NH,
eN BrCH,COOC,Hs CN NaH N
COR!
ococH,  KeCOs OH K,CO; 0" Scooc,H,  PMF o
0,
OCHs M0, CTsOM OCH, CHsCN OCH;z in7;§t£ps OCHs
72.9% 12
9 in 3 steps 10 1 1
12a: R'=CH,
BFCH2COCBH4(4-C|) 12b: R1=C6H4(4-C|)
or 12¢: R'=0C,Hs
CICH,COCH;
K,CO3, DMF
79.0 - 81.6%
Scheme 1
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C!w (CszO)zOPw 17a, 20a: R'=CHj, R?=CgH;
th B - R'= 2=
. od. oc. 17b, 20b: R'=0C,Hs, R%=CgHs
NH, Br “NH Br  “NH 17¢, 20c: R'=CHj, R?=CHj
CICH,COCI (CoH50)sP 17d, 20d: R'=CgH,(4-Cl), R%=CH,
N cor! N CO0CHs N—coocHs : 2
o THF g g 17e, 20e: R'=0C,Hs, R%=CH,
93.0% 17f, 20f: R'=0C,Hs;,
OCH; ° OCH, 86.1% OCHs , o
R2=CgHy(3-, 4-, 5-OCH
12 13 14 1 6! 2( , 3)
12a: R1=CH3 RZCHO 179, 209 R —OC2H5, R —C6H4(2-OCH3)
12b: R'=CgH,(4-Cl) 15 17h, 20h: R'=0C,Hz, R?=CgHs(2-, 6-Cl)
- Ri= . o =
126: R™=0CoHs 15a: R*=CgHy(3-, 4-, 5-OCHg)s | NaH / THF 173, 20i: R'=0C,Hs, R%=—(
15b: R?=CgH,(2-OCHj) 80.9 - 86.3% 20 R'sCh. R2H
15¢: R2=CgHs(2, 6-Cl) : : j: R'=CHg, R*=
— 1= y 22
150: R2= () a2 20k R'=CgH,(4-Cl), R%=H
N 201: R'=0C,Hg, R?%=H
] , N ) o
16a: R?=CgHj Br oC,
- R2—,
path A 2 A COCl 16b: RZ—CHg NH
16 16¢c: R°=H
N cor!
THE Pd(CH;COO0),
o P(o-Tol)s
_ 46.4 - 76.6% N(CoHs)s
° OCH; CH,CN
17 12.5 - 62.2% 20
path C
cl B Hc .
S Hb/S\/Ha 24.1-30.2%
oc oc
_~._-cocl B M B NH
cl { { HsC C\C:j !
1 1
COR™ 'py(CH,CO0), COR
THF o P(o-Tol); o N cor'
79.0 - 81.8% N(C,Hs)
° - OCHjy CHACN L OCHy - c o
18 19 OCHj,
18a: R'=CHj, 19a: R'=0C,Hjz (22.5%) 21
R
18b: R1:CGCH4(4'C|) 21a: R'=CHj (2.2%)
18c: R'=0CHs 21b: R'=0C,Hs (3.3%)
Scheme 2

Heck coupling conditions as mentioned above afforded 6-(3.4,5-
trimethoxyphenyl)-(20f),  6-(2-methoxyphenyl)-(20g), 6-(2-,6-
dichlorophenyl)-(20h) and  6-(3-pyridyl)-2-ethoxycarbonyl-9-
methoxyfuro[2,3,4-jk][2]benzazepin-4(3 H)-one (20i), respectively
(Scheme 2, path B).

Reaction of 3-amino-4-bromobenzo[b]furans (12a-12¢) with
crotonyl chloride (16b) afforded 4-bromo-3-crotonoylamino-
benzo[b]furans (17c—17e) containing a very small portion of 4-
bromo-3-(3-chlorobutyrylamino)benzo[b]furans. The compounds
(17¢-17e) were subject to ring closure reaction under Heck cou-
pling conditions to afford 6-methylfuro[2,3,4-jk][2]benzazepin-
4(3H)-ones (20c—20e) accompanying formation of a small por-
tion of 35,6-dihydro-6-methylfuro[2,3,4-jk][2]benzazepin-4(3H)-
ones (21a, 21b) (Scheme 2, path A).

Unfortunately, the reaction of 12a with acryloyl chlo-
ride (16¢) did not afford 2-acetyl-3-acryloylamino-4-bromo-7-
methoxybenzo[b]furan. Therefore, it was difficult to synthesize
furo[2,3,4-jk][2]benzazepin-4(3 H)-ones (20j-201) without any sub-

stituent at the 6-position via paths A and B. We thus devised path C
to synthesize 20j-201. 3-Amino-4-bromobenzo[b]furans (12a—12c)
were treated with chloropropionyl chloride to give 4-bromo-3-(3-
chloropropionylamino)benzo[b]furans (18a—18c). The alkylchlo-
rides (18a—18c) were treated with palladium acetate, tri-o-tolyl-
phosphine and triethylamine under Heck coupling conditions to
also afford the corresponding furo[2,3.4-jk][2]benzazepin-4(3H)-
ones (20j-201) (Scheme 2, path C). In these reactions, 4-bromo-
3-(3-chloropropionylamino)benzo[b]furans (18) were converted to
afford 3-acryloylamino-4-bromobenzo[b]furans (19) with accom-
panying loss of HCI. Subsequently, 19 was subjected to ring
closure reaction to afford furo[2,3,4-jk][2]benzazepin-4(3 H)-ones
(20§-201). Indeed, 3-acryloylamino-4-bromo-2-ethoxycarbonyl-7-
methoxybenzo[b]furan (19a) was isolated from the reaction mix-
ture in an early stage of the reaction process. These results suggest
that not only acryloylamino (-NHCOCH=CH,) compounds but
also 3-chloropropionylamino (-NHCOCH,CH,Cl) compounds
can be subjected to the Heck coupling reaction.
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The representative tricyclicbenzo[b]furan (20j) showed charac-
teristic 5-H signals (0 5.92, dd, J 12.5 and 2.2) with coupling
with the 3-NH in its "H-NMR spectrum. On the seven-membered
lactam ring, the 5-H signals showed coupling with NH like
meta-coupling. NOE correlations among 5-H, 6-H and 7-H were
also observed (Fig. 3). These 'H-NMR, “C NMR, MS and
elemental analysis observations suggested 20j to be 2-acetyl-9-
methoxyfuro[2,3.4-jk][2]benzazepin-4(3 H)-one.

Next, the Heck coupling reaction using alkylchlorides was exa-
mined. 3-Chloro-N-[2-(3,4-dimethoxyphenyl)ethyl]propionamide
(23a), 3-chloro-N-(3-methoxyphenyl)propionamide (23b) and
3-chloro-N,N-diethylpropionamide (23c) were prepared from
2-(3,4-dimethoxyphenyl)ethylamine (22a), m-anisidine (22b) and
diethylamine (22¢), respectively, by treatment with chloropro-
pionyl chloride. 2-Acetyl-4-bromo-7-methoxybenzo[b]furan (24)*
treated with N-alkyl-3-chloropropionamides (23a-23c) under
Heck coupling conditions afforded 4-[2-[2-(3,4-dimethoxy-
phenyl)ethylcarbamoyl]vinyl]-(25a),  4-[2-(3-methoxyphenylcar-
bamoyl)vinyl]-(25b) and 4-[2-(diethylcarbamoyl)vinyl]-2-acetyl-7-
methoxybenzo[b]furan (25c¢), respectively, as expected (Scheme 3).
These results revealed that alkylchlorides could be used for
the Heck coupling reaction instead of the usually used olefinic
reagents.

Finally, X-ray analysis of 20h, as a representative compound,
was examined to confirm the structure of the tricyclicbenzo-
[b]furans. The seven-membered lactam formed between the 3- and
4-positions of the original benzo[b]furan skeleton was confirmed
by this work. The lactam ring lay on the same plane as the
benzo[b]furan ring (Fig. 4).*

Biological activity

The representative tricyclicbenzo[b]furans (20a-20¢, 20j—201) pre-
pared were evaluated for LTB, receptor inhibitory activity by

Ho -
HO) {
COCH
o :
OCHs
NOE /~ X ~
H-H coupling 7N HMQC

RZ
RY  CICH,CH,COC N ol
\ 2CH) N
NH R ST N
RY THF o]
57.8 - 98.3%
- o 23 F|{1
N
oc” "R?
Pz
Br
\ COCH; N COCH,
o Pd(CH,COO0), o
P(o-Tol)
N(C3Hs)3 OCH
OCH3 CH;CN 3
24 5.1-56.2% 25

22a, 23a, 25a: R'=(CH,),CgHs(3, 4-OCHs), R%=H
22b, 23b, 25b: R'=CgH,(3-OCHj3), R?=H
22¢, 23¢, 25¢: R'=R?=C,H;

Scheme 3

measurement of the inhibition of calcium mobilization in both
CHO cells overexpressing human BLT, (CHO-hBLT,) and human
BLT, (CHO-hBLT),) at the concentration of 10 uM.*#

The tricyclicbenzo[b]furan series (20) was less active than the
original compounds (26 and 27) having a diethyl group on
the nitrogen atom of the carbamoylvinyl group (26 and 27, as
representative compounds of A and B in Fig. 1). The substituent
on the nitrogen of the carbamoyl group might play an important
role in the appearance of inhibitory activities of hBLT, and/or
hBLT,."* Tricyclicbenzo[b]furans (20) don’t have an appropriate
substituent on the nitrogen atom of the carbamoylvinyl group for
inhibitory activities of hBLT, and/or hBLT,.

Tricyclicbenzo[b]furan (20c), having a methyl group at the 6-
position, showed moderate inhibitory activity, but was less potent
than 26 and 27. These compounds (26, 27) having a methyl
group substituted on the vinyl group were most potent in our

Fig. 3 Structure, '"H-NMR and "C-NMR of 20j.

20h

Fig. 4 Structure of 6-(2,6-dichlorophenyl)-2-ethoxycarbonyl-9-methoxyfuro[2,3,4-jk][2]benzazepin-4(3 H)-one (20h) and its X-ray analysis
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current LTB, study."” On the other hand, 20a and 20b, having
a phenyl group at the 6-position, were inactive. These results
suggested that the substituent on the olefinic carbon of both
tricyclicbenzo[b]furans (20) and the original 2-alkylcarbamoyl-1-
methylvinyl compounds (26, 27) might also be an important factor
in the appearance of inhibitory activities for hBLT, and/or hBLT,.

The moderately active compound (20c) showed an approx-
imately two-fold potency for hBLT, than for hBLT,. In our
previous study, the (E)-2-diethylcarbamoyl-1-methylvinyl group
(—C(CH;)=CHCON(C,Hys),) of 27, showing selective inhibition of
hBLT,, lay on nearly the same plane as the benzo[b]furan ring.'?
Similarly, the carbamoylvinyl moiety (-C(R)=CH-CONH-) in
the seven-membered lactam of 20 lay on the same plane as

the benzo[b]furan ring on the basis of the X-ray analysis of
20h. These data showed good correlations between selectivity for
hBLT, and stereostructure of the carbamoylvinyl group for both
tricyclicbenzo[b]furans (20) and original compound (27) (Table 1).

Most of the tricyclicbenzo[b]furans (20a—20h, 20j-201) were
evaluated for their PARP-1 inhibitory activity at a concen-
tration of 10 uM (Table 1).** Compound (20g) having a 2-
methoxyphenyl group at the 6-position among the evaluated
compounds showed 17.2% inhibitory activity. It has been reported
that the benzamide structure is effective for leading to inhibitory
activity against PARP-1.* Compounds (20) were introduced a
C=C bond as a spacer between the amide functional group
(-CONH-) and the phenyl group of the benzamide structure. The

Table 1 Evaluations of 20 for LTB, receptor (BLT,, BLT,) and PARP-1 inhibitory activities*

R2 -CO
v NH
=
[T [ H—cor!
N s
OCHj;
20
LTB, receptor inhibition (%)
Inhibition (10 uM)
PARP-1 inhibition (%)
Compound Path R’ R? Yield (%) CHO-hBLT, CHO-hBLT, Inhibition (10 pM)
20a A CH, C¢H; 34.4 N. L. 9.1 N. L.
20b A OC,H; C¢H;, 62.2 N. L 2.7 N. 1.
20c A CH, CH, 34.3 26.1 60.1 N. 1.
20d A C¢H,(4-Cl) CH, 42.7 — — N. 1.
20e A OC,H; CH, 60.9 — — N. L
20f B OC,H; OCH 3 449 — — N. 1.°
OcH
ocH
20g B OC,Hj; ?Ha 51.8 — — 17.2
20h B OC,H; C{il 41.0 — — 4.2
cf
20i B OC,H; = 12.5 — — —
Ly
20§ C CH, H 30.2 N. L N. L 6.1
20k C C¢H,4-Cl) H 24.1 N. L 3.6 N. 1.
201 C OC,H; H 28.0 N. L N. L N. L
26 — — — — 92.6 92.8 N. L
27 — — — — 69.9 > 100 N. L
3-AB — — — — — — 58.9
CaHs
OC’N“CEH5
HiC.__=
CH;
N N
COCH 3 Q:Mcp
N—C,H
CHj CHg
26 27

“3-AB: 3-aminobenzamide, N. L.: not inhibited, —: not tested. * At 1 © M concentration.
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cinnamamide lactam of 20 might not be appropriate as a PARP-1
inhibitor.

Conclusion

In this study, we established a synthetic method for 6-substituted
furo|2,3,4-jk][2]benzazepin-4(3H)-ones  (tricyclicbenzo[b]furan,
20a-20i) from 3-[(E)-(2-alkylvinyl)carbonylamino]-4-bromo-
benzo[b]furans (17) by intramolecular cyclization under Heck
coupling conditions. 4-Bromo-3-chloropropionylaminobenzo-
[blfurans (18) could also be used to obtain furo[2,3,4-jk][2]-
benzazepin-4(3H)-ones (20j-201) via 3-acryloylamino-4-bromo-
benzo[b]furans under the same reaction conditions. The furo[2,3,4-
Jjk][2]benzazepin-4(3H)-ones (20) having a characteristic seven-
membered lactam showed moderate hBLT, receptor and weak
PARP-1 inhibitory activities. Further work is in progress to
synthesize a new series of tricyclicbenzo[b]furans (20) to find
more active PARP-1 inhibitors.

Experimental

All melting points were determined using a Yanako microscopic
hot-stage apparatus and are uncorrected. 'H-NMR, “C-NMR,
HMBC and HMQC spectra were obtained with a JEOL JNM-
ECP400, JEOL INM-ECP500 and a JEOL PMX60FT spectrom-
eter with tetramethylsilane as an internal standard. MS spectra
(MS, HRMS) were obtained using a JEOL JMS-700 EIMS
spectrometer. Elemental analyses (EA) were performed using a
CHN CORDER MT-3 (Yanako). All organic extracts were dried
over anhydrous MgSO,. Column chromatography was carried out
on Wakogel C-200. Thin layer chromatography was performed on
a Merck silica gel plate (0.5 mm, 60F-254).

3-Amino-4-bromo-2-(4-chlorobenzoyl)-7-methoxybenzo|b]furan
(12b)

A mixture of 10 (2.0 g, 8.8 mmol), K,CO; (3.0 g, 21.7 mmol) and 2-
bromo-4'-chloroacetophenone (2.2 ml, 9.7 mmol) in DMF (80 ml)
was stirred at 92 °C for 2 h. The reaction mixture was poured into
ice water, and the resulting precipitate was collected by filtration,
then recrystallized from ethyl acetate to give 12b (2.7 g, 81.6%) as
yellow needles.

Compound (12a) was prepared according to the procedure
described for 12b.

3-Amino-4-bromo-2-ethoxycarbonyl-7-methoxybenzo|b]furan
(12¢)

A mixture of 10 (3.0 g, 13.2 mmol), K,CO; (5.4 g, 39.1 mmol) and
bromoethylacetate (1.7 ml, 15.5 mmol) in acetonitrile (50 ml) was
stirred at 82 °C for 4.5 h. After the insoluble portion was filtered
off, the filtrate was evaporated under reduced pressure to give 11
(3.8 g) as a pale yellow solid. This solid was used for the next step
without further purification.

To a suspension of NaH (60% in oil, 0.57 g, 14.3 mmol) in
DMF (20 ml) was added dropwise a solution of crude 11 in DMF
(10 ml) under a N, atmosphere at —5 °C with stirring. The mixture
was stirred at 0 °C for 15 min. The mixture was then quenched
with H,0, and added to saturated NH,Cl solution. The resulting
precipitate was collected by filtration and washed with water, then

recrystallized from ethyl acetate to give 12¢ (3.2 g, 77.2%) as pale
yellow needles.

4-Bromo-3-(2-chloroacetylamino)-2-ethoxycarbonyl-7-
methoxybenzo|[b]furan (13)

To a solution of 12¢ (1.1 g, 3.4 mmol) in THF (40 ml) was added
dropwise chloroacetyl chloride (0.42 ml, 5.3 mmol) with vigorous
stirring at 25 °C. The reaction mixture was stirred at the same
temperature for 17 h and poured into ice water. The resulting
precipitate was collected by filtration and washed with water, then
recrystallized from acetonitrile to give 13 (1.6 g, 93.0%) as colorless
needles.

Diethyl [2-(4-bromo-2-ethoxycarbonyl-7-methoxybenzo|b]furan-3-
ylamino)-2-oxoethyl|phosphonate (14)

A mixture of 13 (12.3 g, 31.5 mmol) and triethyl phosphite (100 ml,
0.58 mol) was stirred at 140 °C for 21 h. The reaction mixture
was cooled to room temperature, and the resulting precipitate was
collected by filtration. The precipitate was recrystallized from ethyl
acetate to give 14 (13.1 g, 86.1%) as colorless needles.

4-Bromo-3-(E)-cinnamoylamino-2-ethoxycarbonyl-7-
methoxybenzo|b]furan (17b)

A mixture of 12¢ (1.1 g, 3.4 mmol) and cinnamoyl chloride (16a)
(0.57 g, 3.7 mmol) in THF (50 ml) was heated at 60 °C for 9 h.
The reaction mixture was poured into ice water, and the resulting
precipitate was collected by filtration, then recrystallized from
acetonitrile to give 17¢ (1.1 g, 74.3%) as colorless needles.

Compound (17a) was prepared according to the procedure
described for 17b.

4-Bromo-3-(E)-crotonoylamino-2-ethoxycarbonyl-7-
methoxybenzo[b]furan (17¢)

General procedure for 17c and 17d from 12. A mixture of 12¢
(1.3 g,4.1 mmol) and crotonyl chloride (16b) (0.51 ml, 5.4 mmol) in
THF (25 ml) was heated at 66 °C for 18 h. The reaction mixture was
poured into ice water, and the resulting precipitate was collected by
filtration, then recrystallized from acetonitrile to give 17e (1.21 g,
76.6%) containing a small portion of 4-bromo-2-ethoxycarbonyl-
3-(3-chlorobutyrylamino)-7-methoxybenzo[b]furan.

4-Bromo-2-ethoxycarbonyl-7-methoxy-3-[[(E)-3-(2-
methoxyphenyl)-1-oxo-2-propenyl]lamino]|benzo|b]furan (17g)

General procedure for 17f, 17h, and 17i from 14. To a suspen-
sion of NaH (60% in oil, 0.33 g, 8.2 mmol) in THF (20 ml) was
added dropwise a solution of 14 (2.0 g, 4.1 mmol) in THF (40 ml)
under a N, atmosphere at 0 °C with stirring. The solution was
stirred at the same temperature until it became clear. A solution
of o-anisaldehyde (15b) (0.59 ml, 4.9 mmol) in THF (20 ml) was
added dropwise to the clear solution at 0 °C, and the mixture was
stirred at the same temperature for 1 h. The mixture was then
quenched with H,O and added to saturated NH,ClI solution. The
resulting precipitate was collected by filtration and washed with
water, then recrystallized from ethyl acetate to give 17h (1.6 g,
82.5%) as colorless needles.
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4-Bromo-3-(3-chloropropionylamino)-2-ethoxycarbonyl-7-
methoxybenzo|b]furan (18c)

General procedure for 18a and 18b from 12. To a solution
of 12¢ (1.5 g, 3.7 mmol) in THF (40 ml) was added dropwise
3-chloropropionyl chloride (0.46 ml, 4.8 mmol) with vigorous
stirring at 25 °C. The solution was heated at 60 °C for 11 h, and
poured into ice water. The resulting precipitate was collected by
filtration, then recrystallized from acetonitrile to give 18¢ (1.5 g,
79.0%) as colorless needles.

2-Acetyl-7-methoxy-6-phenylfuro|2,3,4-jk|[2]benzazepin-4(3 H )-
one (20a)

General procedure for 20b, 20f—20i from 17. A mixture of
17a (0.2 g, 0.48 mmol), palladium acetate (6.0 mg, 0.024 mmol),
tri-o-tolylphosphine (17.0 mg, 0.048 mmol) and Et;N (2.0 ml,
14.0 mmol) in acetonitrile (50 ml) was heated at 82 °C for 12 h.
The mixture was treated with chloroform, and the insoluble
portion was removed by filtration. The filtrate was evaporated
to dryness. The residue was poured into water, made acidic
with 10% HCI solution and extracted with chloroform. The
organic layer was washed with brine and dried. The solvent was
evaporated off. The residue was recrystallized from ethyl acetate
to give 20a (0.06 g, 34.4%) as yellow needles (Found: C, 71.78;
H, 4.44; N, 4.15. C,0H5sNO, requires C, 72.06; H, 4.54; N, 4.20);
mp 246.5-248.3 °C; oy (500 MHz; CDCl;; Me,Si) 2.58 (3H, s,
COCH,;), 4.01 (3H, s, OCH;), 5.99 (1H, d, J 2.3, 5-H), 6.76 (1H,
d, J 8.2, 7-or 8-H), 6.78 (1H, d, J 8.7, 7- or 8-H), 7.32-7.34 (2H,
m, phenyl H), 7.42-7.45 (3H, m, phenyl H), 9.71 (1H, br s, NH);
m/z (EI) 333 (M*, 100.00%).

2-Acetyl-7-methoxy-6-methylfuro|2,3,4-jk][2]benzazepin-4(3H)-
one (20c)

General procedure for 20d and 20e from 17. A mixture of 17¢
(0.6 g, 1.7 mmol), palladium acetate (21.0 mg, 0.085 mmol), tri-o-
tolylphosphine (62.0 g, 0.17 mmol) and Et;N (2.0 ml, 14.0 mmol)
in acetonitrile (30 ml) was heated at 82 °C for 16 h. The mixture was
treated with chloroform, and the insoluble portion was removed
by filtration. The filtrate was evaporated to dryness. The residue
was poured into water, made acidic with 10% HCI solution and
extracted with chloroform. The organic layer was washed with
brine and dried. The solvent was evaporated off. The residue was
recrystallized from ethyl acetate to give 20c (0.16 g, 34.3%) as
yellow needles (Found: C, 66.19; H, 4.77; N, 5.16. C;sH;;NO,
requires C, 66.41; H, 4.83; N, 5.16); mp 278.8-280.2 °C; oy
(500 MHz; CDCl;; Me,Si) 2.27 (3H, d, J 0.9, 6-CH5), 2.56 (3H, s,
COCH,), 4.05 (3H, s, OCH,), 6.04 (1H, g, J 0.9, 5-H), 6.92 (1H,
d, J 8.3, 8-H), 7.20 (1H, d, J 8.3, 7-H), 9.63 (1H, br s, NH); m/z
(ET) 271 (M*, 100.00%)).

2-Acetyl-5,6-dihydro-7-methoxy-6-methylfuro|2,3,4-
Jjkl|2]benzazepin-4(3 H)-one (21a)

Isolation of 20c gave a residue which was purified by silica gel
column chromatography (CHCI;) to give a yellow solid. The solid
was recrystallized from ethyl acetate to give 21a (10 mg, 2.2%) as
yellow needles (Found: C, 65.71; H, 5.49; N, 5.10. C;sH;sNO,
requires C, 65.92; H, 5.53; N, 5.13); mp 203.2-204.5 °C; dy

(500 MHz; CDCl;; Me,Si) 1.38 (3H, d, J 6.9, CH(CH,)), 2.60
(3H, s, COCH,), 2.97-3.02 (2H, m, CH,), 3.32-3.38 (IH, m,
CH(CH,)),4.02 (3H, s, OCH;), 6.93 (1H,d, J 7.8, 8-H), 7.00 (1H,
d, J 8.3, 7-H), 9.55 (1H, br s, NH); m/z (EI) 273 (M*, 85.79%),
258 (100.00).

Compound (21b) was prepared according to the procedure
described for 21a.

2-Acetyl-7-methoxyfuro|2,3,4-jk]|2]benzazepin-4(3 H)-one (20j)

General procedure for 20k, 201 from 18. A mixture of 18a
(1.5 g, 4.0 mmol), palladium acetate (49.0 mg, 0.20 mmol), tri-o-
tolylphosphine (0.15 g, 0.40 mmol) and Et;N (6.0 ml, 42.0 mmol)
in acetonitrile (40 ml) was heated at 82 °C for 3 h. The mixture was
treated with chloroform, and the insoluble portion was removed
by filtration. The filtrate was evaporated to dryness. The residue
was poured into water, made acidic with 10% HCI solution and
extracted with chloroform. The organic layer was washed with
brine and dried. The solvent was evaporated off. The residue was
recrystallized from ethyl acetate to give 20j (0.31 g, 30.2%) as
yellow needles (Found: C, 65.36; H, 4.22; N, 5.42. C,,H;,NO,
requires C, 65.37; H, 4.31; N, 5.44); mp 247.1-249.7 °C; dy
(400 MHz; CDCl;; Me,Si) 2.55 (3H, s, COCH}), 4.04 (3H, s,
OCHs), 5.92 (1H, dd, J 12.5 and 2.2, 5-H), 6.79 (1H, d, J 12.8,
6-H), 6.89 (1H, d, J 8.0, 8-H), 7.02 (1H, d, J 8.1, 7-H), 9.55 (1H,
br s, NH); oc (500 MHz; CDCl;; Me,Si) 26.20, 56.36, 110.84,
123.04, 123.36, 123.76, 125.68, 130.92, 135.05, 138.30, 142.94,
147.55, 164.69, 190.57; m/z (EI) 257 (M*, 100.00%)).

2-Acetyl-4-[(E)-2-[2-(3,4-dimethoxyphenyl)ethylcarbamoyl]vinyl]-
7-methoxybenzo|b|furan (25a)

General procedure for 25b, 25¢ from 24. A mixture of 24 (0.5 g,
1.9 mmol), 23a (0.61 g, 2.2 mmol), palladium acetate (23.0 mg,
0.09 mmol), tri-o-tolylphosphine (68.0 mg, 0.19 mmol) and Et;N
(4.0 ml, 28.0 mmol) in acetonitrile (80 ml) was heated at 82 °C for
7 h. The mixture was treated with chloroform, and the insoluble
portion was removed by filtration. The filtrate was evaporated to
dryness. The residue was poured into water, made acidic with 10%
HCI solution and extracted with chloroform. The organic layer
was washed with brine and dried. The solvent was evaporated
off. The residue was recrystallized from ethyl acetate to give 25a
(0.36 g, 45.6%) as pale yellow needles (Found: C, 67.47; H, 6.02;
N, 3.31. C,,H,sNOy-1/3H,0 requires C, 67.12; H, 6.02; N, 3.26);
Jon (400 MHz; CDCl;; Me,Si) 2.64 (3H, s, COCH,), 2.86 (2H,
t, J 6.9, NHCH,CH,), 3.67 (2H, m, NHCH,CH,), 3.87 (3H, s,
OCH,), 3.87 (3H, s, OCH;), 4.05 (3H, s, OCH,;), 5.68 (1H, br t,
J5.5,NH), 6.37(1H, d, J 15.7, CH=CH), 6.76-6.79 (2H, m, 2'-,
6-H), 6.83 (1H,d, J 7.7, 5-H), 6.92 (1H, d, J 8.1, 6-H), 7.39 (1H,
d, J 8.4, 5-H), 7.72 (1H, s, 3-H), 7.82 (1H, d, J 15.8, CH=CH);
m/z (EI) 423 (M*, 8.64%), 164 (100.00).

PARP inhibition assay

The catalytic activity of PARP-1 was measured as described
previously® with some modifications. Human recombinant
PARP-1 (800 ng ml™', Trevigen, Gaithersburg, MD) in buffer-A
containing 50 mM Tris-HCl (pH 8.0), 20 uM ZnCl,, 4 mM MgCl,,
1 mM dithiothreitol was immobilized on an ELISA microplate
for 16-18 h at 4 °C. After three washings with PBS plus 0.05%
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Tween20 (PBST), 1.25 mg ml™' activated DNA?* diluted in the
buffer-A plus 50 pM NAD* was added to each well and the
reaction mixture was incubated for 15 min at 4 °C. After three
washings with PBST, the synthesis of poly(ADP-ribose) by PARP-
1 was detected by adding the anti-poly(ADP-ribose) pAb (1 :
2500, LP98-10, Alexis Biochemicals, Lausanne, Switzerland) in
1% BSA-PBST. After 1 h incubation at 37 °C and three washings
with PBST, peroxidase-conjugated goat anti-rabbit IgG (1 : 5000,
Zymed, South San Francisco, CA) in 1% BSA-PBST was added
and incubated for 30 min at 37 °C. After a final series of washings
(twice with PBST and once with H,0), a positive signal was
visualized by 3,3'.5,5-tetramethyl-benzidine in the presence of
H,O0, for 15 min at 37 °C. The reaction was terminated by adding
1 N H,SO, and the absorbance was measured at 450 nm. The
compounds or 3-aminobenzamide (as a positive control) were
dissolved in 1% dimethyl sulfoxide, and then 10 pl (final conc.
0.1%) was added to each assay.

Measurement of calcium mobilization in CHO cells

Evaluation of tricyclicbenzo[b]furan (20) for BLT,/BLT, receptor
inhibitory activity was carried out according to a procedure
reported previously.'?
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Introduction of iodine under solvent-free conditions into several aromatic compounds activated toward
electrophilic functionalisation was found to proceed efficiently using elemental iodine in the presence of a
solid oxidiser, the urea—H,O, (UHP) adduct. Two types of iodo-functionalisation through an electrophilic
process were observed: iodination of an aromatic ring, and side-chain iodo-functionalisation in the case of
arylalkyl ketones. Two reaction routes were established based on the required substrate : iodine : oxidiser
ratio for the most efficient iodo-transformation, and the role of UHP was elucidated in each route. The

first, requiring a 1 : 0.5: 0.6 stoichiometric ratio of substrate to iodine to UHP, followed the atom economy
concept in regard to iodine and was valid in the case of aniline (1a), 4-7-Bu-phenol (3), 1,2-dimethoxy
benzene (5a), 1,3-dimethoxy benzene (5b), 1,2,3-trimethoxy benzene (7a), 1,2,4-trimethoxy benzene (7b),
1,3,5-trimethoxy benzene (7¢), 1-indanone (11a) and 1-tetralone (11b). The second reaction route, where
a1l:1:1 stoichiometric ratio of substrate : I, : UHP was needed for efficient iodination, was suitable

for side-chain iodo-functionalisations of acetophenone (1¢) and methoxy-substituted acetophenones.
Moreover, addition of iodine to 1-octene (13a) and some phenylacetylenic derivatives (15a, 15b)
was found to proceed efficiently without the presence of any oxidiser and solvent at room temperature.

Introduction

Due to the importance of iodo-substituted organic compounds
as synthons or valuable precursors in organic synthesis,' in
addition to their use as radioactively-labelled markers in medical
diagnosis,? the introduction of iodine into organic molecules has
received significant attention among the scientific community.
Since molecular iodine itself is poorly reactive, substantial efforts
have been invested in the development of efficient, selective and
mild methods for direct introduction of iodine into organic
compounds. Numerous diverse procedures using iodonium
donating agents have been devised over the years.* Beside the
use of volatile organic solvents as reaction media, many of them
employ harsh conditions, such as the extensive use of strong acids
or the use of heavy metal salts or their oxides as activators of
iodine,* which require special safety precautions in experimental
handling and pose serious concerns regarding environmental and
health issues. Contrary to traditional thinking on the necessity
of an appropriate organic solvent for performing a reaction, in
keeping with a green chemistry approach, which emerged a decade
ago as a response to continuously growing concerns for sustainable
development, the best solvent is regarded to be ‘no solvent at all’.®
Thus, solvent-free reactions are garnering increased attention in
recent years.® Their advantages over conventional methods may,
in many cases, be attributed to enhanced efficiency and selectivity,
cleaner products, milder reaction conditions, lower reaction times,
simplified procedures and hence the reduction of pollution.
However, iodination under solventless conditions has not been

“Laboratory for Organic and Bioorganic Chemistry, ‘JoZef Stefan Institute’,
Jamova 39, 1000, Ljubljana, Slovenia. E-mail: stojan.stavber@jjs.si

*Department of Chemistry at the Faculty for Chemistry and Chemical
Technology, University of Ljubljana, Askerceva 5, 1000, Ljubljana, Slovenia

extensively studied.” Hydrogen peroxide, widely accepted as a
green oxidant, was used to activate and/or regenerate elemental
iodine. Having several advantageous properties compared to
other oxidants, the most notable being the formation of water as
a benign by-product of oxidation, resulted in its comprehensive
application in several oxidation systems.® The solid urea—H,O,
adduct (NH,CONH,-H,0,, UHP) and sodium percarbonate
(Na,CO;-1.5H,0,, SPC) are regarded as ‘dry carriers’ and safer
alternatives to hazardous, unstable concentrated liquid hydrogen
peroxide.” Moreover, their easy handling, stability at room
temperature and ability to release oxidative species in a controlled
manner make them desirable oxidisers. Both already proved to be
efficient for oxidative iodination of various organic compounds
in an EtOAc-AcOH mixture under highly acidic conditions and
in CHCI; under microwave irradiation.” In our on-going efforts
to achieve environmentally friendlier halogenation procedures,!
we investigated iodination using iodine in the presence of
both the above mentioned solid forms of hydrogen peroxide
(UHP and SPC) without the use of a solvent for carrying out
iodo-transformation, and compared the results with previously
performed studies on iodination using iodine and a 30% aqueous
solution of H,O, as oxidiser in water.""™!" In response to ever-
increasing demands for ecologically more acceptable procedures,
our research was aimed at solvent-free reaction conditions for
iodine introduction. Methoxy-substituted aromatic derivatives
were chosen as plausible substrates for investigating the course
of transformation because of the known fact that the activated
aromatic ring in the substituted molecules of the chosen substrates
can readily undergo ion-radical formation with various oxidising
agents. Moreover, the acetophenone moiety attracted our
attention for studying the regioselectivity of the transformation.
In regard to the studied substrates, the iodination process was
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expected to proceed potentially through 3 different intermediates,
while 2 types of iodo-functionalisation were anticipated,
namely aromatic ring iodo-functionalisation and side-chain
functionalisation in the case of arylalkyl ketones (Scheme 1). In
accordance with our previous experience, an ionic mechanism
with formation of a o-complex in the intermediate stage was
expected to be differentiated from a SET process with ion-radical
formation on the basis of the amount of reagent used.'"”

OCH,

/ COCH;

(OMe),

n=0-3

O'Na*

@

y—!
side chain attack

(OMe), (oNfo),

Scheme 1 Potentially reactive sites with possibly formed intermediates
for electrophilic iodo-functionalisation of methoxy substituted benzene
derivatives using I, in the presence of supported (Su) forms of H,O,.

Besides the convenience of a method for iodo-transformation
performed under solvent-free conditions, the relation between
the structure and aggregation state of the substrate and reaction
conditions was carefully analysed. Additionally, the roles of two
different H-bonded solid forms of H,O, during the process of
iodine introduction were investigated.

Results and discussion

The convenience of solvent-free iodination using elemental iodine
and a supported form of H,0, was first tested on mono-substituted
aromatic compounds (Scheme 2). At this point we would like to
stress that the term ‘solvent-free’ refers merely to the reaction itself.
The workup process still involved the use of a solvent (--BuOMe)

which, however, is considered a ‘greener’ substitute compared to
widely-used harmful chlorinated solvents.

Aniline (1a) was chosen as a model substrate. In a blank
experiment without the presence of any oxidiser and solvent, 4-
iodo aniline (2a) was formed in 20% yield after 5 hours at room
temperature (Table 1, entry 1); a slightly higher yield was obtained
at 45 °C (entry 2). The presence of the urea—hydrogen peroxide
(UHP) adduct remarkably affected the outcome of the reaction,
promoting iodine introduction with high conversion and atom
economy. In a typical experiment 0.5 mmol of finely powdered
iodine was added to 1 mmol of substrate. The reaction mixture was
vigorously shaken in order to obtain a good distribution between
the reagent molecules, followed by the addition of 0.6 mmol
of finely powdered UHP. An experiment performed at room
temperature proceeded with 81% conversion to 4-iodo aniline (2a,
entry 3), whereas maintaining the temperature at 45 °C for 5 hours
resulted in a complete conversion to 4-iodo aniline (2a, entry 4).
Sodium percarbonate (SPC) proved to be a less efficient mediator
of iodination. After 5 hours of reaction between 1 mmol aniline,
0.5 mmol iodine and 0.6 mmol SPC, 65% conversion to 4-iodo
aniline (2a) was found (entry 5); prolongation of the reaction time
did not significantly improve the yield (entry 6).

To continue with the substrate of an aromatic ring activated
toward electrophilic functionalisation, iodination of anisole (1b)
under solvent-free conditions was examined. A reaction carried
out for 7 hours at 45 °C using the ratio of substrate to iodine
to UHP corresponding to 1 : 0.5 : 0.6 didn’t provide any
transformation of the substrate (entry 7). Prolonging the reaction
time to 19 hours contributed to the introduction of iodine into
anisole (1b) only moderately (entry 8). Also, increasing the amount
of reagent just slightly improved the yield (entry 9).

Research was extended to monosubstituted aromatic com-
pounds with a deactivated aromatic ring. The role of the UHP
adduct in iodination of acetophenone (lc¢) was investigated.
Besides the aromatic ring, the alkyl position in acetophenone is
also a reactive site for electrophilic functionalisation, and thus
the effect of reaction conditions on the regioselectivity of the
transformation was of primary interest. Previously, it was reported
that regioselective iodination of various acetophenones can be
regulated by the solvent or generally by the polarity of the reaction
system.”? Our study showed that iodination of acetophenone
can be accomplished under solvent-free conditions using the I,—
UHP combination. Iodine is regioselectively introduced into the
alkyl position, indicating the polar character of the reaction
system. In a blank experiment, no reaction occurred between
acetophenone and iodine under solvent-free conditions after
6 hours at 45 °C (Table 1, entry 10), while electron-exchange
took place in the presence of UHP, enabling the formation of
2-iodo-1-phenylethanone (2¢). In order to elucidate the role of
UHP, experiments were performed with various ratios of substrate
to iodine to oxidiser (entries 10-19). Results showed that the
highest conversion to 2¢ was achieved using 1 mmol of iodine and
1 mmol UHP with 1 mmol of acetophenone after 6 hours (entry
17), consequently without atom economy of iodine introduction
and indicating the role of UHP as an activator of the iodination
process. In a reaction using SPC as the oxidiser, acetophenone
remained unchanged after 7 hours at 45 °C (entry 19). During
our investigations on the role of the reaction conditions and the
atom economy concept of iodine introduction to various ketones,
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NH,CONH, (UHP)

4O oo, PO

Na,CO3

2a Y=NH,
2b Y=OCH,
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1a  NH,
1b  OCH;
1c  COCHj
1d CHO

-
N

¢
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Scheme 2 Effect of functional groups and supported (Su) forms of H,0, on the course of iodination with elemental iodine under solvent-free conditions.

Table 1

Reaction conditions

Entry Substrate Oxidiser” Molar ratio (substrate : I, : oxidiser)® T/°C t/h Yield® (%)

1 Y=NH, (1a) — 1:05:0 25 5 50 (2a, 20)

2 — 1:05:0 45 5 50 (2a, 24)

3 UHP 1:0.5:0.6 25 5 81 (2a, 52)

4 UHP 1:0.5:0.6 45 5 100 (2a, 83)

5 SPC 1:0.5:0.6 45 5 65 (2a, 40)

6 SPC 1:0.5:0.6 45 18 74 (2a, 46)

7 Y=0CH, (1b) UHP 1:0.5:0.6 45 7 0

8 UHP 1:0.5:0.6 45 19 30 (2b, 8)

9 UHP 1:1:1 45 19 50 (2b, 16)

10 Y=COCHj; (1¢) — 1:1:0 45 6 0?

11 UHP 1:03:0.3 45 6 36 (2¢, 19, 22%)
12 UHP 1:0.5:0.6 45 3 55 (2¢, 31, 42%)
13 UHP 1:0.6:0.6 45 6 62 (2¢, 40)

14 UHP 1:0.6:0.6 45 17 69 (2¢, 46)

15 UHP 1:1:0.3 45 6 56 (2¢, 31, 39%)
16 UHP 1:1:0.6 45 6 71 (2¢, 49)

17 UHP 1:1:1 45 6 89 (2¢, 65)

18 UHP 1:1:1 45 3 72 (2¢, 52, 53%)
19 SPC 1:0.5:0.6 45 7 0
20 Y=CHO (1d) UHP 1:1:1 45 20 0?

«UHP = urea—H,0,; SPC = 2Na,CO,-3H,0,. ®* Molar ratio substrate :

I, : H,0,. ¢ The first number represents conversion determined from 'H

NMR spectra of crude reaction mixture, the first percentage in brackets represents isolated yield, the asterisked number is yield determined using

1,1-diphenylethene as internal standard. ¢ Unreacted starting material.

we have already reported that iodination readily takes place under
very moderate reaction conditions in aqueous medium using I,—
30% aq. H,0,."" However, this paper was overlooked in a recently
published unusual procedure based on an enormous iodine excess
(susbstrate : I, amounting to 1 : 4) performed in dimethoxyethane
(bp 85 °C) heated at 90 °C for 3 hours.’

Benzaldehyde (1d) was chosen as another molecule bearing a
deactivated aromatic ring in addition to the fact that the aldehyde
functionality is prone to oxidation. Nevertheless, after 20 hours
at 45 °C using [,-UHP in a solventless system, only the starting
substrate was isolated from the reaction mixture (entry 20). From
those initial experiments, it is evident that the structure of the
various forms of H,O, plays a significant role in the introduction
of iodine into organic molecules. Urea—H,0, (UHP) was found to
be substantially more effective than sodium percarbonate (SPC)
in all cases of iodination under solvent-free conditions.

Furthermore, we studied the effect of reaction conditions on the
iodination of 4-7-Bu-phenol (3, Table 2). A substrate in a solid ag-

gregate state at room temperature is known to potentially undergo
electrophilic substitution at the ortho position to the phenolic
group, ipso-substitution at position 4 and addition processes.'*
Moreover, due to its high reactivity a tendency toward formation
of the diiodo product was expected. In a blank experiment, in
which no oxidiser was present, no reaction between the substrate
(3) and iodine under solvent-free conditions at 45 °C after 5 hours
took place (Table 2, entry 1), while progressive electron exchange
occurred in the presence of UHP as oxidiser at 45 °C. After 5 hours
at 45 °C with a ratio of substrate to iodine to UHP corresponding
to 1:0.5:0.6 under neat conditions, 50% of 2-iodo-4-#-Bu-phenol
(4a), 25% of 2,6-diiodo-4-t-Bu-phenol (4b) and 25% of unreacted
substrate were present in the reaction mixture (entry 4). Raising
the amount of reagent resulted in a complete conversion of
4-t-Bu-phenol (3), but regulation of selectivity to either the
monoiodinated or diiodinated product was not achieved (entry 5).
Even with a significant excess of reagent (1.3 mmol I,, 1.3 mmol
UHP) at 45 °C after 6 hours, 17% of monoiodinated product
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Table 2  Effect of reaction conditions on mono- and di-iodination of 4-z-Bu-phenol (3) without the use of a solvent

Hy05--Su OH

2
solvent-free

:

OH
| | |
+
) C(CHy)

C(CHg)s C(CHg)s CHs)s
3 4a 4b
Reaction conditions

Entry Oxidiser” Molar ratio (substrate : I, : oxidiser)® T/°C t/h Conversion (%)° Ratio 4a : 4b
1 — 1:1:0 45 5 0 —
2 UHP 1:0.5:0.6 25 5 10 1:0
3 UHP 1:1:1 25 6 25 1:0
4 UHP 1:0.5:0.6 45 5 75 2:1
5 UHP 1:1:1 45 6 100 1:23
6 UHP 1:13:1.3 45 6 100 1:49
7 SPC 1:0.5:0.6 45 6 14 1:1
8 SPC 1:1:1 45 6 23 1:1.1
9 SPC 1:13:1.3 45 6 35 1:1.5

“UHP = urea-H,0,; SPC = 2Na,CO;-3H,0,. ®* Molar ratio substrate: I, : H,0,. < Conversion determined from '"H NMR spectra of crude reaction

mixture.

was still present in addition to 83% of diiodinated product in
the reaction mixture (entry 6). An attempt to obtain only the
monoiodinated product with an excess of reagent by lowering the
temperature to room temperature also failed, since only moderate
conversion to 2-iodo-4-z-Bu-phenol (4a) was achieved (entries
2, 3). Despite the poorly controllable regioselectivity, the atom
economy aspect of the transformation should be stressed. Both
iodine atoms of the elemental iodine molecule were consumed in
the presence of UHP as an oxidiser. UHP was found to be superior
to SPC as an oxidiser under solvent-free conditions in this case as
well, since conversions and selectivities of iodo-transformations
using SPC as a mediator of iodination were considerably lower
than in the case of UHP (entries 7-9).

In our previous study we demonstrated the effect of differ-
ent solvents and two oxidisers, namely F-TEDA-BF, and a
30% aqueous solution of H,0,, on the iodo-functionalisation
of dimethoxy benzenes.""™ The differences in reactivity of the
methoxy-substituted compounds could be illustrated by the
values of the halfway potential,” indicating the possibility of
the formation of their cation-radicals, the stability of which is
known to importantly direct further transformation.'® In the same
above-mentioned study, two distinct reaction routes, requiring
different ratios of substrate to iodine to oxidiser and leading
to iodo-products, were proposed. Dimethoxy benzenes (Table 3)
and trimethoxy benzenes (Table 4) were also chosen as model
substrates for the present study in order to obtain insight into
the reaction pathway of iodination under solvent-free conditions
using solid carriers of H,0, as mediators of iodination. In
blank experiments, where no oxidiser was present, conversions
of substrates were either very low or formation of a polymeric
material was noticed. On the other hand, the presence of UHP
contributed considerably to the efficiency and high atom-economy
of iodo-transformation in all cases, except in the case of 1,4-
dimethoxy benzene (Sc), where even after a longer reaction time
at 45 °C the starting material remained unchanged (Table 3, entry

9). Our results showed that a molar ratio of substrate to iodine to
UHP of 1 :0.5: 0.6 was sufficient for the introduction of iodine
into 1,2-dimethoxy benzene (5a) and 1,3-dimethoxy benzene (5b)
with relatively high conversion after 7 hours at 45 °C without the
use of any solvent (entries 2, 6), while 1,4-dimethoxy benzene (5¢)
remained unchanged even after 23 hours at 45 °C with a ratio of
substrate to iodine to UHP of 1 : 1 : 1 under solvent-free conditions
(entry 9). In the case of 1,2-dimethoxy benzene (5a), the yield was
further improved by employment of an equimolar amount of I,
and UHP with respect to the substrate (entry 3).

High conversions to iodo-products were achieved in all cases
of trimethoxy benzenes (7a, 7b, 7c¢) by the use of only a 0.5
molar equivalent of I, and 0.6 molar equivalents of UHP at
45 °C without the use of solvent (Table 4, entries 2, 3, 7, 8,
11), thus providing reactions of high atom economy in regard to
iodine and indicating an ionic route of transformation through
the formation of a &-complex. It is evident that UHP plays
a dual role in such cases, acting as an activator in the first
step and as an oxidant of iodide to iodine in the next step.
The results on the route of iodo-transformation with regard
to the structure of dimethoxy- and trimethoxy benzenes are in
accordance with conclusions on iodination using water as reaction
medium and 30% aqueous solution of H,O, as an oxidiser for
5a, 5h, 6a, 6b, 6¢.""'"" A noticeable difference should be pointed
out for 5¢, namely the possibility of ion-radical formation in
water, while under solventless conditions iodo-functionalisation
through the formation of ion-radicals does not seem feasible.
This observation lead us to conclude that the reaction system
I,-UHP-no solvent is not convenient for the formation of ion-
radicals, while an alternative explanation could be connected with
the solid aggregate state of 1,4-dimethoxy benzene (5¢), which
might circumvent transformation in this particular case. However,
it is interesting to note that substrate 5¢ with the lowest one-
electron oxidation potential (E,,, = 1.30 V)" was not transformed,
while 5a and 5b, requiring higher energy (E,,, for 5Sa and 5b were
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Table 3 Effect of the structure of dimethoxy benzenes, their aggregate state and reaction conditions on iodination under solvent-free conditions

Reaction conditions

Entry Substrate” Oxidiser? Molar ratio (substrate : I, : oxidiser)* T/°C t/h Product Yield (%)*
1 OMe — 1:1:0 45 7 OMe 27(9)
2 ome  UHP 1:0.5:0.6 45 7 oMe 63 (40)
3 UHP 1:1:1 45 7 91 (75)
4 SPC 1:1:1 45 7 0°

1:1:1
5a (1) i
6a
5 OMe — 1:1:0 45 7 OMe 15(7)
6 UHP 1:0.5:0.6 45 7 78 (67)
7 SPC 1:05:06 45 7 39 (21)
8 SPC 1:1:1 45 7 65 (39)
OMe OMe
5b (1) |
6b
9 OMe UHP 1:1:1 45 23 0°
10 SPC 1:1:1 45 23 0°
OMe
5¢ (s)

“ Aggregate state at room temperature in parentheses, (1) liquid; (s) solid. * UHP = urea-H,0O,; SPC = 2Na,CO;-3H,0,. ¢ Molar ratio substrate : I, :
H,0,. “ The first number represents conversion determined from 'H NMR spectra of crude reaction mixture, the bracketed number represents isolated

yield. ¢ Unreacted starting material.

Table 4 Effect of the structure of trimethoxy benzenes, their aggregate state and reaction conditions on iodination without the use of a solvent

Reaction conditions

Entry Substrate® Oxidiser? Molar ratio (substrate : I,: oxidiser)* T/°C t/h Product Yield (%)*

1 OMe — 1:1:0 45 5 OMe PM¢

2 OMe UHP 1:0.5:0.6 45 5 OMe 76 (61)

3 UHP 1:0.5:0.6 45 18 90 (58)

4 UHP 1:1:1 45 5 100 (82)

5 OMe SPC 1:1:1 45 6 OMe o

7a (s) I
8a

6 OMe 1:1:0 45 5 OMe PM*

7 OMe UHP 1:0.5:0.6 45 5 OMe 70 (50)

8 UHP 1:0.5:0.6 45 17 81 (58)

9 SPC 1:1:1 45 6 41 (15)

|
OMe OMe
7b (1) 8b
10 OMe — 1:1:0 45 5 OMe 25(12)
11 UHP 1:0.5:0.6 45 55 | 100 (89)
12 SPC 1:0.5:0.6 45 5 71 (52)
MeO OMe MeO OMe
7e (s)
8c

@ Aggregate state at room temperature in parentheses, (1) liquid; (s) solid. * Oxidiser: A = urea-H,O,; B = 2Na,CO;-3H,0,. ¢ Molar ratio substrate : I, :
H,O,. “The first number represents conversion determined from '"H NMR spectra of crude reaction mixture, the bracketed number represents isolated
yield. ¢ Polymeric material. / Unreacted starting material.
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established to be 1.44 Vand 1.58 V, respectively)'® were successfully
iodinated. SPC again proved to be less convenient as a mediator of
iodination without the use of a solvent, since considerably lower
conversions to iodinated products were achieved (Table 3, entries
8, 10 and Table 4, entries 9, 12). Moreover, in the cases of 1,2-
dimethoxy benzene (5a) and 1,2,3-trimethoxy benzene (7a) no
reaction occurred (Table 3, entry 4 and Table 4, entry 5).
Methoxy substituted acetophenones offer a further possibility
for studying the regioselectivity of the transformation. The
methoxy substituted acetophenones investigated in the current
research (9a-d, Table 5) were regioselectively iodinated at the
alkyl position of the acetophenone-moiety using the I,-UHP
combination under solvent-free conditions, except for 1-(2,4-
dimethoxyphenyl)ethanone, where a mixture of 1-(2,4-dimeth-

oxyphenyl)-2-iodoethanone, 1-(3-10do-4,5-dimethoxyphenyl)-
ethanone and 2-iodo-1-(3-iodo-4,5-dimethoxyphenyl)ethanone
was formed. To clarify the role of UHP, reactions were performed
with different amounts of I, and UHP in regard to substrates 9a,
9b, 9¢, 9d and also the effect of reaction time on the efficiency
of the transformation was verified (Table 5). Blank experiments,
where only the substrate and iodine were heated at 45 °C for
6 hours without the presence of a solvent and UHP, showed
either low conversion (entry 9) or no conversion at all (entries
1, 17, 25). The results demonstrated that the presence of UHP
facilitated the introduction of iodine at the alkyl position of
methoxy substituted acetophenones. The highest conversion to
iodinated products for 9a, 9¢ and 9d was achieved with a molar
ratio of substrate to iodine to UHP of 1 : 1 : 1 (entries 8, 22,

Table 5 Effect of the structure of methoxy-substituted acetophenones and reaction conditions on side-chain iodination under solvent-free conditions

COCH;, I2 COCH,l
45 °C UHP
(OCHg)y solvent-free (OCH;),
9a-9d n=1,2,3 10a-10d n=1,2,3
Reaction conditions

Entry Substrate Molar ratio substrate : I, : oxidiser” T/h Yield (%)”

1 COCHj; 1:1:0 6 0°

2 1:0.3:0.3 6 26 (15, 23%)

3 1:0.5:0.6 3 52 (35, 44%)
4 1:0.5:0.6 6 48 (28, 31%)

5 1:1:0.3 6 33 (16, 21%)

6 1:1:0.6 6 56 (32. 38%)

7 OCHs 1:1:1 3 73 (54, 61%)

8 9a 1:1:1 6 79 (54, 58*%)

9 COCHj 1:1:0 6 17 (7)

10 1:03:0.3 6 50 (28, 31%)
11 1:0.5:0.6 3 50 (23, 30%)
12 1:0.5:0.6 6 46 (25, 30*)
13 OCH, 1:1:1 3 37 (16, 21%)
14 1:1:1 6 37 (18, 23%)
15 OCHs 1:1:0.6 6 47 (28, 34%)
16 9b 1:1:0.3 6 44 (26, 33%)
17 COCHj4 1:1:0 6 0

18 1:03:0.3 6 36 (21, 20%)

OCH ’

19 3 1:0.5:0.6 3 53 (35, 36%)
20 1:0.5:0.6 6 78 (55, 59%)
21 OCHj,4 1:1:1 3 77 (51, 55%)
22 OcH 1:1:1 6 88 (58, 60*)
23 8 1:1:0.6 6 60 (37, 42%)
24 9¢ 1:1:03 6 39 (24, 25%)
25 COCH3; 1:0.5:0.6 6 0°
26 1:1:1 6 17 (9)
27 1:1:1 17 34(22)

H,CO OCH,
OCH,
9d

“Molar ratio substrate : I, : H,O,. ® The first number represents conversion determined from '"H NMR spectra of crude reaction mixture, the first
bracketed number represents isolated yield; the asterisked number is yield determined using 1,1-diphenylethene as internal standard. © Unreacted starting

material.
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27), which highlights UHP in the role of an activator of the
iodinating system under solvent-free conditions for these methoxy
substituted acetophenones. The atom economy principle was not
followed in these cases. In this respect, results of iodination under
solvent-free conditions using the ,L—UHP reagent system differ
from observations of iodine introduction using I,, a 30% aqueous
solution of H,0, as an oxidiser and water as reaction medium.'"
In the latter case, high conversions to side-chain iodinated
products were obtained with 0.5 molar equivalent of reagent. An
exception to the behaviour of 9a and 9¢ was observed in the case
of 1-(3,4-dimethoxyphenyl)ethanone (9b), where introduction of
iodine under solventless conditions was more efficient when the
ratio of substrate to iodine to UHP was 1 : 0.5 : 0.6 compared
to the 1 : 1 : 1 ratio, but the conversion was still only moderate
(entries 11, 12).

In order to study the effect of ketone structure, the investigation
was additionally extended to cyclic alkyl aromatic ketones. The
introduction of iodine under solvent-free conditions proved to be
very efficient in the case of 1-indanone (11a) and 1-tetralone (11b)
as depicted in Scheme 3. Reacting 1 mmol of 1-indanone (11a)
with 0.5 mmol of iodine and 0.6 mmol of UHP with no use of
solvent for 5 hours at room temperature resulted in 55% formation
of 2-iodo-1-indanone (12a), while 2-iodo-1-tetralone (12b) was
formed with 0.5 mmol of I, and 0.6 mmol of UHP after 6 hours at
room temperature with 40% conversion. Raising the temperature
to 45 °C with the same ratio of substrate to iodine to UHP and the
same reaction time remarkably improved the conversion in both
substrates. Thus, 1-indanone (11a) was 80% converted to 2-iodo-
l-indanone (12a) and 2-iodo-1-tetralone (12b) was formed from
1-tetralone (11b) with 90% conversion.

0 I (o]
45°C UHP '
n solvent-free n
11a n=1 12a n=1
11b n=2 12b n=2

Scheme 3 Introduction of iodine into the a-alkyl position of 1-indanone
and -tetralone with molecular iodine in the presence of UHP under
solvent-free conditions.

A further extension of the investigation focused on methoxy
substituted benzaldehydes (3,4-dimethoxybenzaldehyde, 2,3,4-
trimethoxybenzaldehyde and 3,4,5-trimethoxybenzaldehyde), but
no or a very low amount of iodinated product was found in the
case of 3,4-dimethoxy-benzaldehyde even after 18 hours at 45 °C
with the ratio of substrate : iodine : UHP of 1 : 1 : 1.

Finally, we discovered that addition of iodine to some alkenes
and phenyl acetylenic derivatives efficiently proceeds under
solvent-free conditions without the need for an oxidiser at room
temperature (Scheme 4). This significantly contributes to a ‘green’
addition protocol since the reaction is completely atom economic
and no additional reagent, solvent or energy requirements are
needed. 1-octene (13a) was 93% converted to 1,2-diiodo-octane
(14a) with 1 molar equivalent of iodine after 5 hours at room
temperature under solvent-free conditions, yielding 65% of prod-
uct after isolation. The addition of iodine to phenyl-acetylenes
under solventless conditions was found to be trans-oriented.

= l>
C5H13CH—CH2 T, neat C6H13?H‘C|:H2
[

13a 14a (65 %)

| R

_ I2 > <
Ph-C=C-R Tt neat” —

Ph |

15a R=H

= 0
135 ReGH, 16a R=H (52 %)

16b R=CH; (72 %)
Scheme 4 Effect of reaction conditions on addition of iodine to alkenes
and phenyl acetylenes under solvent-free conditions.

As determined from '"H NMR spectra of the crude reaction
mixture, phenyl acetylene (15a) was converted to trans-(1,2-
diiodovinyl)benzene (16a) and 1-phenyl-1-propyne (15b) to trans-
(1,2-diiodopropenyl)benzene (16b) with 94 and 98% conversion,
respectively, after 6 hours at room temperature without the use of
any oxidiser or solvent, yielding 52 and 72% of isolated products.

Conclusions

The introduction of iodine using elemental iodine in the presence
of the urea—hydrogen peroxide adduct (UHP) under solvent-free
conditions and without the need for any metal or acid catalyst
proved to be feasible for several organic compounds activated
toward electrophilic functionalisation, namely aniline (1a), p-¢-
Bu-phenol (3), dimethoxy- and trimethoxy benzenes (5a, Sb, 7a,
7b, 7¢), acetophenones (1b, 9a, 9b, 9¢), 1-indanone (11a) and
1-tetralone (11b). Sodium percarbonate (SPC) as a mediator of
iodination showed inferiority compared to UHP, since signifi-
cantly lower conversions to iodinated products were obtained.
The site of iodo-functionalisation was found to be crucially
dependant on the structure of the substrate, while its efficiency
could be further regulated by the amount of reagent, reaction
time and temperature. Based on the required ratio of substrate to
iodine to oxidiser for the most efficient iodo-transformation, two
reaction routes were established and the roles of UHP elucidated
in each route. The one requiring a 1 : 0.5 : 0.6 molar ratio for
achieving the highest efficiency of iodine introduction follows
atom economy in regard to iodine and proceeds through an ionic
mechanism with c-complex formation in the intermediate stage
(Scheme 5). The iodide ion liberated after initial electrophilic
attack of iodine is oxidised by UHP in the second stage, thus
providing regenerated iodine for a second electrophilic attack
on the substrate. The dual role of UHP as an activator of the
iodinating system and regenerator of iodine is evident in these
cases, which were present in iodination of aniline (1a), p-z-Bu-
phenol (3), 1,2-dimethoxy benzene (5a), 1,3-dimethoxy benzene
(5b), 1,2,3-trimethoxy benzene (7a), 1,2,4-trimethoxy benzene
(7b), 1,3,5-trimethoxy benzene (7c¢), l-indanone (11a) and 1-
tetralone (11b).

On the other hand, atom economy was not attained in the cases
of'acetophenone (1¢) and methoxy-substituted acetophenones (9a,
9b, 9¢, 9d), where the highest conversion to side-chain iodinated
product was achieved with a ratio of substrate to iodine to UHP
corresponding to 1 : 1 : 1. In these cases, UHP is believed
to play only the role of an activator of the iodinating system
(Scheme 6). Moreover, addition of iodine to I-octene (13a),
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n=1,2

+Na-O~ "O'Na*

86 H 5
I-l 1w O 0
8+

@....I/

(OMe),

Scheme 5 Suggested reaction route for efficient iodination of dimethoxy-
and trimethoxy benzenes with the required ratio of substrate to I, to UHP
corresponding to 1 : 0.5 : 0.6 under solvent-free conditions.

phenylacetylene (15a) and 1-phenyl-1-propyne (15b) was found
to proceed efficiently without the need of any oxidiser and solvent
at room temperature.

Finally, we would like to stress the ‘green’ approach of the
method in addition to its simplicity and mildness. Avoidance of
solvent for performing reactions, the use of a non-toxic, relatively
cheap, safe and stable oxidiser, its benign by-product of oxidation
and atom economy achieved in most cases are valuable attributes.
Since the listed attributes are also desirable characteristics in a
wider scientific context and in industrial chemical processes, we
believe that the results of this research might find application
on a more extensive scale, with considerably lower financial
and environmental impact than using other previously reported
iodination methods.

Experimental

Iodine, UHP, SPC and substrates were purchased from Sigma
Aldrich. Solid reagents and substrates were finely powdered in a
mortar before use, while liquid substrates were used as received.
t-BuOMe was purchased from Riedel-de-Haén, other chemicals
(Na,SO, and Na,S,0,) from Merck and were used as received. 'H

o5

H
(OMe), :
(su)

H-I

(OMe),

Scheme 6 Suggested reaction route for iodination of methoxy-substituted
acetophenones with required ratio of substrate to I, to UHP corresponding
to 1:1: 1 under solvent-free conditions.

NMR spectra were recorded on a Varian INOVA 300 spectrometer
at 300 MHz. IR spectra were recorded on a Perkin-Elmer 1310
spectrometer. Standard KBr pellet procedures were used to obtain
IR spectra of solids, while a film of neat material was used to obtain
IR spectra of liquid products. MS were obtained on an AutospecQ
instrument under EI conditions at 70 eV.

General procedure

Finely powdered iodine (127 mg, 0.5 mmol; 254 mg, 1 mmol;
76 mg, 0.3 mmol; 330 mg, 1.3 mmol, see Tables 1-5) was added to
the neat liquid substrate (1 mmol) or finely powdered substrate in
cases of solid compounds. After shaking the mixture vigorously to
obtain a good distribution between substrate and iodine molecules
in a 5-mL round-bottom flask, finely powdered oxidiser UHP
(56.4 mg, 0.6 mmol; 94 mg, 1 mmol; 28.2 mg, 0.3 mmol; 125 mg,
1.3 mmol, see Tables 1-5) or SPC (63 mg, 0.4 mmol; 110 mg,
0.7 mmol; 141 mg, 0.9 mmol containing 20.4 mg, 0.6 mmol; 34 mg,
1 mmol; 44 mg, 1.3 mmol of active oxidant H,O,, respectively, see
Tables 1-4) was added. The reaction mixture was again vigorously
shaken to enable a good contact between reacting molecules.
Pulverization of solid compounds was made in a mortar prior
to their transfer to the 5S-mL round-bottom flask. Reactions were
carried out either at room temperature or at 45 °C for various times
(3-23 h, see Tables 1-5), followed by extraction of products with #-
BuOMe (20 mL). The organic phase was washed with an aqueous
solution of Na,S,0; (10%, 20 mL) to destroy unreacted iodine,
H,O (20 mL), dried over anhydrous Na,SO, and concentrated
in vacuo. The crude reaction mixtures were analysed by TLC,
'"H NMR and mass spectroscopy and products identified on
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the basis of comparison with their spectroscopic data with the
literature.¥*114118 Conversions and yields of iodinated products
obtained are listed in Tables 1-5.

Iodination of 1,3,5-trimethoxy benzene (7c¢). No solvent was
used during performance of the reaction and product isolation
in the case of iodination of 1,3,5-trimethoxy benzene (7¢) using
UHP as mediator of oxidation. Prior to the reaction performance,
substrate 7¢, iodine and UHP were separately finely triturated in a
mortar, after which each was transferred to a 5-mL round-bottom
flask, where the reaction was performed. To the finely powdered
substrate 7¢ (168 mg, 1 mmol), finely powdered iodine (127 mg,
0.5 mmol) was first added. Vigorous shaking was followed by the
addition of UHP (56.4 mg, 0.6 mmol), and more strong shaking
of the reaction mixture ensued. After 5 hours reaction at 45 °C,
an aqueous solution of Na,S,0; (10%, 30 mL) was poured into
the reaction mixture and the solution obtained was vigorously
stirred for an hour at room temperature. Following filtration
under reduced pressure, only 2-iodo-1,3,5-trimethoxy benzene (8c,
263 mg, 0.89 mmol) was present in the isolated mixture.

Addition of iodine to 1-octene (13a), phenylacetylene (15a) and 1-
phenyl-1-propyne (15b). Iodine was finely powdered in a mortar,
after which 254 mg (1 mmol) was transferred to a 5-mL round-
bottom flask containing the liquid substrate (1 mmol). The mixture
was strongly shaken and left to react at room temperature. After
5-6 hours products were extracted with --BuOMe (20 mL). The
organic phase was washed with an aqueous solution of Na,S,0;
(10%, 20 mL), H,O (20 mL), dried over anhydrous Na,SO, and
concentrated in vacuo. The crude reaction mixtures were analysed
by TLC, "H NMR and mass spectroscopy and products identified
on the basis of comparison of their spectroscopic data with
the literature.’® Yields of the iodinated products obtained are
depicted in Scheme 4.
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High throughput (HT) techniques are now extensively used for the synthesis of libraries of several
thousands of compounds. More recently, HT methods began to be applied to other areas, such as
physical organic chemistry. This has allowed for instance the development of tools for HT reaction
assessment, HT kinetic and thermodynamic measurements, and physicochemical property profiling,
using a broad set of analytical tools, ranging from mass spectrometry to image analysis based
techniques. This article provides an overview of recent HT physical organic chemistry techniques.

Special attention is given to the application of quantitative analytical constructs for HT monomer

reactivity profiling and HT evaluation of Hammett parameters.

Introduction

Physical organic chemistry has had a fundamental impact on the
way in which synthetic and mechanistic organic chemistry has
developed. Take for example the detailed studies carried out on
simple substitution chemistries in the mid 1930s, and it becomes
clear that physical organic chemistry has allowed direct correla-
tions to be established between the structure of organic molecules
and their reactivity.! It has provided a platform from which funda-
mental rules of chemistry have developed, supplying explanations
concerning molecular reactivity, and allowed detailed mechanistic
understanding to be gained. The establishment of linear free
energy relationships, based on the work of Hammett for instance,
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has provided an unequalled understanding of the reactivity of
organic compounds with the development of parameters such as
o and p, while analysis and understanding of isotope effects has
provided a range of subtle tools to probe reaction mechanisms.
However, physical organic chemistry has often been tarnished
(unfairly) with a “reputation” of tedium and repetition, with the
vision of days if not weeks spent hunched in front of a high
performance liquid chromatography (HPLC) system, analysing
single reactions. This can be contrasted with high-throughput
(HT) organic chemistry which has developed at a tremendous rate
over the past decade, allowing chemists to rapidly and efficiently
generate libraries of hundreds to thousands of compounds. As a
direct consequence of these advances in HT synthetic chemistry,
analytical chemistry tools have been developed to meet the chal-
lenges of being able to monitor the progress of large numbers of
reactions in situ, to determine the purity of these library members
and to enable automated purification and mass spectrometry (MS)
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Scheme 1  Use of a pseudo-racemate for HT stereoselectivity evaluation.

based characterisation. As a result of these factors, unparalleled
amounts of data are routinely being generated and larger monomer
sets than ever before are being used in an increasingly large
repertoire of chemistries. Clearly, these approaches open up a
raft of opportunities to the physical organic chemist, with the
accessibility of huge data collections, the ability to run much
larger reaction sets and the ready availability of automation. It
is also worth noting here the subtle boon provided by microwave
heating, which allows not only unprecedented and highly accurate
controlled heating of reactions, but, and importantly from a
physical organic chemistry view-point, reproducible and known
reaction times, temperatures and pressures in a manner normally
impossible with traditional heating methods in organic synthesis.?
This review will provide an overview of a number of approaches
that have been used to enable increased throughput in physical
organic chemistry, predominantly by the application of a number
of HT tools that allow rapid reaction assessment and analysis,
invigorating this whole process.

1 MS-based methods for HT reaction assessment

Since MS offers unrivalled speed of analysis and great sensitivity,
it is often the tool of choice for the HT analysis of complex
mixtures, and has seen application in areas ranging from the
analysis of peptides and proteins (for example proteomics and
serum profiling) to libraries of small organic compounds. In this
review we shall concentrate on methods that focus predominantly
on small molecules and that utilise, on the whole, soft ionisation
techniques, although other MS based methods are also applicable.

(a) Pseudo-enantiomers and pseudo-diastereomers

For compounds that show good MS ionisation, HT qualitative
reaction assessments can be made by the direct injection of
reaction mixtures. However, the technique has obvious limitations
for the analysis of compounds that have the same molecular
weight, such as enantiomers or diastereomers. This has led to
the introduction of the concept of pseudo-enantiomers which
solves this dilemma and allows MS methods to be used for HT
determination of enantiomeric excesses. The approach involves
“isotopic tagging” whereby one of the enantiomers of a compound
is synthesised or chemically modified to allow the incorporation
of an isotopic label (for example a CDj; replacing a CH; group).
This “tagged” enantionomer is then mixed in a 1 : 1 manner
with the unlabelled enantiomer. The two compounds are said
to be “pseudo-enantiomers”, since one of the two isomers is
“heavier” than the other thanks to the presence of the CD,
group: they form a racemic mixture whose analysis by electrospray
ionisation MS (ESI/MS) is now possible. The stereoselectivity of
a chemical transformation can thus be assessed by MS, provided
this transformation is not affected by the modified group. Pseudo-

diastereomers can be considered in the same way.* Using this
approach, Reetz et al. developed a HT screening method to
examine the enantioselectivity of a number of catalysts.* This
allowed, for example, the evaluation of 1000 enantiomeric excesses
(ee’s) a day for the lipase catalysed stereoselective esterification of
2-phenylpropionic acid, as shown in Scheme 1. This work also
demonstrated that the results obtained via the use of pseudo-
enantiomers compared very well to those obtained with other
techniques, proving that the labelling of one of the enantiomers
did not induce changes in reaction selectivity.

Guo et al. developed a related approach to allow the HT ee
determination of alcohols and amines.® Thus, the alcohols (or
amines) under investigation, R-OH and S-OH were coupled to a
pseudo-racemate of a carboxylic acid (R-COOH and S*-COOH).
The esterification of the various pairs of chiral reagents proceeded
with different speeds (each one of the pseudo-enantiomers reacted
preferentially with a given enantiomer of the alcohol, as shown
in Scheme 2), with ESI/MS analysis of the final mixture making
it possible to evaluate the ee of the starting mixture of alcohols
following Horeau and Nouaille’s work.?

*-COOH R-COOH

S*COOR R-OH R-COOR
kfastR’S I'(sIowR’IR

mass 1 + mass 2
*-COOH R-COOH

S§*C0O0S S-OH R-COOS

S,S SR

kfast kslow

Scheme 2 Use of a pseudo-racemate for HT ee evaluation.

(b) MS “Tagging”

To allow the most to be made of MS techniques, and apply
them to as broad a range of chemistries and compounds as
possible, especially those with poor ionisation abilities, a variety
of MS tagging strategies have been successfully applied. One
representative example of this is the work reported by Szewczyk
et al. and the development of a solution phase MS labelling method
for HT reaction evaluation and optimisation.® The method, as
described in Scheme 3, consists of a one pot acylation of a
library of pyridine based substrates la—d with 3,3-dimethylbut-
1-ene and carbon monoxide, in the presence of [Ru;(CO),,]. The
“tag”, composed of four arginine residues and an N-terminal
alkoxyamine (H,N-O-GlyArg,) was used to selectively label the
products of the reaction mixture (2a—c) by oxime formation with
any ketone functionality generated in the reaction. The “tag”
not only guaranteed the ionisation of the products 3a—c for MS
detection, but also dominated it, allowing quantitative conclusions
to be drawn from the integration of the MS peak areas, by
comparison to an internal reference (2-pyridinecarboxaldehyde
labelled with the (H,N-O-GlyArg,) tag). Furthermore, thanks to
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Scheme 3 MS tagging approach for HT reaction evaluation and optimisation (products 2a—c are prepared with varying levels of success and their relative

levels can be determined via ESI/MS following derivatisation).

the tag, only peaks corresponding to the products of the reaction
will be identified whereas unreacted reagents etc., are not ionised
or detected.

This approach allowed the rapid evaluation of large numbers of
substrates to define structure-reactivity relationships and reaction
compatibility of functional groups. One big asset of this method
is that it is applicable to virtually any reaction that generates a
carbonyl group, thus allowing tag attachment.

(c) Analytical constructs

In the area of solid phase synthesis, a number of tools have been
developed that have enhanced reaction analysis and those termed
“analytical constructs” are perhaps the best known (Fig. 1).
These “analytical constructs” incorporate features that allow
the rapid and reliable qualitative analysis of reactions by the
incorporation of a “MS sensitizer” tag, which guarantees uniform
MS ionisation and sometimes also a “mass splitter” for the rapid
identification of relevant peaks from the mass spectrum. These
analytical constructs have been used mainly to identify products
and monitor solid phase reactions,” but they have also proven
useful in other applications, such as functional group compatibility
studies,® and linker development.®*! Quantitative conclusions have
been achieved, either by the incorporation of an ultraviolet (UV)
chromophore into the construct, or using MS based quantitation,
which clearly enhances the power of the concept. Such quantitative
analytical constructs were developed on the basis of a quaternary
ammonium species as an MS sensitizer and ionisation leveller
and an aryl bromide as a peak splitter (see Fig. 1). Cleavage of
mixtures of compounds linked to the construct and their direct
positive ESI/MS (ESI+/MS) analysis afforded a set of peaks

Site for
Chemistry

(0]
HaoN \/\/ﬁ)LN/Ri"ko
H

% NH
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Fig. 1

whose intensities were proportional to the amount of product
in the mixture (Fig. 2).2
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Fig. 2 Top: MS trace (of a crude reaction mixture, single injection) and
bottom: monomer reactivity data obtained for the reaction described in
Scheme 4.
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Solid phase MS analytical construct (4) and its solution phase variant (5).
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(i) HT monomer reactivity profiling. Currently, one of the
bottlenecks of HT synthesis is the time and money wasted in
the elaboration of libraries where combinations of reactants
do not give the desired product in satisfactory yield and/or
purity. One way to prevent this would be to “scan” rapidly all
monomer combinations to determine if the desired compounds
will be generated efficiently before embarking on the production
of the complete library. However, it would be incredibly time
consuming to test the monomers one by one, and therefore
HT methods have been elaborated to achieve this. Quantitative
analytical constructs turned out to be an extremely efficient
means of evaluating the relative reactivity of a range of ten
carboxylic acids in the Ugi-4 component condensation (4CC),
with ESI+/MS as the sole analytical tool. To do so, the carboxylic
acids 6a—j were mixed and then reacted with the analytical
construct 4, hydrocinnamaldehyde 7 and cyclohexyl isonitrile 8,
to afford a mixture of a-acylamino amides 9a—j as shown in
Scheme 4.

Identification and quantification of the cleaved products 9a—j
was rapidly achieved thanks to the properties of the analytical
construct: quantification was made possible by the ionisation
levelling property of the construct, while the relevant peaks were
located in a “clean” region of the spectrum thanks to the added
mass of the construct and were easily identified due to the
bromine isotope pattern. Subsequent correlation of this data to
the corresponding monomers 6a—j allowed an assessment of their
relative reactivities (Fig. 2) with the most reactive carboxylic acid
being defined as 100% with the reactivity of the other building
blocks expressed in relation to this.

The mixtures of monomers 6a—j could be studied at various
concentrations to study the effect of relative building block
concentration on reactivity (Fig. 2). The approach was also
extremely efficient in terms of material, since the amount of each
monomer used was typically around 100 pg (a few mg for the
other components), while less than 2 mL of solvent were used per
experiment. Several building blocks turned out to be unreactive in
the Ugi-4CC, and would sensibly have to be taken out of the pool
of starting materials if the Ugi-4CC were to be used to generate
a library. Similar studies were undertaken with mixtures of ten
isonitriles and ten aldehydes, where variations in concentration
showed no remarkable change in reactivity profiles. The method
was also carried out using the solution phase analytical construct
5, allowing monomer reactivity profiling with just 0.1 eq. of each
carboxylic acid.

The relative reactivity profiling of building blocks for a given re-
action allows them to be gathered into groups of similar reactivity
to ensure good yields and purities when it comes to prepare the

(0] (o]
+ RH-{ + | +
OH
02508000 "
0.75 equiv. . :
each 5equiv. 5 equiv.
4 6asj 7 8

2. uw 120°C, 30 min

3. Filtration, washing

N
Hl@) 4. TFA/CH,CI/TIS
(90:5:5 viviv)

final library of a-acylamino amides. Moreover, the fact that only
the reactivity of the carboxylic acids happened to be concentration
dependent has mechanistic implications. Analysis of these results
from a broader perspective, suggests that the versatility of the
ESI+/MS analytical construct, makes them applicable to a broad
range of reactions, monomer rehearsal and reaction optimisation

(Fig. 1).

(ii) HT Hammett parameter assessment. As shown previ-
ously, ESI+/MS quantitative analytical constructs allow the
rapid investigation of relative reaction rates. In the case of
families of substrates ranking enables an evaluation of the effect
of substituents across the family. This principle was applied
to the competitive displacement of a pentafluorophenyl ester
functionality placed on the reactive site of the construct 4 (Fig. 1),
by reaction of an equimolar mixture of aniline and various
substituted anilines (meta or para). In such a case, the Hammett
equation applies: log (:—2) = po, and the relative reaction rates,
translated by the ratio of the amides generated, depend on the
intrinsic electronic effect of the substituent (¢ parameter) and
how these electronic effects are transmitted to the reaction centre
(p parameter). One “pot” combinatorial Hammett plots were
generated to allow assessment of the value of p for the reaction."
Having determined this value a HT method was designed to
successfully measure ’s on more than 30 para and meta anilines
(see Table 1), allowing rapid yet accurate assessment of o’s
for any substituent. This is particularly useful for values not
reported in the literature (custom-made groups and complicated
substituents incompatible with previous methods of evalua-
tion, etc.).

Table 1 Values of Hammett ¢ parameters determined for meta and para
substituents on anilines using the HT MS approach

Substituent  ¢,” lit."* o, exp.” o, it g, exp®

Me —0.17 —0.17 £0.01  —0.07 —0.04 £ 0.01
‘Bu —0.13 —0.13 £0.02 —0.10 —0.12 £ 0.02
Cl 0.19 0.19 £0.01 0.37 0.36 +0.01
1 0.27 0.27 £0.01 0.35 0.31 +£0.01
CF; 0.65 0.64 +0.01 0.43 0.40 4+ 0.01
OH —0.37 —0.37 £0.01 0.12 0.05 +0.01
OMe —0.26 —0.27 £0.01 0.12 0.07 +0.02
SMe 0.15 0.12 +0.01 0.15 0.12 +£0.01
NMe, —0.16 —0.13 £0.01 —0.16 —0.13 £ 0.01

Ph
o]}

Mixture of

9a-j

Scheme 4  Solid phase Ugi-4CC using the “analytical construct” resin 4 as the amine component.
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2 Image based methods for HT reaction kinetics and
thermodynamic assessment

(a) Thermographic imaging

Davies et al. reported a general method to allow HT kinetic mea-
surements of chemical reactions to be carried out by monitoring
the change in temperature of the reaction mixture by thermo-
graphic imaging of microtitre plates.'* Monitoring the temperature
changes in the reaction mixtures permitted thermodynamic data
to be obtained, in an effort to evaluate reaction enthalpies. The suc-
cess of the study was relative since the development of the method
required tedious modelling steps and the enthalpies obtained were
much less than values obtained via reaction calorimetry. In the case
of a calorimeter, heat losses to the environment are minimised
whereas performing the experiment in an open microtitre plate
leads to large and uncontrolled heat losses; however, this work
made it possible to afford a correct ranking of the enthalpies in
a HT manner and represents an important preliminary piece of
work towards HT reaction enthalpy determination.

In the same way infrared (IR) thermography was successfully
used as a HT screening method for looking at enantioselec-
tive reactions involving biocatalysts or chiral transition metal
catalysts.”” The work was based on the use of a modified microtitre
plate where reactions, such as the lipase catalysed enantioselective
acylation of I-phenylethanol (Scheme 5) were carried out and
temperature changes in the reaction wells monitored periodically
thanks to the presence of an IR camera. Enantioselectivity
was screened by performing the reaction in three separate wells
respectively containing rac-10, (S)-10 and (R)-10 and comparing
the temperature changes in the three wells, affording qualitative
selectivity data. Again, this work is a very important step towards
HT assessment of ee’s using IR thermography.

OH AT C?Ac OH
R — +
lipase
rac-10 1 (S)-10

Scheme 5 Enzymatic resolution of rac-10.

On bead IR thermographic imaging was used by Taylor and
Morken for the discovery of new polymer bound multifunctional
catalysts for acyl transfer reactions from acetic anhydride to
ethanol.”® After mixing the reagents and the catalysts, the hot
beads were picked and decoded (Fig. 3).

Among the 3150 catalysts that were screened, 23 beads were
selected and the activity of the catalysts was investigated. The
results obtained showed that, to a rough approximation, the HT
assay was representative of the catalytic efficiency, and that further
development of the technique might allow catalytic reaction
kinetics to be followed on bead. However there are important
issues with these experiments such as rates of energy transfer
and the need to have beads that float or reagents that are IR
transparent. As an alternative to IR thermography for catalytic
activity screening, Connolly and Sutherland used an array of
thermistors that allowed the monitoring of temperature changes
of chemical and biochemical reactions by direct immersion in
the reaction mixture.” Thanks to the 96-well plate format, the

Hot bead

Fig. 3 IR thermographic image of 14 visible hot beads in the presence of
several thousand noncatalyst beads (reproduced with permission).

technique is readily adaptable to problems requiring HT thermal
analysis, allowing increased accuracy, as well as measurements
to be carried out through non IR transparent materials. The
method could also be further developed to monitor other physical
parameters by replacing the array of thermistors by an array of
miniaturized probes, such as for pH, etc.

(b) Thin layer chromatography (TLC) based analysis

In the key area of the discovery of new catalysts where the
development of HT techniques is essential, colorimetric assays
occupy a significant position. Quantitative TLC based assays have
for example been developed by Garbacia et al. to perform HT
screening of the composition of reaction mixtures.”” By image
analysis (with calibration), they were able to deduce the degree of
reaction conversion from the intensity of the product spot, under
12 different reaction conditions (11 different metals or no metal).
The technique not only enabled monitoring of conversion but
also the qualitative assessment of the reaction mixture, making
it possible to identify the existence of unexpected products, or
reaction intermediates (see Fig. 4). The discovery of a new
ruthenium-based catalyst for the Sonogashira coupling was made
possible via this technique.

Conclusion

HT techniques have already demonstrated their power in enhanc-
ing synthetic processes, specifically in the development of new
chemical entities. This naturally has led to the development of
a wide portfolio of HT analytical tools and techniques many of
which can be applied to studies in physical organic chemistry. HT
reaction assessment has begun to be possible with the development
of quantitative analytical constructs, which have been shown to be
particularly powerful in allowing reaction conversion monitoring
and these have now been applied in various applications, such
as HT determination of enantiomeric excesses, HT monomer
reactivity profiling and HT assessment of Hammett parameters.
Those tools have shown much promise in terms of ease of
use, versatility and throughput, and other applications of these
constructs are expected in the near future. Other techniques also
offer paths into the area, ranging from sophisticated thermal
imaging to the use of simple, yet powerful quantitative parallel
TLC analysis. However, whatever tools are applied the conclusion
is clear, HT methods will fundamentally change the nature of
physical organic chemistry and will offer routes to data generation,
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Fig. 4 Image of a TLC plate showing the composition of reaction mixtures (desired product is III,) generated using different catalysts. Quantification
was obtained by image analysis of the region of interest (ROI) and calibration (reproduced with permission).

and tools to understand reactions and mechanisms in a manner
that will unshackle the field of physical organic chemistry.
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In aqueous acetonitrile containing a phosphate buffer, 4-methoxybenzenediazonium ion is reduced by
one or more of the partially aquated cations derived from tetrakis(acetonitrile)Cu(I) cation in this
medium. Investigation of the reaction mechanism indicates the rate determining step to be the
association of the diazonium ion with the hydrogenphosphate dianion to give an adduct which then
undergoes reduction by Cu(1). The reaction gives a range of products which have been identified and
quantified by GC. One of these, 4-methoxyphenol was unexpected in the reducing conditions; its
presence could be explained by the disproportionation of a 4-methoxyphenylcopper(ir) complex giving
bis(4-methoxyphenyl)copper(iil) which reacts with water to produce the phenol and an equivalent
amount of methoxybenzene. A scheme is proposed which accounts for all the observed products and
computer modelling gives a satisfactory description of the distributions of the five major products as
functions of the relative proportions of the reactants for dilute conditions and those where the
reductant is in excess. When the diazonium ion is in excess, the behaviour of the model and the
experimental reactant accountability suggest the occurrence of additional reactions which give products

unobserved by GC.

Introduction

It has long been known that Sandmeyer reactions may be
accompanied by the formation of characteristic by-products,
namely, azoarenes, biaryls and the reduction products of the initial
diazonium ions.* The substitution patterns of these substances
show that their respective Ar—N, Ar—Ar and Ar—H bonds replace

Department of Chemistry, University of York, Heslington, York, UK YO10
5DD

T Sandmeyer reactions. Part 9. For part § see ref. 1.

i Electronic supplementary information (ESI) available: Preparation and
characterisation of reaction media; kinetic measurements (figures); ni-
trogen evolution measurements; simulated product distributions; adap-
tation of the model for change of substituent character. See DOI:
10.1039/b615211b

§ Formerly at Great Lakes Fine Chemicals Limited, when at Halebank,
Widnes, UK WAS8 8NS.

ArN,*

the bond to the original diazonium group. It is believed that the
by-products arise by leakage of aryl radicals from the Sandmeyer
catalytic cycle® (Scheme 1) and that their formation involves, at
least in part, the mediation of organocopper intermediates.***
Thirty years ago, Cohen and co-workers® investigated the
reaction of 4-nitrobenzenediazonium tetrafluoroborate with
tetrakis(acetonitrile)copper(l) perchlorate in acetone. Lacking
transferable ligands on the copper, this reaction gives the characte-
ristic Sandmeyer by-products as its main products and Cohen and
co-workers found evidence for the involvement of organocopper
intermediates in the response of the product distribution to
variation in conditions. A mechanism based on their observations
and on contemporaneous work demonstrating the capture of alkyl
radicals by copper ions to form transient organocopper inter-
mediates,® was proposed for the formation of products. The
investigation was confined to the product-forming steps, no
attention being given to the initial rate-determining reduction.

ArX

By-products

Scheme 1
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We have provided evidence’ that the reduction steps of Sand-
meyer reactions are inner-sphere processes requiring bond forma-
tion between the B-nitrogen of the diazonium ion and a ligand on
the Cu(1) reductant. For the formation of such a bond, a lone-
pair is required on the ligand. The acetonitrile ligands on Cohen’s
reductant have no such lone-pair and we were interested to know
how reduction of diazonium ions occurs. Furthermore, in the time
intervening since the work of Cohen and his group, more kinetic
information has become available*'? regarding radical/copper ion
reactions and the possibility arises of testing the adequacy of
proposed reaction schemes by computer simulation. The purpose
of this paper is therefore twofold: to report an investigation into
the mechanism of reaction between 4-methoxybenzenediazonium
ion, 1, and tetrakis(acetonitrile)copper(1), 2, both cations as their
tetrafluoroborate salts and to interpret experimental product
distributions from this reaction in the light of simulation studies.

Results
(i) Choice of diazonium ion

The diazonium ion, 1, was chosen on account of several ad-
vantages conferred by its electron-donating substituent. Such
substitution suppresses the formation of diazoates in the neutral
and mildly basic aqueous media of our experiments'® and ensures
the diazonium ion does not undergo significant heterolysis at
298 K." Both of these processes would have potential for
complicating investigation of the homolytic reduction of interest.
Additionally, the choice of a weakly electrophilic diazonium ion
ensures that its reduction is comparatively slow which facilitates
simple spectrophotometric monitoring. It is known that the
relative yield of the binuclear products varies with the type of
substitution, azoarene being favoured over biaryl by electron-
donation and vice versa by electron-withdrawal.> The choice of
a substrate with an electron-donating substituent therefore allows
our study to complement rather than supplement the previous one.

(i) The reductant

The salt [Cu'(NCMe),]BF,, 2, is readily prepared’ and, being
stable in solutions containing MeCN, can be used conveniently
in kinetic studies where the use of Cu*,, would be difficult due
to its ready autoxidation and disproportionation. The standard
reduction potential [Cu(i1)/Cu(1)]of 2 in MeCN has been given as
0.98 V vs. SCE' (i.e. 1.224 V vs. NHE)" exceeding the threshold
of ~1 V above which reductants fail to reduce diazonium ions."
Consistently, spectrophotometrically we observed no perceptible
reaction at 298 K when 1 (7.5 x 10~ mol dm~) was treated with
a 20-fold excess of 2 in MeCN. For their study using acetone as
solvent, Cohen and co-workers® had found it necessary to include
a low percentage of water in order to observe reduction of 4-
nitrobenzenediazonium ion which is more electrophilic than 1.
Although crystallising from MeCN with four MeCN ligands,*
in aqueous MeCN the copper() cation exists in forms having
fewer such ligands, [Cu'(NCMe),(OH,)y_,]*, (n, 1-3).* These
complexes are expected to exhibit reduction potentials falling
between that of 2 (1.224 V vs. NHE) and that of the Cu**,,/Cu*,,
couple (0.159 V vs. NHE)* and hence to be better reductants than
2 itself.? Also, the water ligands possess lone pairs which might

bridge to diazonium ions; nevertheless, spectrophotometrically
we found no perceptible reaction at 298 K when 1 (7.5 x
10~° mol dm~) was treated with a 20-fold excess of 2 in 50% v/v
aqueous MeCN. There was, however, a slow, incomplete evolution
of nitrogen (14% of the theoretical yield in 15 min) when 1 and 2,
both 0.01 mol dm—, were reacted at 298 K in the same solvent.

(iii) The reaction medium

In the above gasometric experiment, the pH of the solvent
mixture fell from 7.3 to 4.0 over the duration of the experiment.
Previously,” we had found that the kinetic behaviour of the
Sandmeyer cyanation of 1 became amenable to measurement when
carried out in a 50% v/v mixture of acetonitrile with a pH 7
aqueous buffer. The reaction of 1 with 2 in this medium was there-
fore investigated. At both spectrophotometric and gasometric
concentrations the reaction was found to proceed smoothly. At the
latter, higher, concentration, the solution acquired a deep orange
colour due to the formation of 4,4'-dimethoxyazobenzene and a
pale blue precipitate also formed which we treat as CuHPO, (see
below). At spectrophotometric concentrations of the reactants, no
perceptible colouration developed and there was no precipitation
during the course of the reaction. (In some instances an onset of
turbidity was noticeable at the end of reaction and, on prolonged
standing, precipitation occurred.) The dilution of aqueous buffer
solutions with MeCN results in a significant endotherm and an
associated contraction in the volume of solution. For kinetic
measurements it is therefore necessary to premix and thermally
equilibrate solvents before initiation of reaction by means which
produce negligible additional perturbation.

The pH values measured for mixtures of aqueous buffers with
acetonitrile are higher than those measured for the buffers alone.
For the determination of pH and buffer ratios in aqueous MeCN
media, we have relied on data published by Barbosa and co-
workers.** The key parameters we have used and which are
interpolated from their results are given in Table 1. [Details of
buffer preparation and characterisation are given in ESL.}] In
the interest of clarity we distinguish pH values, concentrations
of buffer components and other properties in aqueous MeCN
from those in purely aqueous buffers by subscripting the volume
percentage ‘V’ of MeCN, or ‘aq’ as appropriate.

(iv) Dependence of reaction rate on buffer concentration

In either MeCN alone or in mixtures of MeCN with phos-
phate buffers (pH,, 6-7.5), 1 absorbs at A,, 312 nm; log
(¢/dm> mol™') = 3.39 in aqueous MeCN, B, = [total
phosphate]s, = 0.025 mol dm—3, pHy, = 7.99. In the presence of an
excess of 2, which does not absorb significantly at this wavelength,
the absorbance decays in a pseudo-first order manner and is readily
monitored spectrophotometrically (ESI, Fig. S1%).

Pseudo-first order rate constants k., (see Table 2) were
measured for several different initial concentrations of 2 and
different concentrations of phosphate buffer in 50% v/v aqueous
MeCN. The linearity of plots of k., as a function of the initial
concentration of 2 shows the reaction to be of first order in Cu(1)
and the separate plots for the different concentrations of buffer
of the same pH,, implicate one or more buffer components in
the reaction also (ESI, Fig. S2). At a given pH, the total buffer
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Table 1

Interpolated properties at 298 K of aqueous acetonitrile mixtures and derived solutions®

Percentage v/v MeCN
Property V: 0 20 30 50 Ref.
Density, py/g cm™ 0.9971 0.9688 0.9511 0.9060 24a
Debye-Hiickel coefficient, 4, /(mol kg=")'"* 0.5103 0.5699 0.6167 0.7523 24a,b
Relative permittivity, &,y 78.36 71.80 67.83 58.76 24a,b
Viscosity, 10°7/kg m=" s~! 8.903 9.754 9.615 8.347 25
Autoprotolysis, pK,,v 14.00 14.45 14.74 15.48 24a,b
H,PO,, pK.y 7.20 7.65 7.87 8.35 24c
Standard buffers 24d.e
pHsy(phthalate)® 4.00 4.54 4.85 5.45
pHsv(phosphate)® 6.86 7.36 7.55 7.73
pHgy(borate)? 9.18 9.87 10.23 10.96

“See ESI for details of interpolation. ® Potassium hydrogenphthalate, 0.05 mol kg~'. ¢ KH,PO, and Na,HPO,, each 0.025 mol kg~'. 4 Na,B,0;-10H,0,

0.01 mol kg~".

Table 2 Observed pseudo-first order rate constants (10°k,,,/s™")” for the reduction of 4-methoxybenzenediazonium ion® by tetrakis(acetonitrile)copper(1)

in 50% aqueous acetonitrile phosphate buffers

Buffer
Bs“: 0.005¢ 0.0125¢ 0.025¢ 0.0375¢ 0.05¢ 0.05
10%[2];;/mol dm—3¢ pHsp#: 8.15 8.10 7.99 7.95 7.92 6.92
3.726 2.22+0.24 4.024+0.10 5.20 +0.31
5.982 11.61 £1.05
7.505 3.14+0.25 6.61 +£0.42 10.69 + 0.46 14.34 +£0.82
8.960 17.49 4+ 0.89
10.41 20.67 £ 0.97
11.20 4.69 4+ 0.50 10.45 + 1.80 17.27 4+ 0.66 21.14 +£0.13
14.89 6.22 £+ 0.40 13.68 &+ 1.74 23.72 +1.80 30.93 £0.54 1.98 £+ 0.06
18.56 0.45 4+ 0.07 7.35+0.73 17.78 +£1.20 30.35 £ 1.13 38.86 £ 2.50 2.66 £ 0.09
22.22 0.60 £ 0.01 8.82 +0.40 35.16 +£1.27 3.08 +£0.07
2593 0.77 £0.01 3.57+£0.03
29.56 4.01 +£0.05

« Uncertainties are the standard deviations of the sets of measurements of each rate constant. ® Cuvette concentration = 7.5 x 107> mol dm~3. ¢ Cuvette
concentrations. ¢ Molar concentration of buffer salt in 50% aqueous acetonitrile. * Nominal pH,, 7./ Nominal pH,, 6. ¢ Measured pH for 50% aqueous

acetonitrile buffer.

concentration, By, can be expressed as a function of either relevant

anion via the buffer ratio, rys:

Bs, = {[H,PO,"]5, + [HPO,* ]50}

= (1 + rpso)[HPO,* ]sp = (1 + 15, )[H,PO, 5

a particular ion is hence not directly identifiable. However, the
fact that the values of k., are smaller when determined in buffer
Bs, = 0.05 mol dm~3, pHs, = 6.92 than those determined in buffer

Bs, = 0.05 mol dm~, pHy, = 7.92, suggests HPO,>~ may have
the dominant role (c¢f. Table 2, columns 6 and 7). Plots of kg,
versus [HPO,*" ]y, are linear (ESI, Fig. S3), the linearity indicating
a first order dependence on this species also; this choice of buffer
component will be justified more fully later [section (vi)]. Table 3
collects the second order rate constants ks, and kyp, measured
as the gradients of the plots of k., versus the initial concentrations
of 2 and the hydrogenphosphate dianion, respectively.

Table 3 Collected second order rate constants for the reduction of 4-methoxybenzenediazonium ion by tetrakis(acetonitrile)copper(1) in 50% v/v

aqueous MeCN buffers with derived third order constants

Entry Bs,/mol dm~* [HPO,>~]/mol dm—3¢ Kacwy/dm?® mol =" s~ Entry 10%[2];;,/mol dm~3 ey /dm’ mol ™' s7'¢
1 0.005 0.00193 0.44 £+ 0.04" 7 3.726 0.48 £ 0.05

2 0.0125 0.00450 3.81 £0.35 8 7.505 1.22 +0.11

3 0.025 0.00760 10.31 £ 0.84 9 11.20 1.82 +0.58

4 0.0375 0.01068 17.10 £ 1.02 10 14.89 2.51+0.48

5 0.05 0.01354 2229 +£1.29 11 18.56 3.204+0.43

6 0.05 0.00179 1.354+0.22 12 22.22 3.79 +0.38/

kspy = (1835 4 250) dm® mol 2 s~

kscw = (1792 £ 65) dm® mol 2 s

“The uncertainties are the 95% confidence intervals except where otherwise indicated. ® Total concentration of buffer salt in 50% v/v aqueous MeCN.
¢ Concentrations calculated as Bs,/(1 + rgsy) where rgs, is the buffer ratio calculated from pK s, (see Table 1) and the measured pHj, (see header to Table 2).
4 Gradients of kg, versus [2],; plots (Fig. 2). ¢ Gradients of k., versus [HPO,*] plots (Fig. 3).” Uncertainty given as 10% of value.
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Self-consistent third order rate constants are found when &y, 18
plotted as a function of [HPO,*"]5, or kyp, is plotted as a function
of [2]i: the former gives kyp, = (1835 £ 248) dm® mol? s
whereas the latter gives kyc,, = (1792 + 65) dm® mol > s™' whence
a mean third order constant for reaction in 50% aqueous MeCN
of kysp) = (1.81 £ 0.13) x 10° dm® mol > s7".

(v) Dependence of reaction rate on ionic strength

A series of aqueous buffer solutions of nominal pH,, 7 (B,, =
0.075 mol dm~) was prepared in which the ionic strength was
increased from the intrinsic value by addition of KNO,;. On
dilution with MeCN (50% v/v), the ionic strengths were corrected
for the volume change, for the associated decrease in solvent
density (see Table 1) and for the effect of the medium change
on the buffer ratio indicated by the increase in measured pH. The
mean pHjy, value of 7.85 was used to obtain a single buffer ratio
rgso = 3.162 [i.e. antilog (pK,sy — pHs) = antilog (8.35 — 7.85)]
for the latter correction to ionic strength. Pseudo-first order rate
constants for reductions at 298 K of 1 (7.5 x 10~° mol dm~?) by
2 (1.489 x 107* mol dm~?), measured in the buffer solutions so
prepared, are given in Table 4.

Assuming the Debye-Hiickel limiting law for the definition
of activity coefficients, the rate constant, k, of a simple reaction
between ionic reactants is related to ionic strength, 7, by eqn (1)
where k° is the rate constant when the activity coefficients are 1, z;

and z; are the charges of the reacting ions and the Debye—Hiickel
coefficient 4 is characteristic of the solvent® (Ay values for
aqueous MeCN media are given in Table 1).

log k =log k° + 2A4z;z/1 1)

Log k4, was found to vary linearly with (Z5,/mol kg=")""?, the gra-
dient of the graph, i.e. 245z;z;, being —(3.086 % 0.244) where the
uncertainty is the 95% confidence interval (ESI, Fig. S4f). Taking
Aso/(mol kg2 = 0.7523 (Table 1), it follows from the negative
gradient that z;z; = —(2.05 £ 0.16) and hence that z; and z; must
have opposite signs.”” The rate determining step of the reaction
therefore cannot involve reaction of 1 with other cations such as
[Cu'(NCMe),(OH,)y _»]*, (n, 1-3) or with neutral species such
as [Cu'OH(NCMe),(OH,); _ ], (1, 1-3); it must involve a doubly
charged ion and a singly, oppositely charged ion, evidently HPO,*~
and either 1 or one or more of [Cu'(NCMe),(OH,)y _,], (n, 1-3).

(vi) Apparent dependence of reaction rate upon pH at constant
ionic strength

Rate constants for the reduction of 1 (7.5 x 10~° mol dm™) by 2
(1.489 x 10~* mol dm~?) were measured in a series of experiments
where the buffer pH was varied at constant ionic strength [see
Experimental (iv)]. As with the buffers at intrinsic ionic strength,
when diluted with MeCN the pH values measured for these buffers
(pHs) were increased. The results are given in Table 5.

Table 4 Variation with ionic strength of pseudo-first order rate constants (k) for the reduction of 4-methoxybenzenediazonium ion by

tetrakis(acetonitrile)copper(1) in 50% aqueous acetonitrile phosphate buffers

[KNO;]/mol dm=3* I,,/mol dm—* pHs¢ I5,/mol kg='4 107k /57"
0.00 0.162" 7.95 0.061 2.3740.18
0.02 0.182 7.90 0.072 1.94 £+ 0.05
0.04 0.202 7.87 0.083 1.72 4+ 0.10
0.06 0.222 7.83 0.094 1.56 £ 0.06
0.08 0.242 7.82 0.105 1.32+0.03
0.10 0.262 7.79 0.116 1.19 4+ 0.04
0.12 0.282 7.76 0.127 1.08 +0.01

“ Concentration added to aqueous buffer, B,, = 0.075 mol dm~, pH 7.00. ® Ionic strength of pH 7 aqueous buffer. < pH measured for buffer in 50%
aqueous MeCN (Bs, = 0.0375 mol dm™) shows a small variation with ionic strength; the mean value 7.85 was used to calculate a single buffer ratio
rso = 3.162. “Tonic strength of buffer in 50% v/v aqueous MeCN corrected for dilution, change in buffer ratio and solvent density change. ¢ Each value
is the average of at least three determinations in which 1 (7.5 x 10~° mol dm~) was reduced by 2 (1.489 x 10~* mol dm) at 298 K; the uncertainty is the
standard deviation of the set of measurements of each rate constant./ Intrinsic value.

Table 5 Variation with pH at constant ionic strength® of the pseudo-first order rate constants (k) for the reduction of 4-methoxybenzenediazonium
ion by tetrakis(acetonitrile)copper(1) in 50% aqueous acetonitrile phosphate buffer

pH.,* 10°Bsy/moldm=¢  pHs?  rps¢ 10°[H,PO, ]sp/mol dm=" 10’ [HPO,* ]5,/mol dm=  10°[OH ]5,/moldm™3¢  10%k,/s~'"
6.00(6.07)  6.623 6.95 25.119  6.369 2.536 2.95 3.67+0.10
6.25(6.31)  4.167 7.09 18.197  3.949 2.170 4.07 4.03 £0.09
6.50(6.54)  2.778 7.35 10.000  2.525 2.525 7.41 4.33+0.11
6.75(6.76)  2.000 7.63 5.248 1.680 3.201 14.12 5.06 +0.12
7.00(7.01) 1.562 7.92 2.692  1.139 4.233 27.54 5.59 +0.18
7.25(7.28) 1.316 8.18 1.479  0.785 5.308 50.12 6.97 +0.05
7.50(7.53) 1.178 8.43 0.832  0.535 6.430 89.13 8.23 +0.50

“The ionic strength, 7,,, of each of the initial aqueous buffers was adjusted to 0.2 mol dm* with KNO;; twofold dilution with MeCN modifies the
buffer ratio with the result that 75, lies in the narrow range 0.089 + 0.005 mol dm—. ®* Nominal value (measured value). ¢ Total buffer salt concentration
([KH,PO,] + [K,HPO,)]) in 50% aqueous MeCN [see Experimental (iv)]. ¢ Values measured for 50% aqueous MeCN buffers. ¢ Buffer ratios of 50%
aqueous MeCN buffers calculated as ry50 = antilog (pK,s) — pHs) (see Table 1)./ Tonic concentrations in 50% aqueous MeCN buffers calculated from B,
and rgs. ¢ Ionic concentrations in 50% aqueous MeCN buffers calculated as [OH]5, = antilog (pHs, — pK.,s5) (see Table 1). ” Each value is the average
of at least three determinations in which 1 (7.5 x 10~° mol dm~*) was reduced by 2 (1.489 x 10~* mol dm~®); the uncertainty is the standard deviation of
the set of measurements of each rate constant.
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For each aqueous buffer, the total concentration, B,,, of the
buffering ions ((H,PO,],, + [HPO,*"],,) was known. The individ-
ual concentrations of these ions in the 50% aqueous MeCN buffer
were obtained as Bs,/(1 + rgso") and By, /(1 + rgs), respectively,
where Bs, = 0.5B,, and rys is the buffer ratio calculated as antilog
(pK.so — PHs), pK,s being 8.35 (see Table 1). Table 5 also
includes values of [OH ], calculated as antilog (pK,,s0 — pHso)
with pK,,s0 = 15.48 (see Table 1). The dependence of k,,, upon
the concentrations of basic species was then explored by multiple
linear regression [eqn (2)].

Kons = Koy [HaPO, " 1sg + koo [HPO,* Isp + Kooy [OH 15 + € (2)

Both [H,PO, )5, and [OH"]5, proved to be statistically insignifi-
cant, eqn (2) reducing to eqn (3):

Ko, = (1.017 £ 0.202)[HPO,* ]
+(0.0016 £ 0.0008) 1> = 0.9716 )

where the uncertainties on kypy, and C are the 95% confidence
intervals.

The pH-dependence of reaction rate is thus merely apparent,
arising not from actual dependence on [H*] (or [OH"]) but from
the variation in [HPO,>"]s, characteristic of the different buffers.
The intercept of eqn (3) indicates the occurrence of reaction when
there is no HPO,?~ present. Since eqn (3) shows the reaction to
be independent of H,PO,~ (despite this being the buffering anion
in the larger concentration) the intercept must be due to the low
concentration of HPO,?" that arises via protolytic equilibrium with
H,PO,". This is confirmed by the data of Table 6 that reports the
variation in k,,, measured on solutions of KH,PO, in 50% aqueous
MeCN at constant ionic strength (0.1 mol dm~) in the absence
of added HPO,?~. When these rate constants are plotted against
[H,PO, )5, the resultant graph has a gradient (0.0017 £ 0.0007)
similar to the intercept of eqn (3), and no significant intercept itself.
As the pHj, values of the solutions used for these measurements
were constant at 5.57 within experimental error, the derived buffer
ratio of 602.6 [i.e. antilog (8.35 — 5.57)] allows the equilibrium
concentrations of HPO,>~ arising from ionisation of H,PO,~ to
be evaluated. When k., is plotted as a function of such [HPO,* s,
(see Fig. 1, inset) the resultant graph has gradient (1.018 4 0.403)
(i.e. kypy/dm® mol™' s7') in agreement with that of eqn (3) but
without significant intercept. Combination of the two sets of data
obtained at constant ionic strength (Fig. 1) permits the evaluation

0 —Tr rTr T 1T 11 "1 T 1
-1 0 1 2 3 4 5 6 7 8
10HPO? ],

Fig. 1 Variation of k., with [HPO,* ]5,. Open circles: data for added
HPO,*; closed circle and inset: data for HPO,* derived protolytically
from H,PO, .

of kypy, with greater precision than from either set alone: kypy =
(1.02 £ 0.13) dm’® mol~' s7'.

The results of this section thus confirm that HPO,*" is the sole
kinetically active buffer component in the pH-range examined.
The fact that the value of ke, found here is less than that of
(2.51 £ 0.48) dm* mol~' s~! given in (iv) (see Table 3, entry 10) for
the same initial values of [1] and [2] is due to the difference in ionic
strength between the two cases: 0.09 mol dm~3 here as compared
to the intrinsic value of 0.04 mol dm in (iv); a lower reaction rate
at higher ionic strength is expected from the results in (v).

(vii) Dependence of reaction rate upon solvent composition

A limited set of experiments was performed in which the effect
on reaction rate of variation in the proportions of MeCN to
aqueous buffer was examined. Table 7 reports pseudo-first order
rate constants k., and second order constants, kyc,y (derived
from the variation of k., with [2],,) for two solvents obtained by
diluting an aqueous buffer (B,, = 0.05 mol dm™*) to the extents
of 20% and 30% by volume, respectively, with MeCN; also given
for comparison are the corresponding results for 50% dilution (cf.
Table 2, column 4 and Table 3, entry 3).

As the effect on k., of variation in buffer concentration for each
of the new solvent mixtures has not been investigated, we cannot
derive either values of k@, or values of third order constants as was

Table 6 Variation with concentration of dihydrogenphosphate at constant ionic strength® of the pseudo-first order rate constant for the reduction of

4-methoxybenzenediazonium ion by tetrakis(acetonitrile)copper(1)

B,,/mol dm™* [KNO;],,/mol dm™* [H,PO,]5,/mol dm—3¢ 10*[HPO,* ]5,/mol dm—3¢ 10%k g, /8714
0.20 0.00 0.0998 1.657 1.654+0.12
0.18 0.02 0.0899 1.491 1.55+0.12
0.15 0.05 0.0749 1.243 1.10 4+ 0.08
0.12 0.08 0.0599 0.994 1.00 +0.07
0.10 0.10 0.0499 0.828 0.83 + 0.06

“The ionic strength, I,,, of the initial aqueous solutions of KH,PO, was adjusted to 0.20 mol dm~ with KNO;; I, values were 0.10 mol dm™>.

3

 Concentration of aqueous KH,PO,. ¢ Calculated from B, (i.e. 0.5B,,) and rys, = 602.56 [i.e. antilog (8.35 — 5.57)], see text. ¢ Each value is the mean of
duplicate determinations in which 1 (7.5 x 10~° mol dm~?) was reduced by 2 (1.489 x 10~ mol dm™—); the uncertainty is an arbitrary 7.5% of the value.
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Table 7 Observed pseudo-first order rate constants (10°k,,,/s™') and derived second order and quasi-third order constants® for the reduction of 4-
methoxybenzenediazonium ion® by tetrakis(acetonitrile)copper(1) in buffers of varied solvent composition

Buffer

V4 20%

By:¢ 0.04 mol dm™

30% 50%

0.035 mol dm™? 0.025 mol dm™3

7.76 7.99

10*[2];,;,/mol dm—3¢ pHy/7.53

3.726 5.10 £ 0.49 3.154+0.36 2224024

7.505 10.18 + 0.84 6.01 +0.41 6.61 +0.42
11.20 14.87 £ 0.53 9.18 £0.90 10.45 + 1.80
14.89 19.74 £ 1.02 12.73 £0.72 13.68 £ 1.74
18.56 25.82 +2.15 16.62 + 0.85 17.78 £ 1.20
Ky /dm?® mol ™' 7' 13.75 £ 1.09 9.08 £ 1.10 10.31 +£0.84
l3vy/dm® mol = s7": 807 £+ 64 594 £ 72 1357 £ 111#

“ Uncertainties in k,, are the standard deviations of the set of measurements of each rate constant; uncertainties in kyc,yv and /5y, are 95% confidence
intervals. * Cuvette concentration 7.5 x 107> mol dm™. ¢ Cuvette concentrations. ¢ Percentage v/v of MeCN in buffer. ¢ Total concentration of phosphate
buffering salt. ” Measured pH values. ¢ Cf. the true third order constant, kys, = (1.81 & 0.13) x 10° dm® mol~? s7".

done for the 50% aqueous MeCN mixture. However, quasi-third
order constants, /5y, may be calculated by division of the second
order constants kyc,y in Table 7 by [HPO,* ]y, calculated via the
buffer ratios from the values of By, pHy (see header to Table 7)
and pK,y (Table 1), appropriate to the particular solvent mixture.?®
It may be seen that whereas kycupo > Kacwso > Kacupo, allowance
for the differences in [HPO,* ]y results in the order /35 > 300, >
l330); neither the second order constant nor the quasi-third order
constant decreases smoothly with the amount of MeCN in the
mixed solvent. Several factors are relevant here: the pHy of the
aqueous acetonitrile buffers does not vary linearly with the mole-
fraction of MeCN (unlike pK,y and pK,y)** with the result
that, for the three solvent compositions examined, the difference
between pK,y and pHy, and hence the buffer ratio, is least when
V is 30%. This affects the relative values calculated for [HPO,*"].
Additionally, the viscosity 75, of 50% v/v aqueous MeCN (8.347 x
10~ kg m~' s7') is less than 73, and 759 (9.754 x 10~ and 9.615 x
10*kgm~'s™!, respectively, see Table 1), the binary solvent mixture
exhibiting a maximum in viscosity at ca. 20% v/v MeCN.* The
relative permittivities, ¢y, of the different solvent mixtures also
differ (see Table 1) which is, no doubt, also significant for reactions
between ionic species. We suggest it is the interplay of these several
factors that determines the irregular ordering found for kjcyy
and /yy,.

Using stability constants from the literature,® the concentra-
tions of the complexes [Cu'(NCMe),(OH,),_,,]* (n, 1-3) present
in each of the different solvent mixtures may be calculated
for the range of [2] employed. The relative proportions of the
complexes having » 3 and 2 are 91.1 : 8.8, 86.0 : 13.8 and
80.2 : 19.4, respectively, for ¥ = 50, 30 and 20%. The complex
[Cu'(NCMe)(OH,),]" is negligible in all three solvents amounting
to less than 0.5% of total Cu(1) in all cases. For a particular
percentage of MeCN, the relative proportions of the different
complexes are invariant in the concentration ranges of Cu(r)
employed; it is therefore impossible to extract rate constants for
individual complexes; indeed, in each solvent mixture, the values
of k. are correlated by the concentrations of any single complex
with a squared correlation coefficient * > 0.995. Any potential
differences in the reactivities of individual complexes thus cannot
be discerned in the irregular ordering of kyc,yv and /yy,.

(viii) Gasometric experiments

As already indicated, the reaction of interest may be monitored
gasometrically.” In order to generate a volume of N, sufficient
for measurement, the concentration of 1 under these conditions
must necessarily be greater than when the reaction is monitored
spectrophotometrically (0.01 mol dm~ compared with 7.5 x
10~ mol dm~?) and convenient rates are obtained when the
concentrations of 1 and 2 are similar. Experiments were run
in which 1 was reduced in aqueous MeCN buffer (By, =
0.025 mol dm™) by 2 in three different conditions of initial
concentration, ([2]/[1])uwu, respectively: 0.02/0.01, 0.01/0.01 and
0.01/0.02. For each set of conditions, volumes of evolved N,, v,,
were measured at 10 s intervals and converted to the percentage,
Oy of the theoretically available millimolar volume at SATP
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Fig.2 a Variation with time of the volume percentage, Q,, of N, at SATP
evolved on reduction of 1 by 2 in a phosphate buffer in 50% aqueous
MeCN (Bs, = 0.025 mol dm™3; [1] = [2] = 0.01 mol dm~®). b Plots of Q,
and Qs versus Qy; for Q,, By, = 0.025 mol dm~3, [1] = 0.01 mol dm~ and
[2] = 0.02 mol dm~?; for Qy 5, Bsy = 0.025 mol dm~3, [1] = 0.01 mol dm~*
and [2] = 0.005 mol dm—3.
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(Ve =24.79 cm?; 2v,, for [1]=0.02 mol dm?). Fig. 2ais a plot of O,
versus time; the curve is fitted by a first order expression [eqn (4)].

0, = (57.28 £ 2.20){1 — exp[—102
x (1.064 £ 0.144)} — (4.52 £ 3.19) B> = 0.9996  (4)

The spectrophotometric experiments have indicated the reaction
to be of third order overall (first order in each of [1], [2] and
[HPO,*]), thus second order behaviour would be expected for
experiments carried out in a particular buffer. Fig. 2b shows
the plots of Q, and Qs versus Q,; the linearity of these plots
demonstrates that, at the higher reactant concentrations required
for the gasometric experiments, the order with respect to Cu(1) falls
to zero, the rate of evolution of N, being independent of [2] when
this is varied by a factor of two on either side of equality with that
of the diazonium ion. The mean value of the observed gasometric
rate constant, k,.,”, obtained from six runs (each of the three
initial conditions in duplicate) was (1.024 +0.114) x 1072 s~' where
the uncertainty is twice the standard error on the mean (see ESI
Tables S2(i) and S2(ii)}). An experiment was also run for [1] =[2] =
0.01 mol dm™ but in buffer: By, = 0.081 mol dm~ (see Discussion).

(ix) The product distribution

Product distribution data were obtained for three overlapping sub-
sets of initial reactant concentrations: (a) [1]y = 0.01 mol dm=3,
variable [2]: (b) [2].i = 0.0577 mol dm™, variable [1],;
(¢) M]we = 0.08 mol dm™, variable [2],,. The reactions of
1 with 2 in these various concentrations were carried out in
50 cm?® volumes of 50% aqueous MeCN buffered by phosphate,
Bs, = 0.081 mol dm~3, pHy, = 7.92 [see Experimental (vi)]. The
reaction products methoxybenzene, 3; 4,4'-dimethoxybiphenyl,
4; 4,4-dimethoxy-azobenzene, 5; 4-methoxyphenol, 6; 2-(4-
methoxyphenyl)ethanonitrile, 7; 4-methoxybenzonitrile, 8; and
2,4- and 3.4-dimethoxybiphenyl, 9 and 10, respectively, were
identified by comparison of their mass spectra and reten-
tion times with those of authentic substances; trace amounts of
4-methoxyphenylethanone, 11, were also occasionally observed.

OMe

N OMe
3 4 5
MEOQOH MeO—@—\ MeOAQ‘:N
W
N
6 7 8

OMe MeO
Me
5Oy O Crom mo O
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9 10

11

Products 3-5 are the expected ‘Sandmeyer by-products’ (see
Introduction). Although phenols are known by-products of
Sandmeyer reactions under hot synthetic conditions in which a
reactant diazonium ion might undergo a degree of heterolysis, 6
was unexpected in this case since one of the reasons for choosing
1 as the substrate for investigation was on account of its thermal

stability at 298 K over the duration of experiment." Nor was the
production of 6 via the trapping of 4-methoxyphenyl radicals by
Cu? a likely route'” as, initially, none of the latter is present and
much of that formed in the reaction is precipitated as a phosphate
salt. The nitriles 7 and 8 clearly must arise from the use of solvent
containing MeCN.

Since the stoichiometry of the overall reaction of 1 with 2
to give the above products is unknown, it may be uncertain
as to which particular reactant is yield-determining; theoretical
percentage yields therefore cannot be found reliably. However, the
composition of the mixture of organic products can be related to
the fraction of the initial amount of 1 which is accountable as
products, i.e. [E(n x m,)]/mp, where m, is the amount (mol) of
an analysed product, n is the number of aromatic rings (1 or 2)
that it contains and mp, is the initial amount of the diazonium
ion, 1, taken. The chromatograph was calibrated for quantitative
analysis of 3-10 using authentic substances with dibenzofuran as
internal standard. The chromatographic peak areas of products
were converted into mol, m2,, by use of the internal standard: m, =
F.(A,/A,)m; where A, and A are, respectively, the peak areas
of analyte and internal standard, m; is the amount of the latter
used (I x 10~* mol) and F, is the appropriate response factor
determined by prior calibration.

The amounts so obtained were converted into normalised
percentage (%oy) yields via eqn (5):

P%y = [100(n x m,)/mp,)/{[Z(n x m,))/mp, }
= 100(n x m,)/[Z(n x m,)] (5)

The composition of the product mixture is thus expressed in
percentages of that amount of initial 1 which is accountable as
observed products, due regard being taken of the number of
molecules of 1 required for the formation of a molecule of each
particular product. The normalised percentage distributions of the
5 main products are presented in Table 8 (see ESI, Table S3 for
minor products 8, 9 and 10 alsoi).

In all conditions, the ‘Sandmeyer by-products’ 3-5 are the
main constituents of the product mixture with the azoarene
5 predominating over the biaryl 4 as expected for a reactant
diazonium ion bearing an electron-donating substituent.> The
unexpected phenol 6 exhibits a somewhat variable occurrence
but, in general, resembles 4 in quantity and distribution. By
comparison, the nitrile 7 though occurring in each subset is
relatively minor. The benzonitrile, 8, does not occur significantly in
subset (a). The asymmetrical biaryls 9 and 10 are very minor and
their occurrence is limited to conditions in which [1] is relatively
high but the ratio ([2]/[1]),; is low; whenever they occur, the yield
of the 3,4'-isomer exceeds that of the 2,4'-isomer.

Synthetically useful hydrodediazoniation reactions normally
involve homolysis of the diazonium ion, often induced by Cu(1),
to produce an aryl radical which then abstracts a hydrogen atom
from a suitable donor.*® Such a process occurring adventitiously
as a side-reaction during Sandmeyer procedures, especially those
which employ mixed solvents, could account for the occurrence of
the reduction product ArH as a by-product. However, reduction
products are reported as by-products in Pschorr cyclisations
(which lack the efficiently transferred Cu-halide/cyanide ligands
of Sandmeyer reactions) in aqueous conditions and in the
absence of homolytic H-donors.** This suggests that ArH might
also arise from the protonolysis of organocopper intermediates.
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Table 8 Normalised percentage distribution of main reaction products*

Entry (1217 [1])inic Acc Dz* AnH, 3 An-An, 4 AnN=NAn, 5 AnOH, 6 AnCH,CN, 7
Subset (a): [1],yi» 0.01 mol dm~3
1 0.193 4.94 29.78 0.00 70.22 0.00 0.00
2 0.371 11.68 60.49 4.46 33.56 0.00 1.50
3 0.922 48.85 46.85 6.73 26.53 8.40 6.08
4 1.872 78.02 22.13 8.78 54.29 13.31 1.49
5 5.925 91.54 9.83 7.86 73.21 8.71 0.40
6 9.248 93.31 4.90 3.95 86.14 5.01 0.00
Subset (b): [2)i, 0.0577 mol dm~?
7 0.577 32.81 40.91 16.25 20.56 13.22 2.06
8 0.722 37.24 48.77 14.44 19.50 9.14 0.89
9 1.435 76.79 40.74 13.10 30.19 9.74 0.73
5 5.925 91.54 9.83 7.86 73.21 8.71 0.40
10 12.13 94.12 3.46 4.05 86.10 6.39 0.00
Subset (¢): 1], 0.08 mol dm™*
11 0.024 1.71 26.88 9.86 60.97 0.00 0.00
12 0.048 3.57 36.74 10.52 36.89 0.00 3.58
13 0.120 9.93 41.76 13.24 24.40 0.00 12.3
8 0.722 37.24 48.77 14.44 19.5 9.14 0.89

“ An is 4-methoxyphenyl. * Percentage accountability of 1, as products, i.e. 100 x [E(n x m,)]/mp, (see text).

Table 9 The extent of isotopic labelling of 4-methoxybenzene, 3, formed
in phosphate-buffered 50% v/v MeCN in D,O for various initial concen-
trations of reactants

Entry  [1]/moldm™  [2],/moldm=  ([2]/[1])im A/ Ap*®
1 0.0107 0.0039 0.364 15.5

2 0.0097 0.0096 0.990 2.85

3 0.0102 0.0577 5.657 0.85

4 0.0786 0.0577 0.734 0.41

“Ratio of integrated mass spectral peak areas at m/z = 108 and 109, the
latter being corrected for content of *C, 7O and *H at natural abundance.

In order to test this possibility, experiments were carried out
using a phosphate buffer made up in 50% v/v MeCN in D,0O
(Bsy = 0.08 mol dm~®) in the expectation that 3 formed by H-
abstraction would not be isotopically labelled whereas that formed
by deuteronolysis of any organocopper intermediates would be so
labelled. From the extent of labelling, an indication of the degree
to which, in aqueous MeCN, H-abstraction and protonolysis
pathways contribute to the yield of 3 might be inferred. The results
are given in Table 9. An isotope effect is clearly evident which shows
that, according to conditions, either unlabelled or labelled 3 can
predominate.

Discussion
(i) The rate-determining step

The spectrophotometric kinetic measurements described above
[Results (iv), (vi)] have shown that when the reduction of 4-
methoxybenzenediazonium ion, 1, by the complexes derived from
[Cu'(NCMe),]*, 2, in phosphate-buffered 50% v/v aqueous MeCN
is monitored by the disappearance of 1, the reaction is of third
order overall, being of first order in each of [1], [2] and [HPO,*"].
By contrast, the gasometric experiments which monitored the
evolution of N, during the reduction [Results (viii)] exhibited no
dependence on [2].

In general, if reactants X and Y associate reversibly (with &, and
k_,, respectively, as forward and backward rate constants) to form
an adduct, A, which then reacts with reactant Z (with rate constant
k.) to give a product, P, a routine application of the steady state
approximation to A gives eqn (6) for the rate of disappearance of
X or appearance of P:

—d[X]/dt = d[P)/dt = k,k[XYNZ)/ (k_, + k.[Z]) (6)
In the instance that k,[Z] < k_,, eqn (6) approximates to eqn (7):
—d[X]/dt = d[P]/dt = (k.k./k_,) [X][Y][Z] (7)

i.e. third order behaviour is observed for the disappearance of
X. If, however, k_, < k.[Z], eqn (6) approximates to eqn (8) in
which the reaction shows no dependence on Z and £, is identified
as the overall rate-determining rate constant.

—d[X]/dt = d[P)/dt = k,[X][Y] 8)

Allowing that each molecule of X which reacts in the rate-
determining step gives rise to a molecule of P, then [X], = [P].
where [X], is the initial concentration of X and [P]., is the final
concentration of P, eqn (8) may be recast as eqn (9) if [Y] is
effectively constant:

d[P}/dr = k.([P].. — [PD[Y] = k.([Pl. —[P]) ©)

Separation of variables and integration followed by rearrangement
gives eqn (10):

[P] =[Pl.{1 — exp(—k,'1)} (10)

These general circumstances correspond to our observations if X
is identified with 1, Z with 2, Y with HPO,*>~ and P with N,. The
inference that the rate-determining step involves the addition of
HPO,* to 1 is consistent with the finding [Results (v)] that the
product of the charges of the ions reacting in the rate-determining
step, ziz;, is —2. Eqn (10) has the same algebraic form as eqn (4),
the extra term in the latter arising in the non-linear curve-fitting
from uncertainty in the experimental onset of reaction due to the
time required for the mixing of reactants and the generation of
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sufficient N, for response of the gas-cell. In eqn (4) the yield of N,
is quoted as a percentage of the maximum theoretically possible
rather than as a concentration as in eqn (10). However, since
the unit of measurement of quantity is immaterial for a first order
reaction, k,,,® in eqn (4) can be identified with k,” in eqn (10). The
latter was defined as k,[Y], i.e. k,[HPO,>"]. In these experiments the
total buffer concentration, Bs,, was 0.025 mol dm~* hence [HPO,*"]
was 7.6 x 10~ mol dm~?; the gasometric rate-determining second
order rate constant, k., is therefore given by k, = (1.024 +0.114) x
102s7'/7.60 x 10~ mol dm~ = (1.4 £ 0.15) dm’® mol~' s7'.

The finding that Q,, is evaluated at 57.3% and not 100%
(within an experimental error of ~10%3?) occurs because our
observations are not, in reality, made on a system where the
decrease in [1] depends simply on its participation in the rate-
determining step. There are rapid steps that follow upon the rate-
determining step and which result in the removal of 1 from the
system without loss of N,, as evidenced by the formation of the
azobenzene, 5. Reduction of 1 results in the formation of the
4-methoxyphenyl radical; however, in the relatively concentrated
conditions of the gasometric experiments the probability of this
radical reacting with 1 or 2 (reactions leading to 5, vide infra)
is greater than under the dilute spectrophotometric conditions
where H-abstraction from MeCN is more likely. For the complex
system under investigation, therefore, a true value of the ratio
k./k_, cannot be inferred from the value of the third order rate
constant determined spectrophotometrically and the second order
constant k, evaluated gasometrically.

(ii) Mechanism of reduction

The direct reduction of 1 by 2, or derived -cations
[Cu'(NCMe),(OH,)y _ ", (n, 1-3), is evidently prevented by a
combination of adverse reduction potentials and the coulombic
repulsion between cationic reactants. However, the addition of
HPO,>~ to 1 will produce a mono-anionic adduct (A~) and,
though this hard phosphate-derived anion is not expected to be
a strong ligand for a soft Cu(1) cation, it should, on account of
coulombic attraction, be able to displace a neutral water ligand
from a hydrated ion derived from 2 hence bridging the diazonium
and metal centres in an overall neutral precursor complex or
transition state (T) (Scheme 2). The formation of the adduct
A~ changes the geometry of the CNN moiety from linear in the
ion* to a bent configuration as in the radical** and so assists in
overcoming the high inner-sphere reorganisation energy-barrier

,?‘n
.N
_ H™ SN
An-N*=N | | c 10
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to electron transfer.* Speculatively, in Scheme 2, a frans-addition
of HPO,*  to 1 is shown, resembling that of ascorbate;* [in the
Scheme and henceforth, An = 4-methoxyphenyl (anisyl)]. The
hydrogen-bond to N, possible as a result of trans-addition should
stabilise enthalpically the formation of A~ and may facilitate the
orientation of orbitals necessary for electron transfer by limiting
the torsional freedom of T. We suggest an electron transfer via
the o-framework in T on account of the contracted nature of the
d-orbitals on copper.

(iii) Mechanisms of product formation

Reactions of 4-methoxyphenyl radical, An°, with organic
molecules. Likely pathways to several observed products can be
inferred from the elementary reactions expected of An*. One such
reaction is H-abstraction from MeCN in the mixed solvent to give
3 (and NCCHy,"); rate constants for H-abstraction from MeCN by
other aryl radicals are known and will serve as useful references
in the simulation to follow.’”*® A second type of anticipated
elementary reaction is addition to unsaturated molecules. Radicals
can add to diazonium ions either at Ny or at unsubstituted
ring positions.*** The addition of An* to N; of 1 produces the
cation radical of 4,4'-dimethoxyazobenzene which, on reduction
by Cu(1) would give 5; rate constants are known for additions
of aryl radicals to diazonium functions.**' Addition of An" at
ring-positions 2 and 3 of 1 affords routes to both observed
minor asymmetrical biaryls 9 and 10 (Scheme 3). The diazonio-
cyclohexadienyl radicals 12 and 13 resulting from such addition
require no oxidant for aromatisation. Both may be deprotonated to
give biaryldiazenyl radicals which would rapidly lose N, producing
biaryl radicals; these would then abstract hydrogen from MeCN
to give 9 and 10 with concomitant NCCH,". The predominance of
10 over 9 is consistent with the fact that ring-substituents of —-M
character activate adjacent positions to homolytic arylation better
than +M substituents:** the directing influence of —N,* on An’ in
its attack on 1 thus outweighs that of -OMe.

Addition of An® to MeCN provides a route to the observed
minor product AnCN, 8.

An® + MeCN — An(Me)C=N" — 8 + Me*

If these reactions were to be reversible, the equilibria would be
expected to lie to the right on account of the gain in conjugation.
The trace product 4-methoxyphenylethanone, 11, also derives
from the intermediate iminyl radical:

An(Me)C=N" + MeCN — An(Me)C=NH + NCCH,"

An(Me)C=NH + H,0 — 11 + NH;

Reactions of organocopper intermediates. Aliphatic radicals
are well known to react rapidly with Cu*,, to produce Cu(lr)
adducts®*'? and the same is expected for An’ reacting with the
cations arising from 2 in aqueous MeCN:*

An’ + [Cu'(NCMe),(OH,)_,»]* — (Cu"An)*,, + ntMeCN

It is likely that MeCN ligands on Cu* will be lost on the change
in oxidation state but that ligation by water will be retained.
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Behaviour similar to that of An" is expected for NCCH,":

NCCH," + [Cu'(NCMe),(OH,),_,]*
— (Cu"CH,CN)*,, + ntMeCN

(Cu"An)*,, and (Cu"CH,CN)*,, are thus the expected primary
organocopper intermediates. Aliphatic organocopper(i) species
are known to undergo protonolysis in water.®=!* However, if these
primary intermediates are to enter into other reactions which
lead to observed products, their protonolyses must be slow in
comparison with their other reactions. Inspection of entries 3—10
of Table 8 shows that as ([2]/[1])i; 1S increased the normalised
percentage yield of the azoarene, 5, increases at the expense of
all other products. Since the formation of (Cu"An)*,, competes
with the formation of 5 via addition of An" to 1, the yield of 5 by
this latter route will decrease as [2]/[1];, 1s increased. There must
therefore exist an additional route to 5 that involves (Cu"An)*,,.

Symmetrical biaryls constitute a major Sandmeyer by-product
(see Introduction). Their formation by the combination of aryl
radicals can be excluded immediately as aryl radicals are highly
reactive species which are too rapidly consumed in reactions with
abundant non-radical species for there to be significant probability
of such radical-radical encounter. Organocopper intermediates
are thought to be involved: Cohen and co-workers® suggested
Cu(1m1) and Cu(1m) intermediates in a sequence terminating in the
reductive elimination of biaryl from the latter:

Ar* + Cu(l) — (Cu"Ar)*
Ar + (Cu"Ar)" — (Cu™Ar,)*

(Cu"Ar,)* — Ar-Ar + Cu(1)

Meyerstein and co-workers' have observed that the decomposi-
tion of (Cu"Me)* follows a second order rate law to give ethane:
2(Cu"Me)* — C,Hg + 2Cu*, and other aliphatic organocopper(i1)
species behave similarly. Furthermore, it is known that Cu**,, and
certain Cu(1r) complexes oxidise CN~ to give cyanogen, NC-CN,
in a process which is also of second order in Cu(1), the reductive

elimination of cyanogen from a binuclear intermediate being rate-
determining.*

2Cu* + 6CN- = [Cu',(CN) -

[Cu's(CN) ™ — NC-CN + 2[Cu'(CN),]-

In the light of these observations and leaving aside for the moment
detail of the specific mechanism, a self-reaction of (Cu"An)*,, is
tentatively suggested as a route to 4.4

2(Cu"An)*,, — 4 + 2Cu(1)

On this assumption, the fact that the yield of 5 increases at
the expense of that of 4 as ([2]/[1]),; is increased indicates that
the reaction producing 5 depletes the availability of (Cu"An)*,,.
Reduction of (Cu"An)*,, provides an explanation:

(Cu"An)*,, + [Cu!(NCMe),(OH,),_,]*
— (Cu'An) + Cu*,, + nMeCN (11)

(Cu'An) + 1 + nMeCN — 5 + [Cu/(NCMe),(OH.)4_,J*

Net reaction: (Cu"An)*,, + 1 — 5 + Cu*,,

Essentially, complexes derived from 2 catalyse the addition of
(Cu"An)*,, to 1 by converting it into the more strongly nucle-
ophilic (Cu'An). The state of ligation of (Cu'An) is uncertain;
(Cu'Ph) has been reported to be highly sensitive to moisture but
to be stabilised against protonolysis on ligation by pyridine.* Lig-
ation of (Cu'An) by MeCN could afford comparable stabilisation
and hence facilitate its reaction with 1.

For the production of 4-methoxyphenol, 6, we have excluded
both the thermolysis of 1 and the hydrolysis of (Cu™An)* formed
by simple addition of An® to Cu*" [Results (ix)].*” Nevertheless,
an alternative involvement of Cu(iir) is needed as the precursor
to 6 since both organocopper(1)* and organocopper(i)' species
undergo protonolysis not hydrolysis on reaction with water. First,

688 | Org. Biomol. Chem., 2007, 5, 679-698

This journal is © The Royal Society of Chemistry 2007





@

L

MeOO\
OH

OMe

+ o+
Cu'yq

Scheme 4

we considered a caged reaction in which the MeCN and HPO,>~
liberated on fragmentation of T (see Scheme 2) are ignored:

A+ Cu()) > T — |AnN," + Cu* g | ruee s
— [N, + An" + Cu™ | e » = Ny + (Cu™An)™

(Cu"An)* + H,0 — 6 + H* + Cu()

Assuming the rapid hydrolysis of (Cu™An)*, this hypothesis
requires that the ratio of 6 to the combined non-phenolic products
should depend on k,44/ (ke + ko) Where k,qq is the rate constant
for caged addition of An® to Cu*,, (in cage 2) and k., and k.
are the rate constants for the escape of AnN," and An* radicals
from their respective solvent cages; all three constants are of first
order. Hence the prediction of the hypothesis is that the normalised
percentage yield of 6 should be essentially constant irrespective of
the conditions of experiment. Table 8 shows that this is not the
case: as ([2]/[1])u; 18 increased, in subset (a) the normalised yield of
6 increases from zero to a maximum and then decreases; in subset
(b) it starts at a high value and declines; in subset (c) only entry
8 cites any 6. Formation of 6 via a caged reaction must therefore
be rejected. (Since Cu** was precipitated as a phosphate salt in the
product-study experiments, it is possible that the ions Cu** and
HPO,> would pair in cage 1 on their formation by electron transfer
in T and thereby obviate reaction of An® with Cu?* in cage 2.)

In subsets (a) and (b) the trends in the yield of 6 are similar to
those of 4 so we considered self-reactions of (AnCu")* that might
give rise to organocopper (1) species and thence 6.

Simple disproportionation: 2(Cu"An)*,, — (Cu™An)** + (Cu'An)

(CuAn)* + H,O — 6 + Cu* + H*

Disproportionation with aryl transfer: 2(Cu" An)*,,
— (Cu"An,)" + Cu* (Cu"An,)" + H,O — 6 + (Cu'An) + H*

The complex (Cu™An)** is the congener of those formed on
addition of aryl radicals to Cu*,,' whereas (Cu™An,)* is the
analogue of those proposed by Cohen?® to arise from the addition of
aryl radicals to (Cu"Ar)*. The two disproportionation sequences
have the same net result:

2(Cu"An)*,, + H,O — 6 + (Cu'An) + Cu* + H* (12)

Although not reported for aliphatic systems, disproportionation
does not seem an unreasonable suggestion as (Cu"An)* is an odd-
electron species. In modelling the product distribution, we opted
for disproportionation with aryl transfer for two reasons. First, it
permits the reductive elimination of 4 from the mononuclear com-
plex (Cu™An,)* as suggested by Cohen and co-workers,® although
our immediate precursors to (Cu™An,)* differ from theirs. The
more important second reason stems from the fact that hydrolysis

of the Cu(in) intermediate, with or without aryl transfer, also
produces an amount of (Cu'An) equal to that of 6 [reaction (12)]. If
thisis added to the (Cu'An) produced in reaction (11) the simulated
distribution of 5 is not satisfactory for ([2]/[1])i < 2 in subset (a).
[Modelling of subset (a) where [1] is low and the experimental
data set largest was addressed before that of the other subsets;
see below.] A satisfactory simulation of the distribution of 5 is
possible, however, if the (Cu'An) arising from disproportionation
undergoes protonolysis rather than addition to 1. As there is no
obvious way of distinguishing two (Cu'Ar) species with different
reactivities, the difficulty is circumvented by adopting a concerted
hydrolysis and protonolysis of the two An ligands of (Cu"An,)*
without involvement of free (Cu'An) (Scheme 4):

(Cu"An,)* + H,O0 - 6 + 3+ Cu*

Support for this tentative suggestion is the report'? (based on
measurements of activation volumes) that the hydrolysis of
Cu"-C bonds occurs by nucleophilic attack of a solvent water
molecule at C whereas the protonolysis of a Cu"~C bond occurs
via a four-centred transition state comprising the Cu and C atoms
together with the O and one H atom of a cis-aqua ligand. It
is tempting to speculate further and suggest that (Cu™An,)*,
being a d* complex, is square-planar and exists in cis- and
trans-forms as carbon ligands occupy a relatively high position
in the spectrochemical series.*® Reductive elimination of 4 could
then occur from the former whilst the concerted reaction could
occur in the latter as shown in Scheme 4.

By analogy with the self-reactions of (Cu"An)*,, suggested
above, organocopper(Il) species might also arise from the reaction
of both primary organocopper(il) complexes and give observed
products:

Ligand transfer: (Cu"An)*,, + (Cu"CH,CN)*,,
— {Cu™An(CH,CN)}* + Cu*

Reductive elimination: {Cu™An(CH,CN)}* — 7 + Cu*

Concerted hydrolysis & protonolysis: {Cu™An(CH,CN)}* + H,O
— 6 + MeCN + Cu*

and {Cu"An(CH,CN)}* + H,O
— 3+ NCCH,0H + Cu*

(iv) Computer simulation of the product distribution

Limitations of the model. The modelling program available,
Simula,® is limited to 30 species and 30 reactions. As such it is
inadequate for the simultaneous modelling of reactions to give all
eight reaction products 3-10 if alternative pathways to individual
products are to be distinguished and different potential inter-
mediates specified. The simulation to be presented there-
fore excludes the minor asymmetrical biaryls 9 and 10 and
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4-methoxybenzonitrile, 8; comment will be made later on these
exclusions. Various schemes were found which reproduced general
trends in the product distributions reported in Table 8 but that
presented in Scheme 5, though not a rigorously optimised fit of
the data, was the most satisfactory. The reactions of Scheme 5
will be explained and discussed in this section. Reaction numbers
cited here, without parenthesis, are specific to the Scheme and do
not relate to earlier numbering. Initially, the loss of HPO,* by
precipitation of the Cu** salt was not considered but this aspect
was introduced in a second stage.

Allocation of rate constants. Rate constants were assigned
to reactions in the Scheme in three ways: by comparison with
precedents when possible; others were assigned sufficiently large
arbitrary values when not crucial, and the remainder were found
by trial and error.

Reactions 1 and 2 concern the phosphate-buffered 50% v/v
aqueous MeCN solvent. The pK, of H,PO,” in this medium,
pK.s, is 8.35 (Table 1), hence K, = 4.5 x 107°. Assuming
for the protonation of HPO,>~ a rate constant of k., = 1 x
10" dm?® mol~' s, the value of 4.5 x 10%> s~! for k, follows from the
value of K,. Similarly, the autoprotolysis constant for the mixed
solvent pK,,s is 15.48 (Table 1) whence 1/K,5 = 3.0 x 10".
Assuming a rate constant of k&, = 3 x 10" dm® mol™! s! for
proton transfer from H;O* to OH™ results ink_, = 1.0 x 10~* s~
The precedent for the assumed rate constants of the order of 10"
is that for proton transfer from H;O* to OH™ in water (1.4 x
10" dm® mol™! s7!).° Unit activity for water is implicit in the
definition of the pK values used here (its formal concentration in
the mixed solvent was 27.7 mol dm?).

Since the reactant concentrations in the study of the product
distribution were comparable to those of the gasometric exper-
iments, k; was set as 1.4 dm® mol™"' s7! [¢f. k, in (i) above]; k_;
was set arbitrarily as 10 s' ensuring the equilibrium forming the
adduct A~ lies to the left, and so consistent with the presence of
phosphate having negligible effect on the UV spectrum of AnN,*
(i.e. 1) in solution. The reduction step, reaction 4 was assigned a
rate constant, k, = 1.8 x 10° dm® mol™' s™'. Since a magnitude
for k,/k_; could not be inferred from the kinetic measurements
[¢f: k./k_, in (i) above], variations in the relative magnitudes of k_;
and k, were explored and assessed for their effects on the simulated
evolution of N, in comparison with that observed experimentally;
the stated values are those which gave the best outcome (see below).
Scheme 5 excludes the species T shown in Scheme 2 but this is
unimportant if it is formed and fragmented irreversibly. The rate
constant for the fragmentation of AnN,", ks, was setat 1 x 10°s™".
Becker and co-workers®! found a value of 1.5 x 10° s~! for this
reaction in 50% v/v aqueous --BuOH. Again, since the radical is
formed and fragmented irreversibly, the value used is immaterial
provided it is sufficiently large.

Reactions 6-9 concern the key reactions of An" produced by
fragmentation of AnN,". Previously, by using the 2-benzoylphenyl
radical as a radical clock, we have measured a rate constant of
1.2 x 10° dm® mol~' s™' for the abstraction of hydrogen by an
aryl radical from MeCN in water,”” a value in good agreement
with that of Scaiano and Stewart® (1.0 x 10° dm® mol™' s7')
for H-abstraction by phenyl radical from MeCN in Freon. Since,
in H-abstraction, phenyl radicals exhibit slightly electrophilic
character,” in Scheme 5 we have assigned An® an H-abstraction

rate constant, kg, of 5 x 10* dm® mol~' s™! as the electron-donating
4-MeO substituent is expected to reduce its electrophilicity
somewhat relative to these comparators. The concentration of
MeCN in the 50% v/v aqueous solvent (9.57 mol dm~) was used
with this second order constant. The product AnH (i.e. 3) formed
in reaction 6 is labelled (/) to distinguish it from that formed by
protonolysis of organocopper intermediates (see below).

In reaction 7, the ambiphilic An" radical reacts nucleophilically
on addition to the electron-deficient Nj; of AnN,*;** one precedent
for this reaction is the addition of 4-methylphenyl radical, 4-
MePh, to 4-MeCsH,N,* for which Packer and co-workers*?”
measured a rate constant of 2 x 10° dm® mol™' s7'; another
precedent is provided by Minisci and co-workers* who inferred
a rate constant ~10° dm’* mol™" s~' for the addition of 4-CIPh*
to 4-CIC(H,N,*; we accordingly ascribe k; a value of 3.0 x
10" dm® mol™! s7! to reflect the relatively greater nucleophilic
character of An" in comparison to 4-MePh* and 4-CIPh". Reaction
71is shown as reversible: Bargon and Seifert* proposed reversibility
of the addition of Ph to PhN,* to explain scrambling of "N
labelling in the latter and various CIDNP phenomena but, in the
light of their pulse radiolysis studies, Packer and co-workers*
limited the rate constant for the dissociation of the radical cation
of 4,4-dimethylazobenzene to <10 s'. There is uncertainty as
to whether the azobenzene radical cation itself exists in a c- or
n-state in fluid solution.*® The electron-donating substitution in
AnN=NAn*" would stabilise it as a cation in either case, especially
a conjugated m-state; accordingly, we set k_; to 1 s7'. Tt is envisaged
that AnN=NAn"** will be reduced irreversibly to AnN=NAn (i.e.
5) by Cu(1); setting kg to 3.5 x 10° dm’® mol™' s! ensures that
residual AnN=NAn*" is normally negligible at the completion of
reaction (but see later). AnN=NAn formed by reaction 8 is labelled
(1) to distinguish it from that derived via the organocopper route
(see below).

Methyl radical, Me", reacts with Cu*,, to produce (Cu"Me)*
at a rate approaching the diffusion-controlled limit (k = 3.5 x
10° dm® mol~!' s7!).""» The change from Cu(1) to Cu(i1) imputes
electrophilic character to the radical in this process. The gas phase
phenyl radical, Ph*®, has a higher electron affinity than Me*®
(1.096 eV compared to 0.080 eV)* hence aryl radicals such as An°
would be expected to react in solution with Cu*,, at, or close to,
the diffusion-controlled limit. In the system under investigation,
however, the Cu* is stabilised by up to three MeCN ligands which
are expected significantly to increase the reduction potential from
that of Cu**,,/Cu*,, [see Results (ii)];** such an increase will cause
a lowering in the expected reaction rate relative to Cu*,,. We
therefore assign to ky a value of 7.5 x 10* dm® mol™', reflecting
this reasoning. From the kinetic behaviour of their system, Cohen
and co-workers?® inferred the addition of 4-nitrophenyl radical, 4-
O,NPh’, to 2 in moist acetone to be reversible. We allowed this
possibility for reaction 9 and arbitrarily assigned k., = 5 s7'.
Reaction 10 is that between Cu(l) and NCCH,* produced in
reaction 6; following similar reasoning to that made for reaction
9, we assign kj, a value of 5 x 10® dm® mol~', somewhat lower
than the value of 2.8 x 10° dm?® mol~!' found for the electronically
comparable HO,CCH," reacting with Cu*,,.""* Since addition of
alkyl radicals to Cu*,, is not reversible in the absence of other
factors such as stabilisation of the radical by an a-hydroxyl group’
or conjugation®” or hindering multidentate ligation of the metal,'*
reaction 10 has not been made reversible.
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Reaction Reactants” Products” Rate constant”

1 H,PO, ===  HPO,/ +H;0" ke 4.5x10
ki 1.0x10"
2 H,0'+OH == H,0 ky  3.0x10"
ko, 1.0x10"
3¢ AnN," + HPO,> =—= A ks 1.4
ki 1.0x10
4 A +Cu"  __ o AnNy +Cu’ +HPO,/ k2 1.8x10°
5 AnN> o An+N, ks 1.0x10°
6 An-+MeCN  ____  AnH(l) + NCCHy ke 5.0x10"
7 An-+AnN,” === AnN=NAn" k, 3.0x10
ks, 1.0
8 AnN=NAn"+Cu" __,  AnN=NAn(l) + Cu*’ ks 3.5x10°
9 An-+Cu’ == (Cu"An)' ke 7.5x10°
ko 5.0
10 NCCH, +Cu” __,  (Cu'CH,CN) ko 5.0x10°
11 (Cu"An)' +Cu”  ___  (Cu'An)+Cu* ki 2.0x10
12 (Cu'An) + AnN,” ____  AnN=NAn(2) + Cu’ ki, 1.0x10°
13 (Cu"An)" +(Cu"An)" ___  (Cu"An) +Cu’ ks 5.0x10°
14 (CuAn)" o 44-Am+Cu’ ki 6.0 x 10
15 (Cu™Any) " +H,0  __,  AnOH(I)+AnH?2a)+Cu" ks  5.0x 10
16 (Cu"An) + (Cu"CH,CN)" ____  {Cu™An(CH,CN)}" + Cu" ki 5.0x10°
17 {Cu™An(CH,CN)}* ____  AnCH,CN + Cu’ ks 1.0x10°
18 {Cu"An(CH,CN)}"+H,0 __ o AnH(2b)+NCCH,OH+Cu" ks 2.5x10'
19 {Cu"An(CH,CN)}'+H,0 __ . AnOH(2) + MeCN + Cu’ kio 2.5 10
20 (Cu"An)" +H,0O —=  AnH(2¢) + OH +Cu*' ko 1.0x107
21 (Cu"CH,CN)" +H,0 ____  MeCN+OH +Cu* by 6.0x107°
22 Cu’' +HPO,>® === CuHPO, kyn  2.0x10
ko 1.0x10"

“ An = 4-methoxyphenyl; Cu’ = a cation [CuI(NCMe)n(OHz)(4_,7)]+, (n=1-3), derived from 2; solvent-
derived ligands are not indicated for organocopper complexes.

® Units as appropriate to the molecularity of reaction.

“ A", see Scheme 2 for structure; when reaction 22 is included, it is immaterial whether the inorganic product
is expressed as Cu’" + HPO,* or CuHPO,.

Scheme 5
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Reactions 11-21 are those proposed for organocopper interme-
diates; where water is a reactant (in the sense of supplying OH~
to carbon in hydrolysis or H* in protonolysis), its concentration
in the mixed solvent (27.7 mol dm~?) was used (as for MeCN
mentioned previously) and the ascribed constants are therefore of
second order. The organocopper-mediated route to AnN=NAn
(i.e. 5) is represented by reactions 11 and 12. The value assigned
to k,;, found by trial and error, is crucial since it, together with
k;, determines the distribution of the major product. AnNN=NAn
derived by the organocopper route is labelled (2). The value
given to ki, is sufficiently high to ensure that residual (Cu'An)
is negligible at the end of the simulation.

Some of the remaining reactions are grouped to simplify the
allocation of rate constants. Reactions 13 and 16 which both give
rise to Cu(1n) intermediates are assigned rate constants of the
same value. The phenol-yielding hydrolyses, reactions 15 and 19,
are given rate constants differing by a factor of two as reaction
15 has a statistical advantage of this magnitude. Reaction 18
is allocated the same rate constant as reaction 19 as they are
alternative hydrolyses of {Cu™An(CH,CN)}* and there is no
basis on which to discriminate between them; furthermore, it also
ensures that the model gives 6 and organocopper(1i1)-derived 3 in
equal amounts. Reaction 18 generates an end-product, methanal
cyanhydrin, which is not actually observed; it, or its dissociation
products, CH,=0 and HCN, would be expected to be retained in
the aqueous phase in pre-analysis work-up. Reaction 20 formally
allows protonolysis of (Cu" An)* but the constant assigned ensures
the reaction is of negligible importance, producing <0.2%, of
products. There would be leeway within the model to increase
ko by decreasing or eliminating k4; reactions 18 and 20 both give
protonolysis-derived 3 in amounts which are minor in comparison
to that from reaction 15 [see ESI, Tables S4(i)-S4(iii)}].

The model was developed in two stages: first, without reaction
22 which represents the withdrawal of the catalytic HPO,*~ by
formation of a salt with the Cu®* produced in the overall reaction;
in the second stage, reaction 22 was included but without alteration
of the first-stage rate constants. The magnitudes of the rate
constants assigned to reaction 22 are arbitrary but their relative
sizes are based on a published equilibrium constant for aqueous
conditions:

Cu* + HPO,” = CuHPO, log K =3.27at25°C,[,, =0.1.%*

Only the equilibrium pairing of the two ions is considered, no
attempt being made to model crystal nucleation and precipitation
proper though, in reality, the latter must reduce the availability of
CuHPO, for the reverse of reaction 22. Reaction 22 is the only
reaction in Scheme 5 according a reactant role to Cu®*.

The Scheme is necessarily an oversimplification, for example
in omitting the species T of Scheme 2 as previously mentioned
and not addressing /ow the ligand transfers of reactions 13 and
16 occur. Presumably, they could occur via transient binuclear
complexes with bridging An (or An and NCCH,) groups. Indeed,
the reductive elimination of 4 and 7 could conceivably occur
directly from such complexes in a manner similar to the case of
cyanogen* but mononuclear copper(iil) complexes bearing two
carbon-bound ligands are necessary for our proposed concerted
formation of 6 and 3 (¢f. Scheme 4).

The decision to exclude AnCN (i.e. 8) from the simulation
was made on the following grounds. Ingold and co-workers® had

reported a rate constant of 4 x 10° s™' at 298 K for the irreversible
cyclisation of N=C(CH,);CH," to (CH,),C=N". The effective rate
under typical conditions for addition of An* to MeCN would be
expected to be smaller on account of the loss of translational
entropy in this bimolecular reaction; furthermore, the yield of
8 from fragmentation of the adduct would be reduced if the
initial addition were reversible. Preliminary modelling with no
reversibility (An" + MeCN — 8 + Me’) using a rate constant of
1 x 10° dm® mol™" s7' gave normalised yields of 8 < 1%y in the
conditions of subset (a) of Table 8.

We considered Cohen’s proposal® for the formation of
(Cu™Ar,)" [see (iii) above] and adopted similar reactions for the
formation of (Cu™An,)* and {Cu™An(CH,CN)}* as alternatives
to reactions 13 and 16:

An’ + (Cu"An)* — (Cu™An,)*

An’ + (Cu"CH,CN)* — {Cu™An(CH,CN)}*
and
NCCH;' + (Cu"Ar)* — {Cu™An(CH,CN)}*

However, in order to match the experimental yields of 4, 6 and 7 in
the context of the precedented reactions used in Scheme 5, it was
necessary to assign rate constants of at least 2 x 10° dm® mol~' s™!
to each of these processes which had detrimental effects on the
distributions of other products; we ultimately abandoned this
approach.

Simulated product distributions. Fig. 3 compares the simulated
and experimental distributions of products in subset (a) of Table 8
(see ESI, Table S4(i) for the calculated valuesi). In Fig 3a,
comparing first the simulated normalised percentage yields with
and without inclusion of reaction 22 in Scheme 3, it is clear
that for values of ([2]/[1])i > ~1, similar behaviour is obtained
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Fig. 3 a Variation in normalised percentage yields of 5 (open circles)
and 3 (filled squares) as functions of ([2]/[1]);;. b Variation in normalised
percentage yields of 4 (open squares) and 6 (filled circles) with 7 (inset)
as functions of ([2]/[1]),,;. Individual points are the experimental values
of subset (a) of Table 8; dashed curves: values calculated via Scheme 5
without reaction 22; continuous curves: values calculated via Scheme 5
including reaction 22.
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irrespective of whether or not reaction 22 is included in the model:
when reaction 22 is included, simulated yields are, at the most, 3%y
larger for 5 and 1.5%y smaller for 3 than are the cases if reaction
22 is excluded. For ([2]/[1])i: < 1, however, different behaviour
is observed: simulated yields of 3 decrease when reaction 22 is
included but increase if it is excluded and simulated yields of 5 peak
at ~50%y when reaction 22 is included but at ~40%,y when it is
excluded. The consequence of these differences is that the curves
representing the trends in simulated yields of 3 and 5 intersect
twice when the model includes reaction 22 but only once when it
is not included.

The distribution of the six sets of experimental data in Fig. 3a is
reasonably well described by the continuous simulation curves
corresponding to the model which includes reaction 22. It is
noticeable that when experimental points occur at abscissa values
close to those of the intersections of the simulated curves, the
paired experimental points for 3 and 5 do not coincide but
are displaced equally (~15%y) in opposite directions from their
respective simulations. We suggest the reason for this stems from
the reciprocal relationship between the yields of the two products
and the fact that the normalised percentage yield of any individual
product accumulates error from the measurements of all other
products [see eqn. (5)]. Fig. 3b shows that the Scheme 5 model with
inclusion of reaction 22 simulates the distributions of products 4,
6 and 7 satisfactorily reproducing their maxima at the appropriate
values of ([2]/[1])ii-

Fig. 4 compares the simulated and experimental distributions
of products in subset (b) of Table 8 [see ESI, Table S4(ii) for
calculated valuesi]. In Fig 4a and b for high values of ([2]/[1])iu,
again there is little difference between simulated yields whether or
not reaction 22 is included and the simulated yields are close to
the experimental values. However, for ([2]/[1])i < 3, the simulated
yields of 5 determined by the inclusion or otherwise of reaction

1004 a
80
60

% 40

N 4
20
04

O

14

14

([21m1),,,

Fig. 4 a Variation in normalised percentage yields of 5 (open circles)
and 3 (filled squares) as functions of ([2]/[1])i,;. b Variation in normalised
percentage yields of 4 (open squares) and 6 (filled circles) with 7 (inset)
as functions of ([2]/[1]),. Individual points are the experimental values
of subset (b) of Table 8; dashed curves: values calculated via Scheme 5
without reaction 22; continuous curves: values calculated via Scheme 5
including reaction 22.

22 differ by 10-20%y. Furthermore, the experimental yields of
5 are much lower than either of the simulations especially those
which arise from inclusion of reaction 22. Unsurprisingly, given the
interdependence of normalised yields, the experimental yields of
the other products are also poorly modelled. Product distributions
in subset (c) of Table 8, where ([2]/[1])i < 1 are also poorly
modelled [see ESI, Table S4(iii)].

We suggest that these shortcomings of the simulation occur be-
cause additional reactions intervene in the relatively concentrated
solution conditions of subsets (b) and (¢) giving products which are
not included in the model or not observed experimentally. When
[1] > [2], much of 2 is consumed in the reduction step (reaction
4) and relatively less remains for intercepting An’ in reaction
9. As a consequence, other reactions of An’ become apparent:
additions to the aromatic ring of 1 hence giving the asymmetrical
biaryls 9 and 10 (c¢f. Scheme 3), and addition to MeCN giving
AnCN, 8, after elimination of Me'. However, the shortfall in the
experimental yields of the azoarene, 5, compared to the calculated
expectation, is too great to be accounted for by these diversions of
An’ to the above-mentioned secondary products alone. If most 2
is consumed by the reduction step, then An* will certainly add to
the azo-function of 1 to give AnNN=NATr** but there may then not
be sufficient 2 to reduce all of the latter. If, additionally, this cation
radical should have significant persistence, it would be expected
to be an efficient trap (particularly if it is a n-radical) for other
more transient radicals in the system such as AnN," and An’; it
might also oxidise 6 (AnOH) to give AnO", which could also be
trapped. The failure to observe yields of 6 in entries 11-13 of
Table 8 could stem from such a reaction between AnN=NAr*"
and 6; we have previously proposed this reaction in another
context.® We envisage that radical trapping by AnN=NAr** could
initiate formation of the well-known diazo-tar which forms on
manipulation of diazonium salts in weakly alkaline conditions.®

The modelling by Scheme 5 provides support for a role for the
cation radical AnN=NAr**. For example, for [1] = 0.08 mol dm~*
and [2]in the range 0.001-0.01 mol dm~*, conditions which include
those of entries 11-13 of Table 8, calculated yields of the cation
radical result which range from 0.56 to 0%, when reaction 22
is excluded but from 19.14 to 1.07%,y when it is included [see
ESI, Table S4(iii)f]. The value of k3 was chosen to ensure that
the negligible cation radical was calculated to remain at the end
of the run in the conditions of subsets (a) and (b). If, in reality,
ky < 3.5 x 10° dm® mol™' s!, AnN=NAr** might be formed in
concentrations which enable it to trap other radicals in amounts
sufficient to reduce the experimental yield of 5. Independent
evidence of persistent azobenzene cation radicals in fluid solution
is equivocal.®

The strongest evidence for the formation of unobserved prod-
ucts (i.e. diazo-tar which does not undergo GC) comes from
the low experimental accountabilities of 1 in observed products
(Table 8) and their comparison with calculated accountabilities
[see ESI, Tables S4(i)-S4(iii)i]. Fig. 5a shows a graphical com-
parison of the experimental accountabilities (all subsets) with
values calculated via Scheme 5 (with inclusion of reaction 22)
as a function of ([2]/[1])w: (plotted logarithmically to disperse the
low values). The values calculated for the conditions of subsets
(b) and (c) lic on a common curve whereas those calculated for
subset (a) fall somewhat lower. If the stoichiometry of the overall
process is taken as the value of ([2]/[1]); at which the calculated
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Fig.5 aComparison of calculated with experimental accountabilities (%)
of 1 as functions of ([2]/[1])... Open circles: calculations for subset (a);
small diamonds: calculations for subset (b); open squares: calculations for
subset (c); filled circles: experimental values (all subsets), labelled with the
entry number of Table 8. b Comparison of calculated with experimental
ratios of H-abstraction- and protonolysis-derived AnH (3) as functions
of ([2]/[1])imi. Open circles: calculations for subset (a); open diamonds:
calculations for subset (b); open squares calculations for subset (c); filled
circles experimental Ay/Ap values labelled with the entry number of
Table 9.

accountability of 1 becomes 100%, that of subset (a) is 1.25 whereas
that of the more concentrated conditions of subsets (b) and
(c) is 1.15. Although the experimental accountabilities approach
the calculated values for high and low values of ([2]/[1])u, at
intermediate values between 0.2 and 3, the experimental values fall
short of the appropriate calculated values by 15-25%. If, under
these conditions, reactions of a precursor (i.e. AnNN=NAr*") to
one observed product (i.e. 5) divert radicals that give rise to all the
observed products to material that is not observed (i.e. diazo-tar),
the shortfalls in the experimental accountability of 1 and in the
normalised yield of 5 and hence, the perturbed normalised yields
of the remaining products, is understandable.

In Fig. 5b are plotted, versus ([2]/[1])ii, AnH(I)/AnH(2)
normalised percentage ratios calculated via the model of Scheme 5
with inclusion of reaction 22. The calculations are part of those
carried out for the three solution compositions of the subsets
of Table 8 [see ESI, Tables S4(i)-S4(iii)f]. These ratios therefore
simulate the relative proportions of 3 derived by H-abstraction
from MeCN and by protonolysis of organocopper intermediates.
For comparison, also plotted in Fig. 5b are the experimental
isotopic mass spectral peak area ratios, A/ Ay, labelled by their
entry numbers in Table 9. The reasonable agreement of the
experimental and predicted ratios indicates that the model gives
a satisfactory account of the separate contributions of the H-
abstraction and protonolysis pathways to the single product 3
(AnH). The least satisfactory agreement is found for point 1 where
the experimental ratio is larger than that predicted by a factor
of 1.8. However, as a function of ([2]/[1])ii, AnH(Z)/AnH(2)
changes sharply in the region of point 1 and better agreement
might have been obtained by assigning a somewhat larger value to

k; also, the larger than predicted value for A/ Ap could, in part, be
experimental artefact: protic buffer salt was used in the deuteriated
solvent which would lead to some dilution of the heavier isotope.
The general agreement of experiment and model lends credence to
the assumption in Scheme 5 that protonolysis is coupled with the
hydrolysis of Cu(1n) intermediates which gives rise to the phenol
6 (cf. reactions 15, 18 and 19).

Nitrogen evolution. The model of Scheme 5, with inclusion of
reaction 22, was used to calculate the yields of N, as functions of
time for two solutions, the one with the initial concentrations [1]
and [2] each 0.01 mol dm~ and buffer salt Bs, = 0.081 mol dm~2,
the other with initial concentrations [1] = 0.01 mol dm~ and
[2] = 0.02 mol dm~* and buffer salt By, = 0.025 mol dm~>. The
yields of N, were expressed as the percentage of that theoretically
available in 1 though both the calculated percentages, Q..., and
experimental percentages, QO..,, are expected to be significantly
less than this amount since nitrogen is retained in the azoarene
co-product 5. In Fig. 6 the continuous curve 1 shows the variation
with time of the percentage, Q... calculated for the higher
concentration of buffer salt, and the associated discrete points
the variation of the corresponding experimental values Q.,,u); the
continuous curve 2 shows the variation with time of the percentage,
Q.a1y» calculated for the lower concentration of buffer salt and the
discrete points the corresponding experimental values, Qep,- [For
0., data see ESI, Table S2(i), columns Q,(A) and O,(C); for Q..
data see Table S5.1]

Percentage of theoretical N,

0 100 200 300 400

Time/s
Fig.6 Comparison of calculated with experimental rates of N, evolution.
Curve 1: calculated values for [1] = [2] = 0.01 mol dm~ and By, =
0.081 mol dm™, squares: corresponding experimental values; curve 2:
calculated values for [1] = 0.01 mol dm~3, [2] = 0.02 mol dm~* and By, =
0.025 mol dm~3, circles: corresponding experimental values.

The model clearly satisfactorily reflects the N, evolution be-
haviour of the system, to be expected perhaps given that the
overall rate determining rate constant (k;) was inferred from the
gasometric experiments of which that giving Q.,., was a part
and both curves correspond to conditions within subset (a) of
Table 8 which were assumed in allocating rate constants to the
other reactions of the scheme.

Adaptation for electron-withdrawing substitution. It has al-
ready been noted (Introduction) that, on reduction of substituted
diazonium ions by Cu(l), the relative yield of symmetrically
substituted azoarene and biaryl varies with the electronic nature
of the substituent** and the reaction has been developed as a
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synthetic route to biaryls.®® For the highest values of ([2]/[1])i
examined in subsets (a) and (b) (Table 8, entries 6 and 10), the ex-
perimental azoarene/biaryl ratio is 21 and the model represented
by Scheme 5 (including reaction 22) gives simulated values in
excellent agreement [see ESI, Tables S4(i) and S4(ii){]. As expected
for the strongly electron-donating 4-OMe substituent, the ratio >
1. It was of interest to see how adjustments to rate constants in
Scheme 5, made to represent a change of substituent character
to electron-withdrawing, would impact on the predictions of the
model, in particular on the azoarene-biaryl ratio. Although we
have not attempted to simulate the behaviour of a real example
with an electron-withdrawing substituent, reasonable adjustments
to the rate constants allow the azoarene-biaryl ratio to be inverted
showing that the Scheme is compatible with known chemical
behaviour. Details are given in the ESI, Table S6.}

Conclusions

[Cu'(NCMe),]* in MeCN and the cations [Cu'(NCMe),-
(OHy)¢ —»]*, (n, 1-3), derived from it in aqueous MeCN, fail
to reduce 4-methoxybenzenediazonium ion at an appreciable
rate but the reaction is catalysed in the presence of phosphate
buffer. Investigation of the reaction mechanism indicates the
catalytic species to be HPO,* which associates reversibly with
the diazonium ion in the overall rate-determining step to give
an adduct that, in turn, undergoes reduction by one or more
of cations [Cu'(NCMe),(OH,)y_ ], (1, 1-3). The nature of the
catalysis thus appears to be the bridging of the reactant cations
by the di-anionic catalyst, a process which overcomes coulombic
repulsions and assists in the geometry changes needed for electron
transfer to occur. The reaction is auto-inhibitory in the sense that
Cu®* produced by the reduction precipitates HPO,* and thereby
depletes the available catalyst.

4-Methoxyphenyldiazenyl radical, the presumed initial reduc-
tion product, undergoes rapid loss of N, to form 4-methoxyphenyl
radical, An’. As primary reactions, this radical abstracts hydrogen
from MeCN, and adds to the reactant diazonium ion and
to Cu(1) species giving, respectively, the cation radical of 4,4'-
dimethoxyazobenzene and the adduct (Cu"An)*. The ramifica-
tions of these various primary reactions produce nine compounds
which are recognised and quantified by GC; pathways leading
to these products are suggested. 4-Methoxyphenol is a product
unexpected in the reducing medium. It is suggested to arise
via hydrolysis of (CuAn,)" formed by disproportionation of
(Cu"An)*. Although disproportionation has not been reported
for comparable aliphatic Cu(il) complexes, it seems plausible
given that these are odd-electron species. A further tentative
suggestion is that, concerted with the hydrolysis of the Cu"-—
An bond, protonolysis of the developing Cu'-An bond also
occurs, thus generating 4-methoxyphenol and organocopper-
derived methoxybenzene in equal amounts; the formation of 4,4'-
dimethoxybiphenyl is suggested to occur by reductive elimination
from (Cu™An,)*. 4,4-Dimethoxyazobenzene is suggested to arise
via two reactions: reduction of its cation radical mentioned above
and addition of (Cu'An), produced by reduction of (Cu"An)*, to
the initial diazonium ion.

A computer model of the proposed reaction scheme succeeds
in simulating the observed trends in the proportions of the five
principal products as functions of the relative concentrations of

reactants in conditions where reactants are relatively dilute and/or
where Cu(1) is in excess over the diazonium ion. It also gives
a satisfactory account of the distribution of hydrogen isotopes
in methoxybenzene produced by different pathways involving
H-abstraction from MeCN or deuteronolysis of organocopper
intermediates and of the evolution of N, as a function of time.
For more concentrated conditions, where the diazonium ion is
in excess, the scheme is less successful in simulating the experi-
mental product distribution owing to the probable intervention
of reactions leading to polymeric material (diazo-tar) which is
not analysable by GC but the formation of which is indicated by
the reduced accountability of initial diazonium ion as observed
products. The rate constants assigned to the steps of the scheme
cannot all be ‘chemically correct’ as several are arbitrary and a
somewhat different set of arbitrary assignments could probably
give a comparable account of the product distribution but it
is suggested that the reactions proposed provide a basis for
understanding the chemistry observed and the assigned constants
reflect their relative significance. Rational changes to some of the
rate constants allow the scheme to model the dependence of the
azoarene-biaryl ratio on substituent character.

Experimental
(i) Starting materials

4-Methoxybenzenediazonium tetrafluoroborate, 1. The required
diazonium salt was prepared and characterised as previously
described.”

Tetrakis(acetonitrile)copper(1) tetrafluoroborate, 2. The tetra-
fluoroborate salt of the reductant was made by adaptation of the
method of Kubas for the hexafluorophosphate,' using 50% HBF,
in place of 60-65% HPF,. It did not melt simply: thermal analysis
showed decomposition to commence at 130 °C and involve two
endotherms, the first corresponding to a loss of 26.3% of initial
mass (2 x MeCN) at 157 °C and the second to a loss of 47.5% of
initial mass (BF; + 2 x MeCN) at 255 °C; v,,..(Nujol)/cm~"! 2304
and 2276 (C=N), 1029 (BF,"), lit.”* 2305, 2277 cm ™.

Acetonitrile.
received.

Solvent of HPLC grade (Fisher) was used as

Reaction media. Detail of the preparation and characterisa-
tion of the various aqueous acetonitrile buffer solutions used as
reaction media is given in ESL.}

(ii) Spectrophotometric rate measurements at variable phosphate
buffer concentration

4-Methoxybenzenediazonium tetrafluoroborate, 1 (22.2 mg,
0.1 mmol) was dissolved in the required aqueous acetonitrile
buffer in a 100 cm® volumetric flask to give a master solution
of concentration 1 x 10> mol dm~. An aliquot of this solution
(7.5 cm?) was further diluted to 100 cm® with the same solvent
to give a working solution of 7.5 x 10° mol dm~ which
was thermally equilibrated at 298 K. An aliquot (3.0 cm?) of
the working solution was placed in a thermostated cuvette of
path-length 1 cm in the spectrophotometer (Cintra 5) with the
same acetonitrile-buffer mixture in a similar cuvette in the
compensating beam. Solutions of tetrakis(acetonitrile)copper(r)
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tetrafluoroborate, 2, in MeCN (0.2 mol dm~3) were added to the
sample cuvette by micropipette such that [2]/[1],; fell in the range
5-40 as convenient and the decay in absorption of the diazonium
ion at 4., 312 nm was monitored at 298 K (see ESI, Fig. S1%).
Runs were duplicated for each aqueous acetonitrile buffer and at
least three measurements were made of each pseudo-first order rate
constant k., found from a particular diazonium solution. Each
rate constant k,, is thus normally the mean of six determinations
(see Table 2).

(iii) Spectrophotometric rate measurements at constant pH and
variable ionic strength in 50% aqueous acetonitrile buffer

Into each of seven 25 cm?® volumetric flasks (a—g) were dispensed
12.5 em?® of a solution of 1 (3 x 10~ mol dm~) in aqueous buffer
of pH 7 and B,, = 0.15 mol dm~’. To each flask was then added
an individual volume (0, 2, 4,- - -12 cm?) of an aqueous solution of
KNO; (0.25 mol dm™) and the flasks were made up to the mark
with deionised water. Each completed flask thus contained 1 at
a concentration of 1.5 x 10 mol dm™ in aqueous buffer (pH,,
7 and B,, = 0.075 mol dm™) and a particular concentration of
KNO; (0, 0.02, 0.04,- - -0.12 mol dm).

Into each of seven further 25 cm® volumetric flasks (4-G) were
dispensed 12.5 cm® of MeCN and then, with thermal equilibration
to compensate for endothermic mixing, each was made up to the
mark with the correspondingly lettered buffer solution from flasks
a-g The final working solutions Aa—Gg thus contained 1 at a
concentration of 7.5 x 107> mol dm~ in 50% v/v aqueous MeCN
buffer, Bs, = 0.0375 mol dm~ and individual concentrations of
KNO; (the pHs, varied slightly with the ionic strength about a
mean value of pHy, = 7.85, see Table 4). They were thermally
equilibrated at 298 K.

To aliquots (3 cm?) of these solutions in cuvettes of 1 cm
path-length thermostated at 298 K were added by micropipette,
0.0225 cm® of 2 in MeCN (0.20 mol dm™) and the decay of
the absorbance of the diazonium ion at 312 nm monitored
spectrophotometrically with a similar cuvette containing 50%
v/v aqueous MeCN buffer (B, = 0.0375 mol dm™) in the
compensating beam. The final absorbance in these runs increased
slightly with increasing concentration of KNO; which has a small
absorbance at 312 nm. The pseudo-first order rate constants
obtained are given in Table 4.

(iv) Spectrophotometric rate measurements at variable pH and
constant ionic strength in 50% aqueous acetonitrile buffers

Buffer ratios, ry = [H,PO,”]/[HPO,*"], corresponding to pH,,
values 6.00, 6.25, 6.50, 6.75, 7.00, 7.25 and 7.50 were calculated for
aqueous buffers via the Henderson—Hasselbalch equation and the
pK., (6.75) of KH,PO, at 298 K and ionic strength 0.1 mol dm—.%*
From these ratios, the requirements of [KH,PO,] for a fixed value
of [K,HPO,] of 0.02 mol dm~* were determined for each pH. A
series of buffers of ionic strength 0.2 mol dm— was then made
up by addition of appropriate volumes of solutions of KH,PO,
and KNO; (each 0.3 mol dm~) to a solution of K,HPO,-3H,0
(40 cm?, 0.05 mol dm~?) and dilution to 100 cm® in standard flasks.

Working solutions were made up by dilution of 25 cm® of a
solution of 1 in MeCN (1.5 x 10~* mol dm~?) to 50 cm?® with
each of these buffers (again with allowance for recovery from the

endotherm). Reaction was initiated by addition of a solution of 2
in MeCN (0.0225 cm?, 0.2 mol dm~*) by micropipette to a 3 cm?
aliquot of working solution in a cuvette of path-length 1 cm. Again
the decay of absorbance of 1 at 312 nm was monitored at 298 K
under pseudo-first order conditions (see Table 5).

Analogous rate measurements were also made in which the
‘buffers’ comprised five aqueous solutions of KH,PO, in the
concentration range 0.1-0.2 mol dm= and at ionic strength
0.2 mol dm~* (adjustment with KNQO,). The pHj, values for the
derived mixed solutions were essentially constant at 5.57 £ 0.01.

(v) Measurement of the rates of nitrogen evolution

The displacement cell used for the measurement of the N, evolved
from decompositions of diazonium ions has been described
previously.® In the present experiments, a three-necked 250 cm?
round bottom flask was immersed in a water bath thermostated
at 298 K and fitted with an efficient gas-tight overhead stirrer,
a small pressure-equalising tap-funnel and a gas-outlet tube
leading to the displacement cell. 4-Methoxybenzenediazonium
tetrafluoroborate, 1, (0.222 g, 1 mmol), accurately weighed, was
added to the flask with 50 cm® buffer (pH,, 7, B,, = 0.05 mol dm )
and (50 — x) cm® of MeCN where x cm® is the volume of the
solution of 2 (0.2 mol dm) to be added via the tap-funnel.
The solution was stirred to ensure dissolution of 1 and recovery
from the endotherm. The addition of the solution of 2 was then
made as rapidly as practicable with efficient stirring. After the
latter addition, the total volume of solution was 100 cm?, the
composition of the solvent was 50% v/v aqueous MeCN buffer
(pHso 8, By, = 0.025 mol dm™), the initial concentration of 1
was 0.01 mol dm~ and that of 2 was 0.02, 0.01 or 0.005 mol dm~3
according as x was 10, 5or 2.5 cm?; an additional measurement was
made in which the aqueous buffer was prepared as [KH,PO,] =
0.1 mol dm™, [K,HPO,] = 0.062 mol dm™* whence B,, =
0.162 mol dm~—3and Bs, = 0.081 mol dm~—. The N,-evolution data
are tabulated in the ESI, Table S2(i).1

(vi) Measurements of the product distribution

An aqueous phosphate buffer (pH,, 7) was prepared containing
KH,PO, and K,HPO, at respective concentrations of 0.100 and
0.062 mol dm™" and mixed in equal volumes with MeCN to give
an aqueous MeCN buffer, pH 7.9, Bs, = 0.081 mol dm~. A chosen
weight of 1 was dissolved in the aqueous MeCN buffer (x cm?) plus
additional aqueous buffer (y cm?) and a solution of 2 in MeCN
(0.1923 mol dm~3, y cm?®) was added. The volumes x and y were
chosen so that (x + 2y) = 50 cm® and y cm?® of the solution of 2
contained the requisite amount of 2. The mixture was stirred for
2 h at 298 K and then added to an aqueous solution of di-sodium
2-naphthol-3,6-disulfonate (0.17 mol dm~, 50 cm?) in order to
sequester any unreacted 1. A solution of the internal standard
for GC analysis, dibenzofuran in diethyl ether (0.0100 mol dm~?,
10 cm?), was added and the mixture was extracted with more ether.
The ether extracts were reduced in volume at ambient temperature
before GC analysis. This was performed using an SE-54 column
(30 m, 5% phenyl) in a Varian 3350 chromatograph served by a
Varian Star workstation with the temperature programme: 60 °C
for 5 min, then 16 °C per min to 290 °C and held for 5 min.
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(vii) Measurements of hydrogen isotopic ratios in
methoxybenzene

Typically a buffer solution (B,, = 0.16 mol dm~*) was prepared by
dissolving KH,PO, (0.1998 g) and K,HPO, (0.1602 g) in 15 cm?
D,0. In 5 cm® aliquots of such a solution was dissolved the
required amount of 1 and (5 — x) cm® MeCN were added where
x cm® is the volume of a MeCN solution of 2 (0.1923 mol dm™)
needed to give the required concentration of 2. After stirring for
2 h, the solutions were worked up as in (vi) above and analysed
by GC-MS [Fisons Analytical (VG) Autospectrometer directly
coupled to a gas chromatograph]. The integrated areas of the
peaks at m/z 108 and 109 in the mass spectrum of 3, Ay and Ap,
respectively (corresponding to AnH and AnD) were measured and
the latter was adjusted for the natural abundances of *C, 7O and
’H in 3. Thus, taking 1.11, 0.04 and 0.016%,** respectively, as
the natural abundances of *C, 7O and *H, a correction of (7 x
0.0111 + 0.0004 + 8 x 0.00016)A4y = 0.0794A4y was subtracted
from Ap. The corrected isotopic ratios calculated for 3 thus are
Au/(Ap — 0.0794 Ay); these are given in Table 9.

Authentication of reaction products. Organic reaction products
were authenticated by comparison of their mass spectra and GC
retention times with those of commercial materials except for 4,4'-
dimethoxyazobenzene, 5 and 2,4'- and 3,4'-dimethoxy-biphenyls,
9 and 10.

4,4'-Dimethoxyazobenzene, 5. 4-Methoxyaniline (2 g) was
diazotised by dissolution in hydrochloric acid [concentrated
hydrochloric acid (2.5 cm®) plus water (6 cm?)], chilling to 0-5 °C,
and addition of NaNO, (1.5 g). After stirring for 30 min, excess of
NaNO, was destroyed by addition of urea and the solution, still
chilled, was added to an aqueous solution of phenol (1.5 g) and
sodium hydroxide (1 g). After stirring for 10 min, this mixture was
acidified and extracted with ether. The ether was then removed and
the crude 4-hydroxy-4'-methoxyazobenzene (1.8 g) was dissolved
in MeOH (40 cm®); Na metal (0.3 g) was added and the solution
stirred under N,. Once the Na had dissolved, Mel (5 g) was added
and the mixture heated under gentle reflux overnight. The solution
was diluted with water (250 cm?) and the product extracted into
ether. The extract was washed with NaOH solution (pH 13-14)
and with water. After drying, removal of the solvent gave 4,4'-
dimethoxyazobenzene, 5, (2 g, 53%), mp 160-161 °C, 1it.®* 166.5—
167 °C; m/z 242 (53%, M*), 135 (22), 107 (100), 92 (44), 77 (48)
and 64 (23); vy (Nujol)/cm™" 1594 (N=N), 1250 (C-O-C), 1021
(C-0-0); 0y (270 MHz, CDCl;) 3.87 (s, 6H), 7.00 (d, J 9.0, 4H),
7.88 (d, J 9.0, 4H); 6-(67.9 MHz, CDCl;) 55.5, 114.1 (2C), 124.3
(2C), 147, 161.5; 1it.%* for comparable characterisation spectra.

Dimethoxybiphenyls. A mixture containing 4,4'-, 3,4'- and 2,4'-
dimethoxybiphenyls was prepared by the method of Abramovitch
and Koleoso.®® 4-Methoxybenzenediazonium tetrafluoroborate,
1, (0.222 g) was added to a mixture of pyridine (0.237 g),
methoxybenzene (22 cm?®) and sulfolane (10 cm?®) and stirred
for 1 h at ambient temperature then, under nitrogen, heated at
60 °C for 7 h. The excess of methoxybenzene was removed by
vacuum distillation and the residue extracted into ether; sulfolane
was removed from the ether extract by repeated water washes.
GC-MS analysis of the products revealed only three compounds
having M* 214. The 4,4-isomer was recognised by comparison
of its retention time and mass spectrum with that of commercial

material; the 2,4-isomer was distinguished by the fact that its
mass spectrum exhibited an ortho fragmentation pattern (loss
of 30 mass units, representing CH,=0, from the molecular ion)
producing a peak at m/z 184 shown by neither of the other isomers.
For given chromatographic conditions, identifying retention times
could therefore be assigned to each isomer. In quantifying these
isomeric products, the response factor determined for the 4,4'-
isomer was assumed to be applicable to the other two.

Precipitated copper salt. A pale blue precipitate of a Cu** salt
was formed in the product-study experiments. Its IR spectrum in
Nujol mull was similar, but not identical, to that of the precipitate
obtained by addition of a solution of Cu(NO,), to a solution of
either KH,PO, or K,HPO, in 50% v/v aqueous MeCN. It was very
similar, however, to that of the precipitate obtained from addition
of a solution of Cu(NO;), to a solution of K,HPO, and NaBF,
in the same solvent. Although we have not attempted to establish
an accurate stoichiometry, we infer the precipitate to be mixed
phosphate—tetrafluoroborate; there is no evidence of associated
MeCN. Precipitate from product studies: v, (Nujol)/cm™" 3371,
1152, 1061, 993; synthetic mixed salt: v,,,.(Nujol)/cm™' 3354, 1155
(sh), 1065, 996; simple phosphate: v, (Nujol)/cm~"' 3352, 1159,
1071, 1026, 926.

Data Treatment. Non-linear regressions were carried out
using Origin®), version 6.1 software, OriginLab Corporation,
1991-2000, Northampton MA 01060, USA and linear regressions
using Essential Regression® an add-in for the Microsoft Excel
spreadsheet.
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A series of nucleotide analogues wherein the diphosphate moiety has been replaced by a dicarboxylate
were synthesized and tested for inhibitory activity against nucleoside diphosphate (NDP) kinase as well

as several pathogenic bacterial strains.

Introduction

The design of enzyme inhibitors often involves replacing the
diphosphate or monophosphate by a more stable group. For
example, the drug alendronate, a potent inhibitor of farnesyl
diphosphate synthase,! contains a phosphonate, and there are
several examples of phosphonate-containing analogues of UDP-
N-acetylglucosamine.? Furthermore, malonates have also been
used as a monophosphate mimic in analogues of mannose-6-
phosphate® and in phosphotyrosyl mimetics,* among others. There
is evidence suggesting that 1,2-dicarboxylates (i.e. maleates or suc-
cinates) can act as mimics of diphosphates and monophosphates.
For example, several dicarboxylate-bearing natural products are
potent inhibitors of enzymes that utilize diphosphorylated com-
pounds as their natural substrates. Actinoplanic acids® A (1) and B
(2) and chactomellicacid A® (3) (Fig. 1) are tight binding inhibitors
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of mammalian Ras protein farnesyl transferase (PFTase), an
enzyme responsible for the farnesylation of the oncogenic protein
Ras. The actinoplanic acids contain one or two succinate units,
whereas chaetomellic acid A bears a maleate moiety. It has
been suggested that the dicarboxylate units in each of these
compounds mimic the diphosphate of farnesyl diphosphate, the
natural substrate of PFTase. Tautomycin’ (4), a natural product
containing a maleic anhydride moiety, is a very potent inhibitor
of serine/threonine protein phosphatase (PP) 1 (IC5, = 22 nM).
It was proposed that tautomycin mimics the phosphorylated form
of DARPP-32, an endogenous protein that acts to regulate PP1.?
Baba and co-workers have also reported the synthesis of several
derivatives of norcantharidin (5) and have shown them to be
moderate inhibitors (ICs, = 50-170 uM) of serine/threonine PP
2B (calcineurin).® Complementary to these experimental results
are modeling studies that conclude that a maleate unit can achieve
a spacing of the negatively charged oxygen atoms that is within
0.1 A of that in the corresponding diphosphate.” These results
strongly imply that the dicarboxylate is acting as a mimic of a
mono- or diphosphate.

Tautomycin

Norcantharidin

Fig. 1

Selected compounds containing a maleyl or succinyl group.

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 627-635 | 627





We have reported an efficient synthesis of chaetomellic acid
A and several of its analogues, and have studied their inhibition
of yeast PFTase and yeast protein geranylgeranyl-transferase.!!
These compounds were shown to be moderate to fairly good
inhibitors of these enzymes (ICs, = 2.4-277 uM). Chactomellic
acid A and several of its analogues also inhibit the activity of
rubber transferase (K; = 8.8-140 uM),"* a chain elongating enzyme
that uses farnesyl diphosphate as the initiating diphosphate.
Several analogues of isopentenyl diphosphate (IPP) containing
a dicarboxylate moiety in place of the diphosphate were shown
to be moderate inhibitors of undecaprenyl diphosphate (UPP)
synthase (lowest ICs, = 135 uM) and PFTase (lowest ICs, =
384 uM)." Finally, we have reported the synthesis and biological
evaluation of mono- and disaccharide analogues of moenomycin
and lipid IT against penicillin-binding protein 1b.** All but one
of the compounds were found to inhibit the transglycosylase
activity of this enzyme, although with very modest potency (11—
61% inhibition at 100 uM).

In further studies on dicarboxylates, it seemed interesting to
extend this concept to inhibition of proteins utilizing nucleoside
diphosphates. We thus decided to synthesize a series of uridine
diphosphate analogues containing a dicarboxylate whose distance
from the ribose unit is varied through the use of methylene spacers
(Fig. 2). The key steps in this strategy would involve olefin cross
metathesis (CM) between an olefinic uridine derivative and the
appropriate alkene, as well as a Z-selective Horner-Emmons—
Wadsworth (HEW) reaction between methyl diethylphospho-
noacetate and an o-ketoester.’® The Z-selectivity of the HEW
reaction between phosphonoacetates and o-ketoesters has been
rationalized to arise from the stability afforded to the incipient
double bond in the transition state from the decomposition of
the oxaphosphetane intermediate, due to its conjugation with the
extra carbonyl group present in the o-ketoester.’® This renders
the formation of the intermediate adduct irreversible, precluding
equilibration to the more stable fumarate.

Although nucleoside diphosphates are substrates for numer-
ous enzymes, nucleoside diphosphate (NDP) kinase from Dic-
tyostelium discoideum' seemed especially attractive for prelimi-
nary examination of the activity of these analogues. This enzyme

COLLi 2
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catalyzes the phosphorylation of nucleoside diphosphates to their
corresponding triphosphates. The enzyme is readily available,
easy to handle, and several co-crystal structures with nucleoside
diphosphate substrates in the active site clearly show a parallel
arrangement of the oxygen atoms of the diphosphate (Fig. 3).'®
Molecular modeling suggests that this would be required to
allow dicarboxylate oxygen atoms of analogues containing a
maleate unit to mimic those of the diphosphate.

Fig. 3 Co-crystal structure of Dictyostelium discoideurn NDP kinase
monomer with adenosine diphosphate in the active site."* Note the parallel
arrangement of the oxygen atoms (red) of the diphosphate group. Nitrogen:
purple; phosphorus: mauve; carbon: grey.

Results and discussion

The synthesis of all uridine diphosphate analogues began with 1-
(5,6-dideoxy-2,3-O-isopropylidene-f-D-ribo-hex-5-enofuranosyl)-
3-(butoxycarbonyl)uracil 6, which can easily be accessed via
oxidation of 2',3'-O-isopropylideneuridine,’ Wittig olefination
of the resulting aldehyde,® and Boc-protection of the uracil
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Fig. 2 Retrosynthetic analysis of target compounds.
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amide functionality.? The synthesis of the maleate analogue
containing a 2-carbon spacer is shown in Scheme 1. Olefin CM
with methyl 2-hydroxybut-3-enoate* was achieved using Grubbs’
2nd generation catalyst. Catalytic hydrogenation of the double
bond gave alcohol 7, which was oxidized with IBX to give the -
ketoester. Upon treatment with methyl diethylphosphonoacetate
and sodium hydride, this underwent a HEW reaction to give
maleate derivative 8 (Z : E > 99 : 1 by 'H NMR). Deprotection
(Boc and isopropylidene) with TFA followed by ester hydrolysis
with lithium hydroxide gave the lithium salt 9.

A oH °

o
/\Q»N\H/NB"C i i MeOQC/K/\éfN\[(NBOC i, iv
/0 \/ 0

X X
6 7

CO,Me 2 CO,Li AP0
MeOC._~ 0 Ny NBOC vy | LG~ O._N__NLi
e Y
dxb HO ©OH
8 9
ZIE>99:1

Scheme 1 Reagents and conditions: (i) methyl 2-hydroxybut-3-enoate,
Grubbs’ 2nd generation catalyst, CH,Cl,, reflux, 85% (ii) H, (1 atm),
5% Pd/C, EtOAc, 81% (iii) IBX, CH;CN, reflux, 53% (iv) NaH, methyl
diethylphosphonoacetate, DMF, —40 °C, 82% (v) TFA-H,O (7 : 3), 75%
(vi) LiOH, CD;0D-D,0 (4 : 3), 100%.

The maleate analogue containing a 3-carbon spacer was ac-
cessed in a similar manner. Boc-protected derivative 6 underwent
olefin CM with methyl 2-benzyloxypent-4-enoate (Scheme 2), the
latter being readily available from benzyl protection® of known
methyl 2-hydroxypent-4-enoate.* In contrast to the 2-carbon
series, attempted olefin CM with the free alcohol in this case gave
rise to a complex mixture of products and none of the expected
CM product. Catalytic hydrogenation resulted in reduction of the

/YO
. MeO,C O._N._NBoc o
s i, i Y\/\Q’ \n/ iii, iv
OH AN )

o}

10

0

o
Meo?ol NyMBee v Lioge O._N._NLi
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11 12
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Scheme 2 Reagents and conditions: (1) methyl 2-benzyloxypent-4-enoate,
Grubbs’ 2nd generation catalyst, CH,Cl,, reflux, 61% (ii) H, (1 atm),
10% Pd/C, EtOAc, 77% (iii) IBX, CH;CN, reflux, 64% (iv) NaH, methyl
diethylphosphonoacetate, DMF, —40 °C (v) TFA-H,O (7 : 3), 74% (vi)
LiOH, CD;0D-D,0 (4 : 3), 100%.

double bond and removal of the benzyl group to give alcohol 10,
which was then oxidized with IBX to give the requisite o-ketoester.
As in the previous case, this underwent the HEW reaction with
methyl diethylphosphonoacetate in the presence of sodium hydride
to give maleate derivative 11 with Z : E > 99 : 1 as shown by 'H
NMR. Deprotection with TFA and subsequent lithium hydroxide-
mediated hydrolysis afforded the lithium salt 12.

In an analogous fashion, the maleate analogue containing a
4-carbon spacer was obtained via olefin CM of Boc-protected
derivative 6 with methyl 2-oxohex-5-enoate* (Scheme 3). Catalytic
hydrogenation of the double bond was followed by the same
sequence as described above, i.e. the HEW reaction (Z : E >
99 : 1 by '"H NMR) to give 14, then deprotection under acidic
conditions, and basic hydrolysis to give the lithium salt 15.

The succinate derivatives were obtained by catalytic hydrogena-
tion of the respective maleates 8, 11, and 14, as shown in Scheme 4.
Deprotection and hydrolysis as previously described gave access
to analogues 19, 20, and 21.

The six lithium dicarboxylate salts were tested for inhibitory
activity against NDP kinase isolated from the slime mold Dic-
tyostelium discoideum.t None of the compounds showed inhibi-
tion of the enzyme at a concentration of 1 mM. This may be a
result of the constraints imposed by the methylene linkers, which
can interact with enzyme residues in the active site and prevent
the dicarboxylate oxygen atoms from occupying the positions
normally assumed by the diphosphate oxygens of the parent
compound.

The dicarboxylate salts as well as their diester precursors
(without Boc or isopropylidene protecting groups) were also tested
for their bacteristatic or bactericidal activity against several strains,
including E. coli DHS5a, Pseudomonas aeruginosa ATCC 14207,
Salmonella typhimurium ATCC 23564, and Staphylococcus aureus
ATCC 6538. Although the dicarboxylates may not penetrate
negatively-charged bacterial cell membranes, the corresponding
esters might be expected to diffuse through such a barrier more
readily and could then potentially be hydrolyzed by intracellular
esterases. Unfortunately, none of the 12 compounds tested inhib-
ited growth of any of these strains.

Conclusions

A series of 6 analogues of uridine diphosphate containing either
a maleate or a succinate unit were synthesized. The compounds
did not exhibit any activity towards NDP kinase nor did they
or their corresponding diesters inhibit growth of 4 different
strains of pathogenic bacteria. Future endeavours may be directed
towards inhibition studies of other enzymes that utilize substrates
containing the nucleoside diphosphate unit. One example is
the nucleoside monophosphate kinase class of enzymes, which
are responsible for converting nucleoside monophosphates to
their corresponding diphosphates. Another potential class of
targets are the enzymes involved in bacterial peptidoglycan
biosynthesis, for example GlmU, the enzyme responsible for
uridylation of N-acetylglucosamine-1-phosphate to give UDP-N-
acetyl-glucosamine.

1 Professor Toan Lascu (University of Bordeaux-2, Bordeaux, France)
generously provided us with NDP kinase from Dictyostelium discoideum.
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Scheme 3 Reagents and conditions: (1) methyl 2-oxohex-5-enoate, Grubbs’ 2nd generation catalyst, CH,Cl,, reflux, 40% (ii) H, (1 atm), 5% Pd/C, EtOAc,
80% (iii) NaH, methyl diethylphosphonoacetate, DMF, —40 °C, 53% (iv) TFA-H,O (7 : 3), 75% (v) LiOH, CD;0OD-D,0 (4 : 3), 100%.
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Scheme 4  Reagents and conditions: (i) H, (1 atm), 10% Pd/C, EtOAc (ii)
TFA-H,O (7 : 3) (iii) LiOH, CD;0D-D,0 (4 : 3). For % yields, refer to
Experimental section.

Experimental
General

All reactions except those involving aqueous conditions were
done in flame-dried glassware under an atmosphere of pre-
purified argon using solvents freshly distilled under argon. CH,Cl,
and CH;CN were distilled over CaH, EtOAc was distilled over
K,CO;, and THF was distilled over sodium and benzophenone.
DMF was HPLC grade. IBX was prepared according to Frigerio
et al.® All other reagents were used as obtained, unless otherwise
indicated. Thin layer chromatography was performed using glass-
backed plates coated with silica gel 60 F,s, (EMD Chemicals Inc.)
and visualized using UV fluorescence or phosphomolybdic acid
(PMA). Flash column chromatography was performed using 230—
400 mesh silica gel (Silicycle). HPLC separations were performed
on a Varian ProStar instrument and monitored at 220 and 280 nm,
using a Vydac Cg column. '"H NMR data are reported in ppm
relative to the residual solvent as internal standard: CHCl;, 0 7.24;
CH;O0H, ¢ 3.30; H,0, ¢ 4.79. The coupling constants have been
rounded to the nearest 0.1 Hz. *C NMR spectra are reported in
ppm relative to: CDCls, 0 77.0; CD;0D, ¢ 49.0; D, O referenced to
1% acetone, 0 31.1. Chemical shifts are reported to within 0.1 ppm

except where close peaks necessitate an additional significant
figure.

Methyl 1,5,6-trideoxy-2,3- O-isopropylidene-1-(3-butoxycarbonyl-
uracil-1-yl)-7-hydroxy-p-D-ribo-oct-5-eno-1,4-furanuronate

To a solution of 6 (569 mg, 1.50 mmol) and methyl 2-hydroxy-
but-3-enoate (529 mg, 4.56 mmol) in CH,Cl, (7.50 mL) was added
Grubbs’ 2nd generation catalyst (183 mg, 0.21 mmol). The dark
brown mixture was stirred at reflux for 24 h, then extra catalyst
(81 mg, 0.10 mmol) was added and the reaction allowed to continue
for another 6 h. After cooling to rt, DMSO (2.80 mL, 50 equiv.
relative to catalyst) was added and stirring continued at rt for
12 h. The CH,Cl, was removed in vacuo, and the crude product
was purified by flash chromatography on silica (pentane-EtOAc,
3:1to1:1)to give a clear gum, isolated as a 1 : 1 mixture
of diastereomers (596 mg, 85%). [a]y +37.6 (¢ 0.004, CHCL,);
Vmax(cast)/cm" 3600-3300, 2987, 2956, 1785, 1744, 1722, 1680,
1633 and 1148; 64(500 MHz; CDCl;) 1.35 (3 H, s, CH;), 1.57 (3
H, s, CH;), 1.61 (9 H, s, Boc), 2.94 (1 H, br s, OH), 3.82 (3 H, s,
OCHs;), 4.59-4.61 (1 H, m, H4'), 4.70-4.76 (2 H, m, H3, CH,),
5.03 (1 H, dd, J 6.0, 1.8, H2), 5.64 (1 H, d, J 1.8, HI"), 5.75 (1
H, d, J 8.0, H5), 5.90-5.95 (1 H, m, CH=CHCHOH), 6.05-6.11
(1 H, m, CH=CHCHOH), 7.21 (1 H, d, J 8.0, H6); 0(125 MHz;
CDCl;) 25.2,25.3,27.02,27.05,27.4, 52.85, 52.90, 70.3, 70.4, 70.5,
83.88, 83.91, 84.56, 84.58, 87.1, 87.27, 87.33, 94.2, 94.3, 102.0,
114.56, 114.58, 128.5, 128.6, 128.9, 129.0, 130.5, 130.6, 141.4,
147.42, 147.45, 148.2, 160.36, 160.38 172.97, 173.02; m/z (ES+)
caled for C,;H,sN,0O,yNa 491.1636, found 491.1635 [MNa*].

Methyl 1,5,6-trideoxy-2,3-O-isopropylidene-1-(3-butoxycarbonyl-
uracil-1-yl)-7-hydroxy-p-D-ribo-octa-1,4-furanuronate (7)

To a solution of methyl 1,5,6-trideoxy-2,3-O-isopropylidene-1-
(3-butoxycarbonyluracil-1-yl)-7-hydroxy-p-D-ribo-oct-5-eno-1,4-
furanuronate (357 mg, 0.77 mmol) in EtOAc (6.00 mL) was added
5% Pd/C (359 mg), and the mixture was stirred under 1 atm H,
for 24 h. The mixture was filtered through Celite and washed with
hot EtOAc. Removal of the solvent in vacuo followed by flash
chromatography on silica (pentane-EtOAc, 1 : 1) gave a gum,
isolated as a 1 : 1 mixture of diastereomers (291 mg, 81%). [a]X
+19.50 (¢ 0.0012, CHCL,); vy (cast)/cm™ 3600-3250, 3097, 2986,
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2955, 1785, 1723, 1681, 1633 and 1094; 5,,(600 MHz; CDCL,) 1.34
(3 H, s, CH,), 1.56 (3 H, s, CH,), 1.61 (9 H, s, Boc), 1.94-2.05
(2 H, m, CH,), 2.76-2.98 (2 H, m, CH.,), 3.80 (3 H, s, OCH,),
4.05-4.07 (1 H, m, H4'), 4.24 (1 H, br s, CH,), 4.58 (1 H, dd, J 6.6,
4.8, H3),4.94 (1 H, dd, J 4.8,2.3, H2), 5.64 (1 H, d, J 2.3, HI'),
576 (1 H, d, J 8.1, H5), 7.22 (1 H, d, J 8.1, H6); 6.(125 MHz;
CDCL,) 25.3, 27.1, 27.4, 28.5, 28.7, 29.7, 29.9, 52.4, 52.5, 69.8,
69.9, 83.4, 83.5, 84.3, 86.3, 86.5, 86.9, 93.3, 93.4, 102.0, 102.1,
114.75, 114.76, 141.1, 147.5, 148.0, 148.1, 160.4, 175.1; m/z (ES+)
caled for C, H,yN,0,Na 493.1793, found 493.1793 [MNa*].

Methyl 1,5,6-trideoxy-2,3-O-isopropylidene-1-(3-
butoxycarbonyluracil-1-yl)-7-oxo-p-D-ribo-octa-1,4-furanuronate

IBX (397 mg, 1.42 mmol) was added to a solution of 7 (267 mg,
0.57 mmol) in CH;CN (4.10 mL), and the white suspension was
heated at reflux for 2 h, then cooled to 0 °C and filtered through a
sintered glass funnel. After solvent removal in vacuo, the product
was purified by flash chromatography on silica gel (petroleum
ether—EtOAc, 2 : 1) to afford a white foam (142 mg, 53%). [al}y
+26.41 (¢ 0.0012, CHCl,); vy, (cast)/cm™" 3096, 2986, 2939, 1785,
1725, 1682, 1633 and 1086; dy (600 MHz; CDCl;) 1.33 (3 H, s,
CH;), 1.53 (3 H, s, CH;), 1.60 (9 H, s, Boc), 2.08 (2 H, app q,
J1.2,CH,), 294 (1 H, dt, J 18.7, 7.1, CH H,), 3.01 (1 H, dt, J
18.7,7.1,CH,CH,), 3.85 (3 H, s, OCH};),4.03 (1 H,dd, J 7.2, 5.3,
H4),4.61 (1 H,dd, J 6.6, 5.3, H3'), 4.97 (1 H, dd, J 6.6, 2.1, H2)),
5.56 (1 H,d, J2.1,Hl"), 575 (1 H,d, J 7.8, H5), 7.17 (1 H, d, J
7.8, H6); 5-(125 MHz; CDCl;) 25.4, 26.5, 27.2, 27.4, 35.6, 53.0,
83.4,84.3,85.8,87.1,94.1,102.3, 115.0, 141.3, 147.4, 148.0, 160.2,
161.1,193.0; m/z (ES+) caled for C,, HxxsN,0O,,Na 491.1636, found
491.1636 [MNa*].

Methyl-2-benzyloxypent-4-enoate

To a solution of methyl 2-hydroxypent-4-enoate (3.51 g, 26.98
mmol) in THF (45.00 mL) at 0 °C was added NaH (60%
suspension in mineral oil, 1.11 g, 27.78 mmol), followed by n-
Bu,NT (0.99 g, 2.69 mmol) and benzyl bromide (3.50 mL, 29.45
mmol). The mixture was warmed to rt and stirred for 5 h. A
saturated NH,Cl solution (30 mL) was added, then the aqueous
layer extracted with Et,O (3 x 30 mL). The combined organic
layers were dried (MgSQO,), and the solvent removed in vacuo.
Purification by flash chromatography on silica gel (petroleum
ether-Et,0, 95 : 5), followed by solvent removal in vacuo at 0 °C
(product is volatile) afforded a colourless liquid (4.39 g, 74%).
Vmax(N€A)/cm~"' 3066, 3032,2952, 1752, 1642, 1497, 1455 and 1115;
0u(400 MHz; CDCl;) 2.53-2.56 (2 H, m, allylic CH,), 3.75 (3 H, s,
OCH,), 4.03 (1 H, t, J 6.2, CH,), 4.46 (1 H, d, J 11.8, benzylic
CH,H,), 4.72 (1 H, d, J 11.8, benzylic CH,H,), 5.08-5.15 (2 H,
m, CH=CH,), 5.83 (1 H, dddd, J 17.2, 14.0, 10.2, 6.9, CH=CH,),
7.28-7.37 (5H, m, Ar); d-(125 MHz; CDCl;) 37.3, 51.8,72.3,77.8,
117.9,127.8,127.9, 128.4, 133.0, 137.4, 172.6; m/z (ES+) calcd for
C;H;s0;Na 243.0992, found 243.0992 [MNa*].

Methyl 1,5,6-trideoxy-2,3-O-isopropylidene-1-(3-butoxycarbonyl-
uracil-1-yl)-8-benzyloxy-p-p-ribo-non-5-eno-1,4-furanuronate

To a solution of 6 (702 mg, 1.85 mmol) and methyl-2-
benzyloxypent-4-enoate (1.02 g, 4.63 mmol) in CH,Cl, (9.00 mL)
was added Grubbs’ 2nd generation catalyst (160 mg, 0.19 mmol),

and the dark brown mixture was stirred at reflux for 24.5 h. After
cooling to rt, DMSO (730 pL, 50 equiv. relative to catalyst) was
added, and the mixture was stirred at rt for an extra 12 h. The
CH,Cl, was removed in vacuo, and the crude product was purified
by flash chromatography on silica gel (petroleum ether—EtOAc, 3
:1to2:1)to give an off-white foam, isolated as a 1 : 1 mixture
of diastereomers (730 mg, 69%). [a]y +62.49 (¢ 0.0008, CHCL;);
Vmax(Cast)/cm™" 3091, 2986, 2937, 1785, 1749, 1722, 1682, 1631,
1497 and 1085; 6,,(500 MHz; CDCl;) 1.35 (3 H, s, CH;), 1.57 (3
H, s, CH;), 1.60 (9 H, s, Boc), 2.52-2.55 (2 H, m, allylic CH,),
3.74 (3 H, s, OCHj;), 4.00-4.02 (1 H, m, CH,), 443 (1 H, d, J
11.7, benzylic CH,H,), 4.51-4.55 (1 H, m, H4'), 4.62-4.66 (1 H,
m, H3"), 4.71 (0.5 H, d, J 11.7, benzylic CH ,H,), 4.72 (0.5 H, d,
J 11.7, benzylic CH,H,), 4.95 (0.5 H, app t, J 6.5, H2'), 4.96 (0.5
H, app t, J 6.5, H2'), 5.60-5.66 (2 H, m, CH=CH), 5.68 (0.5 H,
d, J 8.1, HS), 5.70 (0.5 H, d, J 8.1, H5), 5.79-5.87 (1 H, m, HI"),
7.21(0.5H,d, J 8.1, H6), 7.22 (0.5 H, d, J 8.1, H6), 7.28-7.36 (5
H, m, Ar); 0.(125 MHz; CDCl;) 25.4, 27.1, 27.5, 35.7, 35.8, 51.9,
72.4,77.3, 83.9, 84.0, 84.87, 84.92, 87.0, 88.0, 88.1, 94.30, 94.33,
102.0, 102.1, 114.49, 114.52, 127.96, 127.99, 128.0, 128.4, 129.8,
130.0, 130.38, 130.44, 137.2, 137.3, 140.8, 140.9, 147.5, 148.2,
160.3, 172.3; m/z (ES+) caled for C,0H3N,0O,,Na 595.2262, found
595.2263 [MNa*].

Methyl 1,5,6-trideoxy-2,3-O-isopropylidene-1-(3-butoxycarbonyl-
uracil-1-yl)-8-hydroxy-p-D-ribo-nona-1,4-furanuronate (10)

10% Pd/C (73 mg) was added to a solution of methyl
1,5,6-trideoxy-2,3-O-isopropylidene-1-(3-butoxycarbonyluracil-
1-yl)-8-benzyloxy-f-D-ribo-non-5-eno-1,4-furanuronate (723 mg,
1.26 mmol) in EtOAc (13.00 mL), and the mixture was stirred
under 1 atm H, for 7 h. The Pd/C was removed by filtration
through Celite and washed with hot EtOAc. The solvent was
removed in vacuo, and the resulting viscous gum was purified by
flash chromatography on silica gel (petroleum ether-EtOAc, 1: 1)
to yield a white foam, isolated as a 1 : 1 mixture of diastereomers
(567 mg, 93%). vm(cast)/cm™' 3600-3300, 3094, 2985, 2939,
1785, 1722, 1681, 1632 and 1084; 6,(500 MHz; CDCl;) 1.34 (3
H, s, CH;), 1.48-1.89 (6 H, m, 3 x CH,), 1.55 (3 H, s, CHj;),
1.60 (9 H, s, Boc), 3.79 (3 H, s, OCHs;), 4.01-4.06 (1 H, m, H4"),
4.18-4.21 (1 H, m, CH,), 4.55 (1 H, m, H3'),4.92 (0.5H, d, J 6.8,
H?2), 4.93 (0.5 H, d, J 6.8, H2), 5.63 (1 H, br s, HIl"), 5.751 (0.5
H,d, J 8.1, HS),5.755 (0.5 H, d, J 8.1, HS), 7.21 (0.5 H, d, J 8.1,
H6), 7.22 (0.5 H, d, J 8.1, H6); d.(125 MHz; CDCl;) 21.0, 21.1,
25.4,27.2,27.5, 32.8, 32.9, 33.90, 33.93, 52.6, 70.08, 70.12, 83.6,
84.4, 84.5, 86.66, 86.69, 87.0, 93.6, 93.7, 102.2, 114.78, 114.82,
140.70, 140.74, 147.5, 148.1, 160.3, 175.5; m/z (ES+) calcd for
C,,H3,N,0,,Na 507.1949, found 507.1949 [MNa*].

Methyl 1,5,6-trideoxy-2,3- O-isopropylidene-1-(3-butoxycarbonyl-
uracil-1-yl)-8-0xo-p-D-ribo-nona-1,4-furanuronate

To a solution of 10 (560 mg, 1.16 mmol) in CH;CN (8.00 mL)
was added IBX (1.02 g, 3.63 mmol), and the white suspension was
stirred at reflux for 1.5 h. It was then cooled to 0 °C and filtered
through a sintered glass funnel. The solvent was removed in vacuo,
and the crude product was purified by flash chromatography on
silica (pet ether—-EtOAc, 2 :1to 1: 1) to give a white foam (413 mg,
74%). [a]® +10.44 (¢ 0.0009, CHCL,); vy (cast)/cm™ 3096, 2985,
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2938, 1784, 1724, 1683, 1633 and 1083;9,,(500 MHz; CDCl,) 1.34
(3 H,s, CH,), 1.55 3 H, s, CH,), 1.61 (9 H, s, Boc), 1.73-1.81 (4
H,m, 2 x CH,), 291 2 H, t, J 6.8, CH,,), 3.86 (3 H, s, OCH,),
4.00-4.04 (1 H, m, H4), 4.56 (1 H, dd, J 6.6, 5.0, H3), 4.93 (1
H, dd, J 6.6, 2.2, H2), 5.62 (1 H, d, J 2.2, HI), 5.77 (1 H, d,
J 8.3, H5), 7.21 (1 H, d, J 8.3, H6); 5-(125 MHz; CDCL,) 19.2,
25.4,27.2,27.5,32.3,38.7, 53.0, 83.5, 84.4, 86.5, 87.1, 93.7, 102.3,
114.9, 140.8, 147.4, 148.0, 160.3, 161.4, 193.5; m/z (ES+) calcd for
C,,HyN,0,,Na 505.1793, found 505.1793 [MNa].

Methyl 1,5,6-trideoxy-2,3- O-isopropylidene-1-(3-butoxycarbonyl-
uracil-1-yl)-9-0xo-p-D-ribo-dec-5-eno-1,4-furanuronate

To a solution of 6 (383 mg, 1.01 mmol) and methyl 2-oxohex-
5-enoate (405 mg, 2.59 mmol) in CH,Cl, (5.00 mL) was added
Grubbs’ 2nd generation catalyst (125 mg, 0.15 mmol), and the
dark brown mixture was stirred at reflux for 16 h. Extra catalyst
(43 mg, 0.051 mmol) was added, and stirring continued at reflux
for another 8 h. The reaction mixture was then cooled to rt, and
DMSO (770 pL, 50 equiv. relative to catalyst) was added. After
stirring at rt for 12 h, the CH,Cl, was removed in vacuo and the
crude product was purified by flash chromatography on silica gel
(pentane-EtOAc, 3 : 1 to 2 : 1) to give a white foam (206 mg,
40%). [a]® +32.99 (¢ 0.0016, CHCL); vy (cast)/cm™ 3097, 2987,
2937, 1785, 1724, 1682, 1632 and 1081; 6,,(600 MHz; CDCI;) 1.35
(3 H, s, CH;), 1.57 (3 H, s, CH;), 1.61 (9 H, s, Boc), 2.42 (2 H,
app qd, J 6.9, 1.4, allylic CH,), 2.97 2 H, t, J 6.9, CH,,), 3.88
(3 H, s, OCH,), 4.51 (1 H, dd, J 7.9, 4.2, H4), 4.69 (1 H, dd, J
6.5,4.2, H3), 5.02 (1 H, dd, J 6.5, 2.2, H2), 5.60 (1 H, d, J 2.2,
H1"), 5.65 (1 H, ddt, J 15.5, 7.9, 1.4, CH=CH), 5.76 (1 H, d, J
8.4, HS), 5.83 (1 H, dtd, J 15.5, 6.9, 0.9, CH=CH), 7.23 (1 H, d,
J 8.4, H6); 6-(125 MHz; CDCl;) 25.3, 25.4, 27.1, 27.4, 38.3, 53.0,
83.9,84.8,86.9, 88.3,94.5,102.0, 114.5, 128.1, 133.5, 141.2, 147 .4,
148.1, 160.3, 161.1, 193.0; m/z (ES+) calcd for C,;H;N,O,,Na
517.1793, found 517.1794 [MNa*].

Methyl 1,5,6-trideoxy-2,3-O-isopropylidene-1-(3-butoxycarbonyl-
uracil-1-yl)-9-o0xo-p-D-ribo-deca-1,4-furanuronate (13)

1,5,6-Trideoxy-2,3- O-isopropylidene-1-(3-butoxycarbonyluracil-

1-y1)-9-0x0-B-D-ribo-dec-5-eno-1,4-furanuronate (199 mg, 0.39
mmol) was dissolved in EtOAc (3.10 mL) and 5% Pd/C (25 mg)
was added. The mixture was stirred under 1 atm H, for 7 h,
then filtered through Celite and washed with hot EtOAc. After
solvent removal in vacuo, the crude product was purified by flash
chromatography on silica gel to afford a white foam (155 mg,
80%). [a]y +18.82 (¢ 0.0017, CHCL,); vy, (cast)/cm™" 3097, 2986,
2939, 1785, 1725, 1683, 1633 and 1082; (600 MHz; CDCl;) 1.34
(3H,s, CH;), 1.40-1.52 (2 H, m, CH,), 1.56 (3 H, s, CH;), 1.61 (9
H, s, Boc), 1.65-1.74 (4 H, m, 2 x CH,), 2.87 (2 H, t, J 7.2, CH,,),
3.87 (3 H, s, OCH;), 4.01 (1 H, m, H4'), 4.55 (1 H, dd, J 6.8, 4.8,
H3),4.93 (1 H,dd, J 6.8,2.2, H2), 5.62 (1 H, d, J 2.2, HIl"), 5.77
(1H,d,J8.4,HS5),7.21 (1 H,d, J 8.4, H6); 6-(125 MHz; CDCl,)
22.6, 24.9, 254, 27.2, 27.4, 32.9, 39.0, 52.9, 83.5, 84.4, 86.5,
87.0, 93.4, 102.1, 114.8, 140.8, 147.5, 148.1, 160.3, 161.4, 193.9;
m/z (ES+) calcd for C,;;H;,N,OyNa 519.1949, found 519.1948
[MNa*].

General procedure for Horner-Emmons—Wadsworth reaction on
o-ketoesters

To a suspension of NaH (60% in mineral oil, 1.5 equiv.) in DMF
at 0 °C was added dropwise methyl diethylphosphonoacetate (0.8
equiv) in DMF, and the mixture was stirred for 30 min. It was then
cooled to —40 °C and the a-ketoester (1.0 equiv.) in DMF was
added dropwise. The orange mixture was stirred at —40 °C for 5 h,
then H,O was added. After warming to rt, the aqueous layer was
extracted 3 times with EtOAc. The combined organic layers were
dried (MgSO,) and the solvent was removed in vacuo. Purification
was done by flash chromatography on silica gel (petroleum ether—
EtOAc).

Methyl 1,5,6-trideoxy-2,3-O-isopropylidene-1<(3-butoxycarbo-
nyluracil-1-yl)-7-methoxycarbonyl-p-p-ribo-non-7-eno-1,4-furan-
uronate (8). Isolated as a colourless glass (41 mg, 49%). [a]X
+18.00 (¢ 0.0009, CHCL;); vy, (cast)/cm™" 2925, 2854, 1786, 1724,
1682 and 1150; 64(500 MHz; CDCl;) 1.34 (3 H, s, CH;), 1.55
(3 H, s, CH;), 1.61 (9 H, s, Boc), 1.91 (2 H, app q, J 7.7, CH,),
2.41-2.55(2H, m, CH,), 3.73 (3 H, s, OCH,), 3.83 (3 H, s, OCH,;),
3.98-4.04 (1 H, m, H4), 4.61 (1 H, dd, J 6.5, 5.0, H3"), 4.98 (1 H,
dd, J 6.5, 2.5, H2'), 5.55 (1 H, d, J 2.5, Hl"), 5.76 (1 H, d, J 8.0,
H5), 5.88 (1 H, s, C=CH), 7.17 (1 H, d, J 8.0, H6); 0-(125 MHz;
CDCly) 25.4, 27.2, 27.5, 30.4, 30.6, 51.9, 52.4, 83.5, 84.3, 85.9,
87.1, 94.4, 102.3, 114.9, 120.5, 141.3, 147.4, 148.0, 148.6, 160.2,
165.3, 168.8; m/z (ES) calcd for C,,H;,N,O,,Na 547.1898, found
547.1897 [MNa*].

Methyl 1,5,6-trideoxy-2,3-O-isopropylidene-1-(3-butoxycarbo-
nyluracil-1-yl)-8-methoxycarbonyl-f-D-ribo-dec-8-eno-1,4-furan-
uronate (11). Isolated as a gum (279 mg, 82%). [a]y +7.75 (¢
0.0008, CHCl;); vy (cast)/cm™" 3092, 2985, 2951, 2927, 2853,
1784, 1723, 1682, 1633 and 1085; 0x(500 MHz; CDCl;) 1.34 (3
H, s, CH;), 1.55 (3 H, s, CH;), 1.61 (9 H, s, Boc), 1.62-1.77 (4
H, m, 2 x CH,), 241 (2 H, t, J 7.5, allylic CH,), 3.72 (3 H, s,
OCH,;), 3.83 (3 H, s, OCHs;), 3.98-4.02 (1 H, m, H4), 4.55 (1 H,
dd, J 6.6, 5.0, H3"), 4.92 (1 H, dd, J 6.6, 2.2, H2"), 5.62 (1 H, d, J
2.2, H!"), 5.76 (1 H, d, J 8.0, HS), 5.83 (1 H, s, C=CH), 7.21 (1
H, d, J 8.0, H6); 6.(125 MHz; CDCl;) 23.1, 25.4, 27.2, 27.5, 32.3,
33.9, 51.9, 52.4, 83.5, 84.4, 86.4, 87.0, 93.6, 102.3, 114.9, 119.9,
140.8, 147.4, 148.1, 149.7, 160.3, 165.2, 169.0; m/z (ES+) caled
for C,sH3,N,O Na 561.2055, found 561.2054 [MNa*].

Methyl 1,5,6-trideoxy-2,3-O-isopropylidene-1-(3-butoxycarbo-
nyluracil-1-yl)-9-methoxycarbonyl--b-ribo-undec-9-eno-1,4-furan-
uronate (14). Isolated as a colourless glass (35 mg, 53%). [a]X
+20.00 (¢ 0.0022, CHCl;); vy (cast)/ecm™" 3099, 2987, 2950, 2867,
1785, 1724, 1683, 1633 and 1086; 0,4(600 MHz; CDCl;) 1.33 (3
H,s, CH;), 1.38-1.53 (3 H, m, CH, + CH H,), 1.55 (3 H, 5, CH3;),
1.60 (9 H, s, Boc), 1.65-1.72 (3 H, m, CH, + CH,H,), 2.37 (2
H, td, J 7.5, 1.5, allylic CH,), 3.72 (3 H, s, OCH};), 3.82 (3 H, s,
OCH,), 3.98-4.01 (1 H, m, H4'), 4.54 (1 H, dd, J 6.6, 4.8, H3"),
492 (1 H, dd, J 6.6, 2.4, H2), 5.61 (1 H, d, J 2.4, H1"), 5.75 (1
H, d, J 8.4, HS), 581 (1 H, t, J 1.5, C=CH), 7.21 (1 H, d, J
8.4, H6); 0-(125 MHz; CDCl,) 24.9, 25.4, 26.7, 27.2, 27.5, 32.9,
34.1, 51.8, 52.3, 83.6, 84.4, 86.6. 87.0, 93.6, 102.2, 114.8, 119.5,
140.8, 147.5, 148.1, 150.2, 160.3, 165.3, 169.2; m/z (ES+) caled
for C,sH3N,O,,Na 575.2211, found 575.2211 [MNa*].
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General procedure for hydrogenation of dimethyl maleates to
dimethyl succinates

10% Pd/C was added to a solution of the maleate starting
material in EtOAc, and hydrogenation was carried out at 1 atm
H, for 12-16 h, at which point the mixture was filtered through
Celite and washed with hot EtOAc. After solvent removal in
vacuo, purification was done by flash chromatography on silica
gel (petroleum ether—EtOAc) to isolate the product as a mixture
of diastereomers.

Methyl 1,5,6-trideoxy-2,3-O-isopropylidene-1-(3-butoxycarbo-
nyluracil-1-yl)-7-methoxycarbonyl-§-D-ribo-nona-1,4-furanuronate
(16). Isolated as a colourless gum (19 mg, 95%). [a]? +25.45
(¢ 0.0011, CHCL,); vyu(cast)/cm™" 2924, 2852, 1786, 1724, 1683,
1633 and 1150; 6,4,(500 MHz; CDCl;) 1.33 (3 H, s, CHs), 1.55 (3
H, s, CH;), 1.61 (9 H, s, Boc), 1.62-1.74 (4 H, m, 2 x CH,), 2.45
(1 H, ddd, J 16.5, 5.5, 2.5, MeO,CCH H,), 2.73 (1 H, ddd, J
16.5,9.0, 1.0, CH;0,CCH,H,), 2.84-2.94 (1 H, m, CH;0,CCH),
3.67 3 H, s, OCH;), 3.70 (3 H, s, OCH;), 3.96-4.04 (1 H, m,
H4'), 4.56 (1 H, dd, J 6.5, 4.5, H3'), 494 (1 H, dd, J 6.5, 2.0,
H2),5.59 (1 H,d,J2.0,Hl"), 5.76 (1 H, d, J 8.3, H5), 7.20 (1 H,
d, J 8.3, HO6); 6.(125 MHz; CDCl;) 25.4, 27.2, 27.5, 27.8, 27.9,
30.6, 30.8, 35.7, 35.9, 40.7, 40.9, 51.8, 52.0, 83.5, 83.6, 86.6, 86.7,
87.1, 94.0, 94.1, 102.2, 114.8, 114.9, 140.9, 141.0, 147.4, 148.0,
160.3, 172.1, 172.2, 174.8; m/z (ES+) caled for C,,H3N,0,,Na
549.2055, found 549.2056 [MNa*].

Methyl 1,5,6-trideoxy-2,3-O-isopropylidene-1-(3-butoxycarbo-
nyluracil-1-yl)-8-methoxycarbonyl-p-D-ribo-deca-1,4-furanuronate
(17). Isolated as a colourless glass (21 mg, 71%). [a]y +20.63
(¢ 0.0009, CHCL,); vy (cast)/cm™" 2986, 2938, 1785, 1724, 1683,
1635 and 1085; 05(500 MHz; CDCl;) 1.34 (3 H, s, CH3;), 1.36-1.52
(3 H, m, CH, + CH_,H,), 1.55 (3 H, s, CH5;), 1.61 (9 H, s, Boc),
1.64-1.73 3 H, m, CH, + CH,H,), 2.45 (1 H, dd, J 16.7, 5.5,
MeO,CCH H,), 2.73 (1 H, dd, J 16.7, 9.0, CH,0,CCH,H,),
2.83-2.89 (1 H, m, CH;0,CCH), 3.68 (3 H, s, OCHs;), 3.70 (3
H, s, OCH;), 3.98-4.01 (1 H, m, H4'), 4.53 (1 H, dd, J 6.5, 5.0,
H3),491 (1H,dd,J 6.5, 2.3, H2),562(1H,d,J23, Hl'),5.76
(1H,d,J8.3,H5),7.20 (1 H, d, J 8.3, H6); 6.(125 MHz; CDCl;)
23.12, 23.14, 25.4, 27.2, 27.5, 31.6, 33.0, 35.8, 41.0, 51.8, 51.9,
83.5, 84.4, 86.5, 87.0, 93.5, 102.2, 114.9, 140.66, 140.70, 147.5,
148.1, 160.3, 172.2, 175.1; m/z (ES+) caled for C,sH;N,O,;Na
563.2211, found 563.2209 [MNa*].

Methyl 1,5,6-trideoxy-2,3-O-isopropylidene-1-(3-butoxycarbo-
nyluracil-1-yl)-9-methoxycarbonyl-f-D-ribo-undeca-1,4-furan-
uronate (18). Isolated as a colourless glass (10 mg, 21%). [a]¥
+10.09 (¢ 0.0019, CHCL,); vy, (cast)/cm~"' 2987, 2938, 1785, 1724,
1683, 1632 and 1085; 6,;(500 MHz; CDCl;) 1.34 (3 H, s, CHj;),
1.35-1.54 (4 H, m, 2 x CH,), 1.55 (3 H, s, CH;), 1.61 (9 H, s,
Boc), 1.63-1.70 (2 H, m, CH,), 243 (1 H, dd, J 16.6, 5.3,
MeO,CCH H,),2.72 (1 H,dd, J 16.6,9.0, CH;O,CCH_H,), 2.82—
2.88 (1 H, m, CH;0,CCH), 3.68 (3 H, s, OCH;), 3.70 (3 H, s,
OCH,), 3.98-4.02 (1 H, m, H4'),4.53 (1 H, app t, J 6.3, H3"), 4.91
(1H,dd, J6.3,2.2,H2),5.63(1 H,d,J22,Hl"),576 (1 H,d, J
8.0,H5),7.20(1 H, d, J 8.0, H6); 6.(MHz; CDCl;) 25.3,26.7,27.2,
27.5,31.7,33.0,35.82, 35.83,41.01,41.03, 51.77, 51.84, 83.5, 84.5,
86.6, 86.7, 87.0, 93.38, 93.42, 102.2, 114.83, 114.85, 140.6, 147.5,

148.1, 160.3, 172.3, 175.2; m/z (ES+) caled for C,;H3sN,O, Na
577.2368, found 577.2368 [MNa*].

General conditions for Boc and isopropylidene deprotection

The starting material was stirred in 70% TFA in H,O at rt
for 3 h, then the solvent was removed in vacuo. The crude
dimethyl maleates were purified by RP HPLC on C; (CH;CN
gradient in H,O with 0.1% TFA) then lyophilized from H,O. The
crude dimethyl succinates were purified by flash chromatography
on silica gel (EtOAc-MeOH) and isolated as a mixture of
diastereomers.

Methyl 1,5,6-trideoxy-1-(uracil-1-yl)-7-methoxycarbonyl-f-D-
ribo-non-7-eno-1,4-furanuronate. Isolated as a white powder
(8 mg, 75%). [a]y +24.20 (¢ 0.001, CHCL); vy, (cast)/cm™
3650-3100, 2955, 2925, 2854, 1713 and 1128; 6,4(500 MHz;
CD;0D) 1.80-1.88 (1 H, m, CH H,), 1.90-1.97 (1 H, m, CH_H,),
2.45-2.51 (1 H, m, CH_.H,), 2.54-2.60 (1 H, m, CH.H,), 3.70 (3
H, s, OCHj;), 3.78 (3 H, s, OCH;), 3.85-3.91 (2 H, m, H3, H4),
4.18 (1 H,dd, J 5.3,4.1,H2),5.71 (1 H, d, J 8.0, H5), 5.75 (1 H,
d,J4.1,H1"),599 (1 H,t,J 1.5,C=CH), 7.56 (1 H, d, J 8.0, H6);
Jc(125 MHz; CDCl,) 31.5, 32.0, 52.3, 52.9, 74.7, 74.9, 83.7, 92.2,
103.0, 121.6, 142.9, 150.6, 152.2, 166.1, 167.0, 170.6; m/z (ES+)
calced for C,sH,N,OyNa 407.1061, found 407.1060 [MNa*].

Methyl 1,5,6-trideoxy-1-(uracil-1-yl)-8-methoxycarbonyl-f-D-
ribo-dec-8-eno-1,4-furanuronate. Isolated as a white powder
(7 mg, 74%). [a]y +37.79 (¢ 0.001, CHCL); vy, (cast)/cm™
3600-3150, 2956, 2924, 2853 and 1712; 6,4(500 MHz; CD;0D)
1.58-1.80 (4 H, m, 2 x CH,), 2.41-2.46 (2 H, m, allylic CH,),
3.69 (3 H, s, OCH;), 3.77 (3 H, s, OCHj;), 3.84-3.87 (2 H, m,
H3', H4'), 4.13-4.15 (1 H, m, H2'), 5.71 (1 H, d, J 8.0, H5), 5.77
(1 H, d, J 4.0, Hl"), 593 (1 H, s, C=CH), 7.56 (1 H, d, J 8.0,
H6); 6(125 MHz; CDCl;) 24.6, 33.4, 34.9, 52.3, 52.8, 74.8, 75.1,
84.5,91.9, 102.9, 121.0, 142.6, 151.6, 152.2, 166.1, 166.9, 170.8;
m/z (ES+) caled for C;;H,,N,O,Na 421.1218, found 421.1222
[MNa*].

Methyl 1,5,6-trideoxy-1-(uracil-1-yl)-9-methoxycarbonyl-f-D-
ribo-undec-9-eno-1,4-furanuronate. Isolated as a white powder
(2 mg, 75%). [a]2 +34.99 (¢ 0.001, CHCL,); vy, (cast)/cm™" 3700
3000, 2951, 2858 and 1694; (600 MHz; CD;0D) 1.43-1.50 (1
H,m,CH,H,), 1.51-1.58 (3 H, m, CH, + CH,H,), 1.64-1.70 (1 H,
m, CH H,), 1.72-1.78 (1 H, m, CH.H,), 2.39 (2 H, td, J 7.3, 1.5,
allylic CH,), 3.69 (3 H, s, OCH,), 3.77 (3 H, s, OCH,), 3.84-3.87
(2H, m, H¥, H4), 4.14 (1 H,dd, J 54,42 H2),571 (1 H,d, J
8.1, H5), 5.77 (1 H, d, J 4.2, HI"), 592 (1 H, t, J 1.5, C=CH),
7.56 (1 H, d, J 8.1, H6); 5-(125 MHz; CDCl;) 26.1, 28.0, 34.0,
35.0, 52.3, 52.8, 74.8, 75.1, 84.8, 91.6, 103.0 120.7, 142.6, 151.9,
152.3, 166.1, 167.0, 170.9; m/z (ES+) calcd for C3H,,N,OyNa
435.1374, found 435.1372 [MNa*].

Methyl 1,5,6-trideoxy-1-(uracil-1-yl)-7-methoxycarbonyl-f-
D-ribo-nona-1,4-furanuronate. Isolated as a colourless glass
(13 mg, 100%). [a]¥ +20.30 (¢ 0.0013, CH;0H); v, (cast)/cm™
3600-3100, 3026, 2954, 1693 and 1107; 6,4(500 MHz; CD;0D)
1.63-1.78 (4 H, m, 2 x CH,), 2.54 (1 H, dd, J 16.8, 5.3,
CH,0,CCH H,), 2.69 (1 H, dd, J 16.8, 9.3, CH;0,CCH,_H,),
2.85-2.91 (1 H, m, CH;0,CCH), 3.64 (3 H, s, OCHj;), 3.68 (3
H, s, OCH,), 3.80-3.86 (2 H, m, H3, H4), 4.14-4.17 (1 H, m,
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H2), 5.71 (1 H, d, J 8.0, H5), 5.75 (1 H, d, J 4.5, HI), 7.56 (1
H, d, J 8.0, H6); 6.(125 MHz; CD,0OD) 29.2, 29.3, 31.8, 36.6,
36.7,42.2,42.3,52.2, 52.4,74.7, 74.8, 74.9, 75.0, 84.5, 92.0, 102.9,
103.0, 142.8, 152.2, 166.1, 174.0, 176.8; m/z (ES+) caled for
C,H,»N,0,Na 409.1218, found 409.1216 [MNa*].

Methyl 1,5,6-trideoxy-1-(uracil-1-yl)-8-methoxycarbonyl-f-n-
ribo-deca-1,4-furanuronate. Isolated as a glass (23 mg, 96%).
Vmas(Cast)/cm™" 3600-3000, 3061, 2952, 2863, 1693 and 1053;
ox(500 MHz; CD;0D) 1.39-1.78 (6 H, m, 3 x CH,), 2.50 (1
H, dd, J 16.5, 5.0, CH,0,CCH H,), 2.67 (1 H, dd, J 16.5, 9.2,
CH;0,CCH,H,), 2.81-2.87 (1 H, m, CH;0,CCH), 3.64 3 H, s,
OCH,), 3.66 (3 H, s, OCH,;), 3.83-3.86 (2 H, m, H3', H4), 4.14 (1
H, appt, J 4.0, H2), 5.71 (0.5 H, d, J 8.0, HS), 5.72 (0.5 H, d, J
8.0, H5), 5.76 (1 H, d, J 4.0, H1"), 7.55 (0.5 H, d, J 8.0, H6), 7.56
(0.5 H, d, J 8.0, H6); 6c(125 MHz; CD;0D) 24.38, 24.41, 32.8,
34.0, 34.1, 36.66, 36.68, 42.4, 52.2, 52.3, 74.7, 75.0, 75.1, 84.56,
84.61, 91.7, 103.0, 142.6, 152.3, 166.2, 174.1, 176.98, 177.01;
m/z (ES+) caled for C,;H,,N,O,Na 423.1374, found 423.1376
[MNa*].

Methyl 1,5,6-trideoxy-1-(uracil-1-yl)-9-methoxycarbonyl-f-n-
ribo-undeca-1,4-furanuronate. Isolated as a colourless glass
(15 mg, 89%). [a]? +33.73 (¢ 0.0011, CHCL); vy, (cast)/cm™
3550-3100, 3025, 2948, 2860, 1717 and 1049; 64(300 MHz;
CD;0D) 1.28-1.71 (8 H, m, 4 x CH,), 2.49 (1 H, dd, J 16.6, 5.3,
CH,0,CCH H,), 2.66 (1 H, dd, J 16.6, 9.3, CH,0,CCH,H,),
2.77-2.86 (1 H, m, CH;0,CCH), 3.64 (3 H, s, OCHj;), 3.66 3 H, s,
OCH,), 3.82-3.86 (2 H, m, H3, H4), 4.12-4.15 (1 H, m, H2),
572(1 H,d,J8.1,H5),577 (1 H,d,J 4.2, Hl"), 7.56 (1 H, dd, J
8.1, 0.9, H6); 0.(125 MHz; CD;0D) 26.7, 27.79, 27.80, 32.8, 34.1,
36.60, 36.68, 42.39, 42.41, 52.2, 52.3, 74.8, 75.066, 75.074, 84.8,
91.6, 103.0, 142.6, 152.3, 166.1, 174.1, 177.1; m/z (ES+) calcd for
CsHyN,0OyNa 437.1531, found 437.1530 [MNa*].

General procedure for hydrolysis of dimethyl diesters

The dimethyl diester was dissolved in a 4 : 3 CD;OD-D,0
mixture (700 pL) and placed in an NMR tube. A solution of
LiOH in D,O (1 M, 4.0 equiv.) was then added, and the reaction
progress was monitored by '"H NMR. In the case of the dimethyl
maleates, hydrolyses were conducted at 40 °C, and for the dimethyl
succinates, hydrolyses were conducted at rt. Upon completion of
the reaction, the solvent was removed and the remaining residue
was dissolved in H,O. Lyophilization gave the respective lithium
salt.

1,5,6-Trideoxy-1-(uracil-1-yl)-7-hydroxycarbonyl-B-D-ribo-non-
7-eno-1,4-furanuronic acid, trilithium salt (9). Isolated as a solid
(5mg, 100%). [a]? +3.82 (¢ 0.0011, H,O); vy, (nscope)/cm™" 3650
2700, 1684 and 1135;6,4(500 MHz; D,0) 1.81-1.97 (2 H, m, CH,),
2.30-2.37 (1 H, m, CH_ H,), 2.41-2.47 (1 H, m, CH,H,), 4.02—
4.07 (2 H, m, H3, H4'), 4.28 (1 H, app t, J 5.0, H2"), 5.55 (1 H, s,
C=CH), 5.82(1 H,d, J 7.7, HS),5.92 (1 H,d, J 5.0, HY"), 7.53 (1
H, d, J 7.7, H6); 6.(125 MHz; D,0) 31.4, 31.9, 73.8, 74.6, 83.7,
90.3, 103.8, 121.5, 141.1, 150.8, 160.5, 169.0, 175.2, 177.9; m/z
(ES—) calcd for C,H;5sN,0, 355.0772, found 355.0775 [MH"].

1,5,6-Trideoxy-1-(uracil-1-yl)-8-hydroxycarbonyl-B-D-ribo-dec-
8-eno-1,4-furanuronic acid, trilithium salt (12). Isolated as a white
solid (4 mg, 100%). [a]® +16.15 (¢ 0.0013, H,0); v, (uscope)/cm ™

3700-3000, 2942, 1688, 1568 and 1072; 6,,(600 MHz; D,0) 1.54—
1.68 (2 H, m, CH,), 1.70-1.84 (2 H, m, CH.), 2.29-2.31 2 H, m,
allylic CH,), 4.03 (2 H, br s, H3, H4'), 4.26-4.28 (1 H, m, H2),
5.50 (1 H, s, C=CH), 5.81 (1 H, d, J 7.8, H5), 5.90 (1 H, d, J 4.8,
HI'), 7.54 (1 H, d, J 7.8, H6); 6.(125 MHz; D,0) 24.0, 33.0, 35.1,
73.8, 74.5, 84.3, 90.2, 103.8, 1221.2, 141.1, 151.8, 160.0, 167.0,
175.3, 177.2; m/z (ES—) caled for C,sH,;N,O, 369.0929, found
369.0928 [MH"].

1,5,6-Trideoxy-1-(uracil-1-yl)-9-hydroxycarbonyl-p-D-ribo-undec-
9-eno-1,4-furanuronic acid, trilithium salt (15). Isolated as a white
solid (2 mg, 100%). [a]® —4.14 (¢ 0.0014, H,0); vy, (scope)/cm™!
3650-3000, 2940, 1688, 1565 and 1137; 04(500 MHz; D,O)
1.42-1.55 (4 H, m, 2 x CH,), 1.71-1.79 (2 H, m, CH,), 2.24-2.27
(2 H, m, allylic CH,), 4.01-4.04 2 H, m, H3', H4"), 4.28 (1 H, app
t,J 5.0, H2), 5.49 (1 H, s, C=CH), 5.82 (1 H, d, J 7.8, HS), 5.91
(1 H,d, J5.0,HIl), 7.54 (1 H, d, J 7.8, H6); 6-(125 MHz; D,0)
254,278, 33.2, 35.2, 73.8, 74.5, 84.5, 90.1, 103.8, 120.7, 141.1,
152.5,161.1, 165.7,175.4, 176.3; m/z (ES—) calcd for C,;H;yN,O,
383.1085, found 383.1084 [MH].

1,5,6-Trideoxy- 1 - (uracil-1-yl)-7-hydroxycarbonyl- - D-ribo-
nona-1,4-furanuronic acid, trilithium salt (19). Isolated as a white
solid (7 mg, 100%). [a]}y +7.00 (c 0.001, H,O); vy, (nscope)/cm™
3700-2800, 1675, 1570 and 1130; 6,4,(400 MHz; D,O) 1.50-1.74
(4 H, m, 2 x CH,), 2.19 (1 H, dd, J 14.6, 9.8, CH;0,CCH_H,),
2.47 (1 H, dd, J 14.6, 5.6, CH;0,CCH,H,), 2.55-2.62 (1 H, m,
CH;0,CCH), 3.97-4.04 2 H, m, H3, H4), 427 (1 H, app t, J
3.5, H2), 5.84 (0.5 H, d, J 7.6, H5), 5.86 (0.5 H, d, J 8.0, HS),
5.88 (0.5 H, d, J 3.5, HI"), 5.89 (0.5 H, d, J 3.5, HI"), 7.57 (0.5
H, d, J 7.6, H6), 7.58 (0.5 H, d, J 8.0, H6); (125 MHz; D,0)
28.9, 29.0, 31.80, 31.84, 41.85, 41.90, 46.9, 73.7, 73.8, 74.5, 74.6,
84.6, 84.7, 89.9, 103.76, 103.80, 141.2, 159.2, 165.1, 176.1, 182.3,
184.86, 184.89; m/z (ES—) calcd for C,,H,;N,O, 357.0940, found
357.0939 [MH,].

1,5,6-Trideoxy-1-(uracil-1-yl)-8-hydroxycarbonyl-p-D-ribo-deca-
1,4-furanuronic acid, trilithium salt (20). Isolated as a white
solid (6 mg, 88%). [a]y +6.31 (¢ 0.0013, H,0); vy, (nscope)/cm™
3600-3000, 2941, 1695, 1576, 1426 and 1088; 6,;(600 MHz; D,0)
1.32-1.80 (6 H, m, 3 x CH,), 2.18 (0.56 H, dd, J 14.4, 10.2,
CH,0,CCH H,),2.37(0.44H,dd, J 15.9,5.7, CH,0,CCCH H,),
2.47 (1 H, m, CH;0,CCH_H,), 2.58 (0.56 H, m, CH;0,CCH),
2.79-2.85 (0.44 H, m, CH;0,CCH), 3.99-4.05 (2 H, m, H3,
H4),4.29 (1 H, app q, J 4.8 H2'), 5.85 (1 H, br s, HS), 5.88 (0.44
H, d, J 4.2, HIl'), 5.89 (0.56 H, d, J 4.8, H1"), 7.55 (0.44 H, dd,
J 7.8, 4.8, H6), 7.58 (0.56 H, d, J 7.8, 2.4, H6); 6-(125 MHz;
D,0) 23.5, 24.0, 33.6, 40.5, 42.1, 43.3, 43.4, 46.9, 73.68, 73.73,
73.8,74.45, 74.48, 84.2, 84.3, 84.7, 84.8, 89.99, 90.05, 90.5, 103.6,
141.68, 141.74, 149.2, 162.5, 182.5, 185.4; m/z (ES—) calcd for
CsHyN,O, 371.1096, found 371.1097 [MH,].

1,5,6-Trideoxy- 1 - (uracil-1-yl)-9-hydroxycarbonyl- - D-ribo-
undeca-1,4-furanuronic acid, trilithium salt (21). Isolated as
a white solid (5 mg, 76%). [a]y +6.11 (¢ 0.0009, H,O);
Vaax(USCOpPE)/cm~" 3700-3000, 2935, 1681, 1579 and 1087,
01(600 MHz; D,O) 1.30-1.52 (6 H, m, 3 x CH,), 1.67-1.77 (2 H,
m, allylic CH,), 2.17 (0.78 H, dd, J 14.4, 9.6, CH;0,CCH H,),
2.37 (0.22 H, dd, J 15.6, 6.0, CH;0,CCH H,), 2.44 (0.78 H,
dd, J 14.4, 5.4, CH;0,CCH,H,), 2.47 (0.22 H, dd, J 15.6,
9.0, CH;0,CCH,H,), 2.56 (0.78 H, m, CH,0,CCH), 2.77-2.82
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(0.22 H, m, CH;0,CCH), 4.00-4.04 (2 H, m, H3, H4'), 4.28-
4.30 (1 H, m, H2), 5.84 (1 H, d, J 7.8, HS), 5.88 (0.22 H, d,
J 4.8, HI'), 5.89 (0.78 H, d, J 5.4, Hl'), 7.55 (0.22 H, d, J
7.8, H6), 7.56 (0.78 H, d, J 7.8, H6); d-(125 MHz; D,0) 25.5,
25.8,27.7,32.2,32.6, 33.2, 33.4, 40.5, 42.1, 47.1, 73.8, 74.5, 84 .4,
84.4, 84.7, 84.8, 90.1, 103.7, 141.5, 157.7, 163.0, 181.4, 182.6,
185.7; m/z (ES—) calcd for C,¢H, N,O, 385.1253, found 385.1243
[MH,"].

NDP kinase assay

The coupled assay using pyruvate kinase and lactate dehydro-
genase described by Kezdi et al* was used and adapted to
microtiter plates. The final assay volume was 100 uL, with the
final concentrations as follows: 50 mM Tris-HCI (pH 7.6), 75 mM
KCl, 5 mM MgCl,, | mM phosphoenolpyruvate, | mM NADH,
0.2 mM ATP, 0.6 mM 8-bromoinosine diphosphate, | mg mL™"
bovine serum albumin, and 50 U mL™' pyruvate kinase-lactate
dehydrogenase. The reaction was initiated by adding NDP kinase
(0.08 nM) with a multi-channel pipette to wells in the absence or
presence of nucleotide analogue, and the activity was monitored
at 30 °C by the decrease in absorbance at 340 nm.

Antibacterial activity assay

The spot-on-lawn overlay method was used. Luria broth was used
to grow E. coli DH5a, Pseudomonas aeruginosa ATCC 14207,
Salmonella typhimurium ATCC 23564, and tryptic soy broth
was used to grow Staphylococcus aureus ATCC 6538. A culture
tube containing liquid media was inoculated from a frozen stock
solution of the bacterial strain, and all strains were incubated
overnight at 37 °C. The dimethyl diesters were dissolved in EtOH-
H,O (2 : 1) and the lithium dicarboxylate salts were dissolved in
H,O0. A 10 uL portion of a 20 mg mL~" solution of the nucleotide
analogue was pipetted on a solid agar plate and allowed to dry.
A 100 uL portion of the test organism from the culture tube
was added to a tube containing melted soft agar (40 °C), and
after gentle vortexing, this was poured onto the agar plate. After
allowing the agar to solidify, the plates were incubated overnight
at 37 °C. Activity was detected by the appearance of a circular
zone of growth inhibition around the area where the nucleotide
analogue was spotted.
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During the past decade, numerous gene clusters responsible for the biosynthesis of important natural
products have been identified from a variety of organisms. Heterologous expression utilizing E. coli has
been employed to provide proteins for mechanistic understanding and structural analyses. It was very
recently shown that this system is also capable of de novo production of biologically active forms of

heterologous nonribosomal peptides, echinomycin and triostin A,

through the introduction of genes

encoding modules responsible for their assembly into this model bacterial host. The superlative

advantage of using E. coli as a heterologous host is the availability of a wealth of well-established
molecular biological techniques for its genetic and metabolic manipulation. The platform described
above which was developed in our laboratory is ideal for use in the production of metabolites found in
marine and symbiotic bacteria that are not amenable to artificial cultivation. Development and

tailoring of our system will allow for the design of these natural products and ultimately combinatorial

yet rational modification of these compounds. This review focuses on the heterologous expression of
biosynthetic gene clusters for the assembly of therapeutically potent compounds.

Introduction

E. coli has been used for molecular cloning in genetics, molecular
biology and microbiology, and generation of recombinant proteins
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in biological chemistry and structural biology in quantities
sufficient for proteins to be characterized. Scientists of various
disciplines have relied on E. coli for the progression of their scope
by taking advantage of this bacterium’s fast life cycle. In addition,
knowledge of the complete genome and extensive understanding
of many aspects of the metabolic pathways of this organism
also greatly reduces the uncertainty in the research process. This
organism is a powerful tool that has spread across to other research
fields.
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Over 10% of drugs currently in commercial use are microbial
products.! Some examples include antibiotics such as strepto-
mycin, kanamycin, chloramphenicol, rifamycin and vancomycin
which were isolated from streptomycetes producing these sec-
ondary metabolites and bringing notoriety to these bacteria,
making them a topic of interest. Katz’s and Leadlay’s groups in the
early 1990s independently isolated the erythromycin biosynthetic
gene cluster from Saccharopolyspora erythraea (formerly Strep-
tomyces erythraeus).> This was a feat of genetic contribution
to understanding polyketide synthase (PKS). It is well known
that streptomycetes produce two classes of natural products,
polyketides (PKs) and nonribosomal peptides (NRPs) (Fig. 1).**
PKs can be further broken down into multiple subcategories
(types I, 11, and IIT) according to chemical structure and method
of assembly. The DNA cluster coding for a type I polyketide
synthase is a modularly-organized enzyme responsible for PK
biosynthesis (Fig. 2a). The second category, NRPs, are synthesized
by large and multi-domain complexes and are genetically encoded
in a similar manner to PKs (Fig. 2b). Because of the enormous
structural diversity and complexity of both PKs and NRPs, many
pharmaceutically and agrochemically important pharmacophores
have been identified and are in use at the present. High density cell
fermentation of the strain producing these natural products is
the most popular method of preparing these bioactive molecules
for clinical use. The process is economical, requiring mostly
inexpensive starting materials and mild conditions that involve
minimal energy input for operation. The process is also scalable,
which facilitates any need to meet an increase in demand and
obtain larger quantities of the product for clinical use. However,
many organisms, including the vast majority of soil bacteria, are
frequently not amenable to artificial cultivation for isolation of
these products.

Today, 54% of clinical drugs on the market were developed from
natural origins.® To create a successful drug, a lead compound

&0 N(CHy)
O

may require some modification in order to improve its potency
for treatment and reduce or completely abolish any unexpected
toxicities and unfavorable pharmacokinetic properties. Currently,
there are three major approaches to preparing these lead com-
pounds and their analogs: (1) fermentation, (2) total chemical
synthesis, and (3) semisynthesis. Each of these methods carries
its own strengths and weaknesses in terms of its productivity
and its ability to generate analogs, but none stand out as an
ideal system for facile scalable production and none permits easy
access to rational analog design and production. We believe that
an E. coli-based heterologous host biosynthetic system could
combine the advantages of the above-mentioned approaches and
would become a valuable alternative for the advancement of
the biosynthetic field. We will start with an overview of the
heterologous expression of type I PKS and mixed PKS-NRPS
biosynthetic gene clusters responsible for producing medicinally
important secondary metabolites from bacteria. This review will
then survey our efforts towards the isolation of the echinomycin
biosynthetic gene cluster and heterologous production of NRP
antibiotics in E. coli developed in our laboratory.

Streptomyces- and E. coli-based heterologous systems
for PK and NRP production

There are four major advantages to using a Streptomyces-based
expression system for heterologous production of PKs or NRPs
found in other Streptomyces: (1) ample genetic compilation, (2) in-
nate availability of starting and building units, (3) facile expression
of immense gene cluster, and (4) expression of intact biosynthetic
pathways devoid of reconstitution. It is believed that Streptomyces
are more capable of producing natural products in comparison
to conventional laboratory strains.” The compulsory biosynthetic
pathway components were originally uncovered in these strains
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and are known to initiate production of these amazing compounds
by manufacturing the starter unit and building blocks, which
include propionyl-, methyl- and ethylmolonyl-CoA, necessary to
a variety of PKs.® Each PKS or NRPS can then be efficiently
converted from inactive apo- to phosphopantetheinyl-containing
holo-acyl carrier protein (ACP)/peptidyl carrier protein (PCP)
forms for elongation of polyketide or polypeptide assembly.
Well-characterized Streptomyces or model strain, Streptomyces
coelicolor and S. lividans, have been used to produce recombinant
polyketides at titers greater than 1 g 17! by means of high density
cell fermentation.® This was accomplished through the use of a
Streptomyces expression system where gene clusters responsible

for the production of the recombinant PKs were integrated into
a chromosome of the host in question. Noteworthy titer may be
attributed to the model strain’s ability to regulate the production
of this secondary metabolite. In recent studies, the complete
biosynthetic gene cluster for daptomycin, a lipopeptide antibiotic
originally produced by S. roseosporus, was successfully inserted
into the chromosome of S. lividans using a $C31 integration
system flanked with a phage lambda attL and attR site, a routinely
used site for the integration of foreign DNA. In addition, the
production of hybrid lipopeptide antibiotics was demonstrated
through pathway modification as a method by which to engineer
NRP antibiotics.’®! Use of Streptomyces as a heterologous host

This journal is © The Royal Society of Chemistry 2007
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is advantageous, however, there are scores of unidentified genes
housed in this bacterium’s genome making molecular and cellular
manipulation arduous, creating a hurdle for metabolic engineers
and slowing advancement in the field of natural products.

To circumvent such a stumbling block, metabolic engineers
have resorted to using E. coli as a heterologous host, taking
advantage of the availability of well-established molecular bio-
logical techniques for its genetic and metabolic manipulation.
In addition, the ease of fermentation for E. coli, makes this
organism particularly suitable and attractive for overproduction
of natural products. Its robust tolerance of exogenous proteins
and fast life cycle will also promote our engineering efforts.
The means for large-scale protein production will also facilitate
detailed biochemical characterization of the biosynthetic pathway,
and conceive a scaffold for a rational approach to optimizing
the pathway and modifying the production of exogenous natural
products and analog biosynthesis. Khosla and Cane, pioneers of
this field, have successfully shown the heterologous production
of a complex polyketide natural product 6-deoxyerythronolide
B (6dEB), an erythromycin aglycon, in E. coli (Fig. 3)."* Recent
studies performed at KOSAN Biosciences, a biotech company have
shown optimization and improvement to the already impressive
yield of this compound to over one gram per liter using E. coli as
a heterologous host.”*'"* Armed with the successful heterologous
expression of a complex polyketide natural product in E. coli,
under the merit of utilizing the bacterium as a heterologous host,
we will summarize our recent experimental results when the NRP
echinomycin gene cluster is transplanted from its natural host into
E. coli allowing for the development of an E. coli-based host system
for the unmitigated engineered biosynthesis of natural products.’®

Erythromycin production in E. coli

The erythromycin biosynthetic study was the first example of
the heterologous production of complex PKs in E. coli and
has paved the way for the field of natural products engineering

M2C M3N

DEBS1 DEBS2
LD M1 M2 M3 M4

in E. coli.'* These studies have helped scientists decipher the
PK biosynthetic pathway by providing crucial pieces to this
exceedingly complex puzzle. Heterologous production of 6dEB
in E. coli entailed the exogenous feeding of propionic acid as
a source for propionyl-CoA, the starting unit, which is also
converted into (25)-methylmalonyl-CoA, the building unit for the
PK core structure. The starting unit, propionyl-CoA, is effectively
supplied from propionic acid undergoing a CoA-ligation catalyzed
by propionyl-CoA synthetase (PrpE). Catalyzed by propionyl-
CoA carboxylase (PCC), propionyl-CoA is carboxylated to afford
the building unit, (25)-methylmalonyl-CoA. Genes encoding
PrpE and PCC were installed and integrated into E. coli’s
chromosome for expression under control of the T7 promoter.'
Additionally, the sfp gene which codes for a phosphopantetheinyl
transferase from Bacillus subtilis,'® responsible for converting the
apo- to phosphopantetheinyl-containing holo-ACP conformer
for elongation of the polyketide assembly was also included
in this chromosome."” Furthermore, to avoid squandering these
acyl-CoAs by unexpected metabolism for the biosynthesis of
undesirable metabolites, the prp operon thought to be responsible
for propionic acid catabolism in E. coli was shut down and the ygfG
gene coding a methylmalonyl-CoA decarboxylase was deleted
from the chromosome of the expression host."

To produce 6dEB in E. coli, plasmids carrying the PKS genes
responsible for the production of the macrocyclic scaffold were
transformed into the engineered bacterium. E. coli’s ability to
tolerate 6dEB’s massive biosynthetic gene cluster and capability of
producing the heterogeneous metabolite was demonstrated when
the resultant strain was furnished with its indispensable substrates.
After further optimization, the titer of 6dEB was improved to
1.1 g per liter of fermentation culture.* In recent studies, the
co-expression of two biosynthetic gene clusters responsible for
the production of deoxysugars, TDP-L-mycarose and TDP-D-
desosamine, reconstituted operons with the above pathways into
E. coli provide evidence that a potent antibiotic, erythromycin C
is prepared at 0.4 mg 17! of culture.'” These results have provided

M4C M5N
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M5 M6
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Fig. 3 6-Deoxyerythronolide B biosynthesis. M, module; LD, loading domain; KR, ketoreductase; DH, dehydratase; ER, enoylreductase; TE,

thioesterase.

596 | Org. Biomol. Chem., 2007, 5, 593-602

This journal is © The Royal Society of Chemistry 2007





metabolic engineers with an additional arsenal for studying
natural products through the expression of complete biosynthetic
gene clusters in E. coli in place of Streptomyces. Moreover, the
novel expression system made the detailed mechanism analysis
of biosynthetic reactions possible by providing a substantial
quantity of biosynthetic enzymes for any, if not all, of the desired
mechanistic steps.

Rifamycin intermediate P8/1-OG production in
E. coli

Rifamycins and other ansamycins are a PK class of natural
products containing a benzoic or naphthalenic chromophore
bridged by an aliphatic PK chain, which terminates at the
chromophore by an amide linkage."**' The biosynthetic pathway
for the ansamycin type PK enlists 3-amino-5-hydroxybenzoic
acid (AHBA) to serve as a starting unit for the assembly of
these molecules.”®? In order to study and appreciate the as-
sembly of intermediary rifamycin, 2,6-dimethyl-3,5,7-trihydroxy-
7-(3’-amino-5'-hydroxyphenyl)-2,4-heptadienoic acid (P8/1-OG)
(Fig. 4), Khosla and co-workers introduced two powerful tech-
nologies to express multiple open reading frames (ORFs) in
the expansive biosynthetic gene cluster coding megasynthase
documented to biosynthesize the PK backbone structure.

To facilitate the reconstitution of a biosynthetic operon for
expression in E. coli, seven biosynthetic genes responsible for the
production of AHBA must be reconstituted for the bacterium
capable of governing the expression of this gene cluster.? Each
ORF calls for a ribosome binding site (rbs) for successful
expression in an E. coli-translation system and the reconstituted
operon requires an available promoter for transcription in E. coli.
Seven genes from the rifamycin gene cluster were cloned into the
pET28 expression vector. By taking advantage of the compatibility
between restriction endonucleases Xbal and Spel sticky ends to
construct a single vector, individual ORF cassettes with rbs (Xbal—
Spel) were assembled as a polycistronic expression plasmid.

In addition, significant protein expression levels of these hefty
modular genes in E. coli require that the rif4, which codes for the
first polypeptide of rifamycin PKS, be stretched across 15 kilobases
(kb) of DNA and the molecular weight of posttranslational
product is estimated at 0.53 megadalton (MDa). To accommodate
expression of the considerable ORF in E. coli, engineering rifA,

RifA
LD M1 M2

the loading domain (LD) and modulel (M1), and M2 and M3,
necessitates that they be expressed separately as two polypeptides.
The 6dEB synthase (DEBS) was demonstrated to contain two
pairs of intermodular linkers: C-terminal linker of DEBS M2
(M2C)/ N-terminal linker of DEBS M3 (M3N) and C-terminal
linker of DEBS M4 (M4C)/N-terminal linker of DEBS MS5
(M5N) (Fig. 3).2* These linkers, M2C/M3N and M4C/M5N,
are believed to act as a “glue” to augment binding affinity
between M2 and M3, and M4 and M5, respectively. It has also
been recognized that antiparallel helical interactions between
intermodular linkers play a part in the chain transfer of a linear
PK from the polypeptide to a downstream polypeptide.*** With
regard to the functional reconstitution of RifA protein, a pair of
linker M2C and M3N were fused to the C terminus of Rif M1 and
the N terminus of Rif M2, respectively, which were then cloned
into a single plasmid.

The two plasmids were introduced into an E. coli strain, BAP1
which was engineered by Blaine A. Pfeifer for heterologous PK
production, described in the erythromycin section.'? Accordingly,
the genetically engineered bacterium was shown to produce
the expected intermediate P8/1-OG at a final yield of 2.5 mg
1! of culture. The realization of an E. coli-based expression
system by the plasmid-borne operon of the complex biosynthetic
pathway and functional expression of the mega-gene responsible
for producing PK and NRP core structures was confirmed by this
reported achievement.

Epothilone production in E. coli

Today, epothilone is one of the most prominent natural products
as an anticancer agent.* In 2000, it was reported that the biosyn-
thetic gene cluster was uncovered by KOSAN Biosciences and
successfully expressed by a Streptomyces-based system (Fig. 5).
The Streptomyces-based system was also able to produce the
recombinant epothilones C and D at 0.05-0.1 mg 1! of culture.®*
Subsequently, KOSAN Biosciences made an attempt to produce
epothilone using a heterologous E. coli-based expression system.
At that time, two interesting ideas were tested for the expression
of the biosynthetic gene cluster in E. coli.*

To express the biosynthetic gene cluster encoding epothilone’s
PKS and NRPS, and produce the epothilone core structure,
these genes were obtained by the use of chemical synthesis®
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Fig. 4 P8/1-OG biosynthesis.
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and replacement of restriction endonuclease sites in the synthetic
genes, which were conveniently cloned into expression plasmids.
Low level protein expression for the epothilone biosynthetic genes
was observed in E. coli. To increase the expression level of these
genes, codon usage in the synthetic genes was optimized for
E. coli. A criterion for optimization of the E. coli expression system
mandates that these genes code the same amino acids reported for
the natural proteins.

An additional approach taken to resolve the low level expression
of functional proteins was to express it in concert with chaperones,
which could aid more accurate and efficient protein folding and
prevent protein precipitation. Because epoD is stretched across
22 kb of DNA and the molecular weight of this tetramodular PKS
is estimated at 0.76 MDa, epoD was expressed as two separated
polypeptides, M3/M4 and MS5/M6, with appropriate linker
regions mirroring the strategy reported for P8/1-OG assembly
in E. coli.

To produce epothilones C and D in E. coli, plasmids carrying
the NRPS and PKS genes responsible for the production of
the macrocyclic scaffold were transformed into an engineered
strain of E. coli as described in the erythromycin section. It was
observed and reported that the transformant strain was capable
of producing epothilones C and D at estimated titers of less than
1 ug 1! of fermentation culture. These results compelled us to
further investigate the de novo production of biologically active
compounds while using E. coli as a vehicle.

Proposed mechanism for echinomycin biosynthesis

Echinomycin is an NRP isolated from an assortment of bacteria
including S. lasaliensis and belongs to the large family of
quinomycin antibiotics.*” As the name implies, this class of natural
products possesses a bicyclic aromatic quinoxaline or quinoline
chromophore attached to the dimerized cyclic peptide core
structure. To identify and isolate the echinomycin biosynthetic
gene cluster, a cosmid library was constructed using S. lasaliensis
total DNA. A sequence of the echinomycin biosynthetic pathway
involved in quinoxaline-2-carboxylic acid (QC) and peptide back-
bone biosyntheses is shown in Fig. 6. Based on past findings,
L-tryptophan has been identified as the precursor to QC®*
and on the predicted functions of the proteins encoded within
the gene cluster we can hypothesize and construct the QC
biosynthetic pathway as described in Fig. 6a. Moreover, we
have performed feeding studies by synthesizing (2S5,3S)- and
(28,3 R)-diastereomers of the proposed substrate for Ecml11 of
the QC biosynthesis and found that only one substrate, (25,35)-
B-hydroxytryptophan, resulted in QC formation when fed to
S. lasaliensis.* Thus, we were able to establish the absolute
configuration of the key intermediate for the biosynthesis of QC
and plans to decipher this pathway in its entirety are ongoing.

A glimpse into echinomycin’s peptide core revealed that the
cluster contains four intact NRPS modules, which are respon-
sible for the assembly of echinomycin. Analysis of the deduced
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Fig. 6 Proposed pathway for echinomycin biosynthesis and mechanism of thioacetal formation in quinomycin antibiotics. (a) Proposed pathway for
quinoxaline-2-carboxylic acid (QC) biosynthesis. (b) Proposed pathway for octadepsipeptide core structure biosynthesis, and proposed mechanism for
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adenylation (A) domain from the nucleotide sequence encoding
the NRPS with the aid of a web-based protocol helped to
establish that the first, third and fourth A domains are capable
of recognizing and ultimately activating L-serine, L-cysteine and
L-valine for consecutive addition downstream, respectively. In
addition, the epimerization (E) domain in module 1 of the four
modules required for the conversion of L- to D-serine, and the
methyltransferase (M) domain for N-methylcysteine synthesis
in module 3 and N-methylvaline synthesis in module 4, were
also identified and their position in the assembly line deduced.
Furthermore, analysis of reported multimeric NRP systems, such
as gramicidin S and enterobactin suggest that the echinomycin-
synthesizing NRPS system is comprised of four modules and
capped off with a thioesterase domain capable of peptide chain
homodimerization and cyclorelease (Fig. 6b). Further evaluation
of the gene cluster failed to reveal an independent acyl carrier
protein in the entire gene cluster. While waiting for the completion
and refinement of our sequence, Keller et al. presented an article
in J Biol. Chem. where the biosynthesis of echinomycin was
examined through direct purification of the protein isolated from
a different echinomycin producing strain S. echinatus.*® It was
demonstrated that the echinomycin biosynthetic pathway recruits
the fatty acid ACP for its biosynthesis as a substitute for the
putative acyl carrier domain. This result parallels our independent
sequencing efforts, confirming the absence of the ACP domain in
the cluster.*” Following results published by Keller’s group, the
fatty acid ACP from S. lasaliensis was isolated and incorporated
into our biosynthesis model.

It was proposed over 20 years ago by Waring et al. that triostin
A is a direct precursor to echinomycin. Undergoing a radical
producing reaction, triostin A is interconverted to echinomycin
through formation of the unique thioacetal bridge, characteristic
of echinomycin.* DNA sequence data obtained for the gene
cluster resolved ecmi8, which is highly homologous to a known

a
T7 promoter rbs T7 terminator

ecm8 ecmi1

ecmi4

ecmd4

S-adenosyl-L-methionine (SAM)-dependent methyltransferase,
which has been thought to convert the disulfide bridge in triostin
A to the thioacetal bridge in echinomycin via a sulfoniumylide
intermediate (Fig. 6c). To verify this, we demonstrated in vitro
that purified Ecm18 catalyzed the conversion of triostin A to
echinomycin in the presence of SAM. This innovative discovery,
where a single methyltransferase is capable of biotransforming a
disulfide bridge into a thioacetal moiety, is significant.

de novo Biosynthesis of quinomycin antibiotics in
E. coli

Our main objective here was to engineer E. coli for successful
heterologous NRP biosynthesis using only glucose and simple
salts. This achievement will serve as an important tool and allow
for important advancements in the field of natural products. A
system such as the one described will establish an E. coli-based
system for the facile production of essential natural products
and their analogs using very simple and economical carbon and
nitrogen sources as ingredients.

For E. coli production of echinomycin, the feasibility for
expression of each of the fifteen S. lasaliensis genes in E. coli
was confirmed. Once confirmed, we then assembled the fifteen
genes into three separate plasmids allowing each gene to carry
its own T7 promoter and ribosome-binding site. We created two
restriction endonuclease sites (Xba I and Spe 1) in a pET vector
system placing the Xba I site on the 5 side of the promoter and
the Spe I site on the 3’ side of the terminator. Both Xba I and
Spe 1 produce compatible overhangs, hence, a “promoter-gene-
terminator” cassette that can ligate into a vector carrying another
“promoter-gene-terminator” cassette (s) can be prepared by Xba
I-Spe I double digestion of the cassette and either Xba I or Spe
I digest of the vector (Fig. 7). To ensure the stable retention of
all three plasmids in E. coli, we decided to use the orthogonal

ecm13 ecmi2 ecm3

b
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Fig.7 Organization of the plasmid-borne echinomycin biosynthetic gene cluster. (a) Map of plasmid for the production of the QC biosynthetic proteins.
(b) Map of plasmid for the production of NRPSs. (c) Map of plasmid for the production of the auxiliary proteins. N, Nde I; E, EcoR I; X, Xho I; *,
ligation product between cohesive Xba I and Spe I recognition sites; rbs, ribosome binding site.
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origins of replication and three antibiotic resistance genes. Our
approach requires multiple monocistronic gene cassettes, rather
than a single polycistronic gene cassette for the assembly of the
multi-gene plasmid constructs. This approach simplifies plasmid
construction and re-construction because it eliminates the need
to clone every gene in the construct in the same transcriptional
direction. Furthermore, our approach of transcribing each gene
independently has helped to achieve similar protein production
levels despite the many genes that were incorporated into our
plasmids for heterologous expression in E. coli. We attribute these
desirable findings to the abundance of mRNA transcribed from
the polycistronic gene cassette leading to the incomplete synthesis
of mRNA and/or unstable mRNA. Also, we believe that our
approach has improved our chances and ability to incorporate an
even greater number of heterologous genes into E. coli in a simple
and reliable fashion.

Subjecting E. coli strain BL21 (DE3), carrying our three
plasmids, to an 8-day-long fed-batch fermentation in M9 minimal
medium, we were able to purify echinomycin from the culture
extract through a series of chromatographic steps to obtain a final
echinomycin yield of 0.3 mg 1" of culture. Furthermore, to demon-
strate the ease and effectiveness of modifying the E. coli-based
heterologous biosynthetic system, we chose conversion of the
echinomycin biosynthetic pathway into a triostin A biosynthetic
pathway by simply modifying our plasmids and removing ecm18.
The further modified strain produced the expected compound,
triostin A at a yield of 0.6 mg 17! of culture. Unlike the chemical
synthesis, our system permits one-pot, hands-free, and easily
scalable bioproduction of complex natural products and their
analogs in less than two weeks, omitting the need for highly trained
organic chemists possessing sophisticated laboratory expertise.
Relative to previous attempts at developing an E. coli-based
heterologous host system for biosynthesis of natural products,
our results are comparable if not superior to published results. In
fact, we believe that our result was significant for the production
of such complex compounds using fermentation conditions that
have not yet been optimized.

Based on our past observations, we expect the efficiency of such
a demanding transcription and the stability of a lengthy mRNA to
be rather low when a polycistronic system is used for ancillary PKS
and NRPS systems. In fact, the disproportionate expression level
of each of the genes was observed as expected. This may be ac-
credited to the fact that genes located further downstream from its
promoter typically reduce expression levels. Aside from transcrip-
tional and translational efficiency issues, the construction of such
plasmids is very demanding and requires technical know how. On
top of the hurdles of generating plasmids carrying multi-gene in-
serts, if one is to create a polycistronic cassette, one needs to worry
about the orientation of the insert, which can be difficult to control.
The efficiency of procuring constructs with unidirectional inserts
in the same reading-frame decreases rapidly as the number of genes
to be inserted increases. Use of multi-monocistronic cassettes can
eliminate the need to control the gene’s orientation and signif-
icantly improve the efficiency of the plasmid construction. Our
results confirmed that replacement of the polycistronic cassette
with a multi-monocistronic cassette can consistently exhibit high-
level expression of every gene in our constructs and ameliorate
plasmid construction. We believe these improvements have made
the de novo biosynthesis of complex natural products possible.

When introducing any exogenous biosynthetic pathway into
E. coli, the toxicity of the biosynthetic product can impair the
host. This problem can be circumvented by introducing a self-
resistance mechanism conferring resistance without degrading our
target compound. While considering the echinomycin biosynthetic
pathway, the homology of Ecm16 and daunorubicin resistance-
conferring factor DrrC,*** and the similarity between their
mode of action for echinomycin and daunorubicin, suggests that
Ecm16 bequeaths S. lasaliensis with a non-destructive resistance
against echinomycin. We were able to demonstrate that ecml6
conferred echinomycin resistance to BL21 (DE3). Also, omission
of ecml6 hampered the growth of the host, suggesting that
sufficient amounts of echinomycin and triostin A would have been
unattainable without the aid of ecm 16, an echinomycin-resistance
mechanism.

Conclusion and future directions

Unparalleled by any current reports, we have successfully devel-
oped a heterologous host, which is capable of biosynthesizing a
variety of complex bioactive NRPs using only simple carbon and
nitrogen sources. We anticipate our system will pave the way for the
development of a general yet economical platform for the one-pot
mass production of therapeutically beneficial natural products and
their analogs. In addition, our system has unlocked the possibility
of the expedient and trivial introduction of even larger and
more complex biosynthetic pathways into E. coli. Our plasmid-
based pathway is more manageable and readily modifiable for
engineering purposes, as demonstrated in our report.

Future directions will include the use of a chromosome-based
system in E. coli. This strategy will require us to integrate
our gene cluster of interest minus the genes or a part of the
cluster responsible for scaffold or post assembly line modifica-
tion for producing rationally designed analogs.* Establishing a
chromosome expression system will do away with the maximum
number of genes that is acceptable for heterologous introduction,
concerns over the stability of these genes, and other minute barriers
commonly associated with using a plasmid expression system. The
proposed direction is realistic as it was tried to an extent with
the construction of an E. coli strain housing genes essential for
the biosynthesis of 6-deoxyerythronolide B, at production levels
of 1 g 1" of culture in the absence of any genetic engineering.
However, integration of the biosynthetic pathway in its entirety via
a chromosome obscures and retards any attempts at engineering
the pathway.

Natural products of interest developed to target life threatening
bacteria and malignant tumors will serve as valuable agents to
treat these infections and diseases once they are subjected to
scrutiny and meet all the criteria set forth by the Food and
Drug Administration. However, because the biosynthetic path-
ways for these compounds are commonly foreign metabolites to
E. coli, certain genetic implementations are necessary to make
the heterologous host an efficient secondary metabolite-producing
organism. Principally, care must be taken to introduce self-
resistance mechanisms into the bacterium if the natural product
being produced is likely to be lethal for E. coli. This toxicity
can be avoided by identifying the mechanism of self-resistance
in the original producing host and supplementing the same or a
similar system into E. coli. Marahiel and co-workers have reported

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 593-602 | 601





the successful engineering of an ABC transporter system into
Bacilllus subtilis for the safe heterologous expression of the NRPS
antibiotic bacitracin.* However, we anticipate that use of Gram-
positive Streptomyces ABC transporters would prove futile in
Gram-negative E. coli due to the presence of an additional outer
membrane. To circumvent this problem, we will take advantage of
the ABC transporter system endogenous to E. coli, the AcrAB-
TolC efflux system.* This AcrAB system has provided E. coli
with the most effective resistance against a broad range of organic
compounds. Use of this efflux pumping system could increase
or broaden the spectrum of compounds E. coli is capable of
producing and sustain the bacterium’s viability thereby bettering
its titer to levels that can benefit and lower production costs for
biotech companies.
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An enantioselective Bronsted acid catalyzed Mannich
reaction between acetophenone derived enamines and N-Boc
imines has been developed. Simple diol (S)-Hs-BINOL 11a
has been identified as the optimal catalyst, to afford versatile
B-amino aryl ketones in good yield and enantiomeric excess.

Interest in the use of enantiomerically pure, organic Brensted acids
as catalysts in asymmetric synthesis has soared in recent years.!
We believed that this method of substrate activation could be
employed to catalyze the enantioselective addition of pre-formed,
achiral enamines to a range of electrophiles (Scheme 1). The for-
mation of a charged intermediate 3 from neutral starting materials
should give rise to preferential stabilization of the transition state
over the ground state by a Brensted acid, leading to acceleration
of the reaction within the chiral space of the catalyst. In this
context, we have recently reported the enantioselective addition of
a hydrazone aza-enamine to imines,* and the conjugate addition
of enamines to nitro olefins.?

Rz\N/Rz R2 @ R2

AR T M
R1
2
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Scheme 1 Mechanism for the addition of enamines to electrophiles.

The Mannich reaction is an efficient method for the enantios-
elective synthesis of B-amino carbonyls.* Enantioselective, amine
catalysis is effective for carbonyl substrates that can readily con-
dense with the amine catalyst under mild, reversible conditions.**
However examples involving aryl ketones tend to result in poor
rates and yields due to the low propensity of these substrates
to form the required enamine intermediates.®*™" By pre-forming
reactive nucleophiles of these substrates, such as enamines® and
silyl enol ethers® this problem can be avoided. Herein we report the
Bronsted acid catalyzed Mannich reaction of aryl methyl ketone
enamines with N-Boc aldimines.

Initial studies were performed on the addition of enamine 6a* to
N-Boc aldimine 7a." Previous work had shown that both of these
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substrates were amenable to Bronsted acid catalysis.>* An initial
catalyst screen using 20 mol% (R,R)-TADDOL 9, (R)-BINOL
10, or (S)-Hg-BINOL 11a (Fig. 1), at —20 °C in toluene, was
performed (Table 1, entries 2 to 4) to identify an appropriate
catalytic system. Under these conditions the background reaction
was slow; only 10% of the product was formed in the absence of
additive after 3 days. In the presence of 9 there was a threefold
increase in product formation but low levels of enantioselection
were observed. With 10, a more significant acceleration of the
reaction was observed (possibly due to the greater acidity of
the hydroxyl protons) but the resulting product was found to be
racemic. However, with 11a the reaction went to completion after
1 day and the desired product was obtained with a pleasing 64% ee.
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9

R
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Fig. 1 Bronsted acid catalysts.

Table 1 Catalyst optimization

o)
0]
1.20mol% 9 - 12
[ j )J\ /k toluene, —20°C 72h g HN)J\OJ<

| |
Ph Ph) 2 Hso* Ph Ph

6a 7a 8a

Entry  Catalyst Conv.” (%)  Yield® (%)  Eec (%)
1 — 10 — 0
2 (R,R)-TADDOL 9 34 29 17
3 (R)-BINOL 10 73 65 0
4 (S)-Hg-BINOL 11a 100 89 63
5 11b 59 50 20
6 11c 38 33 65
7 11d 607 48 24
8 11e 22 20 —21
9 11f 27 22 3

10 11g 15 10 4

11 12 55 36 36

“ Conversion was measured by '"H NMR against tetramethylgallic acid as
an internal standard. ? Isolated yield after column chromatography. < Ee
was determined by HPLC analysis. “ Conversion and yield determined
after 6 days at —20 °C.
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Having established 11a as a good catalyst scaffold, a range of
derivatives based around this framework were synthesized and
tested. Increasing the steric bulk in both of the 3 and 3’ positions
(Table 1, 11b and 11e, entries 5 and 6) led to a significant drop in
product formation and in the case of 11b a reduced level of enanti-
ocontrol. Addition of extra hydrogen bond donating groups in the
3 and 3’ positions (Table 1, 11d and 11e, entries 7 and 8), also led
to a loss of catalytic activity and inversion of the facial selectivity
in the case of 11e. Placing electron-withdrawing groups in the 3
and 3’ positions increases the acidity of the 2 and 2’ hydroxyls and
it was hoped that this may improve the catalytic action of 11f and
11g. However both 11f and 11g (Table 1, entries 9 and 10) showed
very low catalytic activity, probably due to the formation of strong
intramolecular hydrogen bonds between the electron withdrawing
groups and the phenolic protons,’ which would prevent the
catalyst from binding efficiently to the polar transition structure.
The lower conversion and ee observed with monomethylated
catalyst 12 (Table 1, entry 11) indicated that both the hydroxyls in
the 2 and 2’ position are important for the efficacy of 11a.

Table 2 Reaction condition optimization

0]
[ j 7 1.20 mol% 11 "
.20 mol% 11a
N JJ\ R solvent, temp, 24 h )J\ -R

l\f (¢} O HN (0]
Ph/& Ph) 2.H;0" Ph Ph

6a 7a+13 8a+14
Entry Imine R Temp/°C  Solvent  Yield* (%) Ee’ (%)
1 13a CH,C¢,H; -20 Toluene 55 52
2 13b Et -20 Toluene 62 48
3 Ta t-Bu =20 Hexane 66 68
4 Ta t-Bu -20 DCM 60 17
5 Ta t-Bu -20 Et,O0 23 61
6 Ta t-Bu =30 Toluene 80¢ 67
7 Ta t-Bu —40 Toluene 544 70
8 Ta t-Bu -78 Toluene 25¢ 72

“Isolated yield after column chromatography. * Ee was determined by
HPLC analysis. © After two days. ¢ After three days. ¢ After four days.

Table 3 Investigations into the reaction scope

O Rk

The readily available diol 11a appeared to be the best catalyst
for these reactions. In an effort to optimize the reaction, imines
with different N-protecting groups were prepared and tested. With
both the N-Cbz and N-ethoxycarbonyl aldimines (Table 2, 13a and
13b, entries 1 and 2) a reduction in yield and enantioselectivity was
observed, confirming that N-Boc aldimines 7 are the electrophiles
of choice. Morpholino enamines 6 were the preferred nucleophile,
as the greater nucleophilicity of the corresponding pyrrolidine
and piperidine enamines® led to an increase in the uncatalyzed,
background reaction and a reduction in enantioselectivity. As
anticipated, non-protic apolar solvents such as toluene and hexane
were optimal for this catalyst system (Table 2, entries 3 and 6).
Toluene proved to be better at solubilizing both the catalyst and
the substrates, leading to better yields of the desired product.
Although lowering the temperature led to an increase in the
observed ee, there was also a concurrent drop in reaction rate.
As a compromise between enantioselectivity and reaction time it
was decided that the reactions should be run at —30 °C in toluene
using 3 equivalents of enamine. Under these conditions 8a was
isolated in 88% yield, with an ee of 67%.

The scope of this reaction was subsequently investigated. Con-
sistently good yields (88-67%) and ees (84-60%) were observed
for a range of N-Boc-protected ortho-, meta- and para-substituted
aromatic and heteroaromatic aldimines 7 (Table 3, entries 1-7).
Variation of the aryl group on the enamine was also tolerated
(Table 3, entries 8-12)."""* Synthesis of 8ag allowed the absolute
stereochemistry of the products to be assigned as R by comparison
of the specific rotation with literature values.'*

Protected B-amino adducts 8 were readily transformed into a
variety of synthetically useful compounds (Scheme 2). Reduction
of 8ca with L-selectride®® afforded 1,3-amino alcohol 15 in a
pleasing yield with a 87 : 13 syn : anti ratio of diastereomers,
that were easily separable by chromatography.' The Beckmann
rearrangement of 8a gave amide 16 in 82% yield over two steps'’
and Baeyer—Villiger oxidation of 8fa selectively produced ester 17
in 80% yield.®® Under all these conditions, no racemization of the
final product was observed.

1.20 mol% 11a

o}
toluene, —30 °C, 48 h o HN)]\OJ<

Ar1/§ ArZJ 2. H0" Arl Ar2
6a 7a 8a

Entry Ar! Enamine Ar? Imine Prod. Yield* (%) ee’ (%)
1 Ph 6a Ph Ta 8a 88 67

2 Ph 6a 2-Furyl 7b 8ab 72 (53)° 73 (82)°
3 Ph 6a 2-Thienyl Tc 8ac 4 74

4 Ph 6a 2-Naphthyl 7d 8ad 64 84

5 Ph 6a 0-Br-C,H, Te 8ae 86 68

6 Ph 6a m-MeO-C,H, Tt 8af 72 71

7 Ph 6a p-Cl-CsH, g 8ag 73 73

8 2-Naphthyl 6b Ph 7a 8ba 88 69

9 p-Me-C¢H, 6c¢ Ph Ta 8ca 98 68
10 p-F-C¢H, 6d Ph 7a 8da 92 80
11 p-MeO-C¢H, Ge Ph 7a 8ea 45 72

12 m-MeO-C4H, of Ph 7a 8fa 54 60

“Tsolated yield after column chromatography. * Ee was determined by HPLC analysis. © Figures in parentheses correspond to the yield and ee when the

reaction was carried out at —40 °C for 3 days.
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_Boc Boc
HO HN @\ O HN
Ph N)J\/'\Ph
b) H 16

15 a)
8ca X =Me 8aX=H
87:13, syn:;nti\ _Boc /

90 % yield O HN 82% yield

80% yield

Scheme 2 Derivatization of f-amino aryl ketone products. Reagents and
conditions: a) L-selectride, THF, —78 °C. b) i) NH,OH-HCI, pyridine,
EtOH, rt. ii) TsCl, pyridine, benzene, rt. ¢) mCPBA, DCE, 60 °C.

In summary, the commercially available diol (S)-Hs-BINOL is
an effective Bronsted acid catalyst for addition of morpholino
enamines 6 to N-acyl imines 7. Good yields and enantioselectivi-
ties are obtained with a wide range of substrates. The products
of these reactions can be readily converted into a number of
diverse structural motifs. Studies to determine the origin of the
stereocontrol in this system are currently underway, with a view
to producing an improved second generation catalyst.
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A truncated approach to the design of molecular probes from small molecule libraries is outlined, based
upon the incorporation of a bioorthogonal marker. The applicability of this strategy to small molecule

chemical genetics screens has been demonstrated using analogues of the known stress activated protein
kinase (SAPK) pathway activator, anisomycin. Compounds marked with a propargyl group have shown

activation of the SAPK pathways comparable to that induced by their parent structures, as
demonstrated by immunoblot assays against the downstream target JNK1/2. The considerable
advantages of this new approach to molecular probe design have been illustrated through the rapid
development of a functionally active fluorescent molecular probe, through coupling of the marked
analogues to fluorescent azides using the copper(1)-catalyzed Huisgen 1,3-dipolar cycloaddition
reaction. Active molecular probes generated in this study were used to investigate cellular uptake

through FACS analysis and confocal microscopy.

Introduction

Chemical tools to alter the functions of gene-products with
temporal and spatial control in tissue culture cells, or animals,
provide a highly attractive alternative to traditional genetic
approaches when studying basic cell biology.! Chemical genetics
screens frequently make use of large compound libraries which are
screened for activity and, following ‘hit’ identification, strategies
for gene-product target identification may be pursued.? Frequently
the target identification process may require a tedious resynthesis
and/or redesign of the synthetic strategy for the library member.?
Hence, there are as yet only a handful of examples of target
identification, even though a number of groups world-wide have
carried out such chemical genetics screens.* Indeed, it is in carrying
out the target identification stage of such a screen in our study
of the activation of the stress activated protein kinase (SAPK)
pathways by both the Streptomyces sp. metabolite, anisomycin la
(Scheme 1),° and a small library of anisomycin analogues,® that
we have encountered these challenges at first hand.

Anisomycin was first isolated from the fermentation broths of
Streptomyces griseolus and S. roseochromogenes in 1954,” while
more recently it has been isolated from Streptomyces sp. SA3079
and No. 638.® Its structure was elucidated in 1965, whilst its
relative stereochemistry was established three years later by NMR
studies and X-ray crystallography.’” Anisomycin was found to ex-
hibit selective and potent activity against pathogenic protozoa and
certain strains of fungi as well as inhibiting Entamoeba histolytica,
Trichomonas vaginalis, Tritrichomonas foetus and Candida
albicans.™ This led to clinical trials for the treatment of amoebic
dysentery and vaginitis. However, anisomycin was found to be
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Scheme 1 Reagents and conditions: (a) BnBr, K,CO;, DMF (89%);
(b) HC=CCH,Br, K,CO;, DMF (95%).

inactive towards bacteria at medicinally useful concentrations,
with Staphylococcus aureus, Streptomyces faecalis and gram
positive organisms all requiring greater than 100 pg per ml of
cell culture for inhibition. More recently it was reported that
anisomycin had been identified as an antitumour substance
showing in vitro cytotoxicity against human tumour lines, such
as mammalian cell lines HBL 100, RAS A and MCF 7 in the nM
region.®? Recent studies have implied that anisomycin may be
used in a synergistic fashion with a cyclin-dependent protein
kinase inhibitor to kill carcinoma cells."

Anisomycin has found widespread use by the biochemical and
medical communities in studies of protein synthesis both in vivo
and in vitro, as it is a known peptidyl transferase inhibitor, binding
to the 60S ribosomal subunit in eukaryotes." More recently it
has been utilized at ‘sub-inhibitory’ concentrations, as a chemical
stimulant for the activation of the SAPK pathways (Fig. 1)."* The
stress kinase pathways are a sub-section of the mitogen activated
protein kinase (MAPK) pathways, and play a vital role in the
intracellular signaling which results from a range of stressors
including: oxidative stress; inflammatory cytokines; UV radiation;
heat; and chemical stimulants.® However, the cellular target of
anisomycin and therefore its precise mode of activation of this
signaling pathway have yet to be elucidated.

Despite rapid advances in the generation and testing of small
molecule libraries in recent years, current strategies for the
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Fig. 1 Stress activated protein kinase (SAPK) pathways.

identification of the biological targets of library members in
forward chemical genetics screens still require the synthesis of
an appropriate molecular probe. The structure of this molecular
probe is typically based on an active library member which has
been modified by introduction of a tag, such as a biotin moiety,
or a photoactivatable-, radio-, or fluorescent-label [Fig. 2(a)]."”
In a number of instances, this molecular probe-based approach
has allowed the identification of the small molecule’s site of
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! & identify ‘hit’
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Fig. 2 Strategies for small molecule library design: (a) traditional
approach involves library synthesis, biological screening, redesign of
synthesis to form molecular probes, re-screening and target identification;
(b) marked library strategy involves library synthesis incorporating a bio-
compatible marker, biological screening, rapid molecular probe formation,
re-screening followed by target identification.

interaction.’® However, the synthesis of molecular probes can
often be a cumbersome process: more often that not, the synthetic
route to the active library member may have to be redesigned to
allow tagging of the small molecule at various sites around its
molecular scaffold [Fig. 2(a), part 4]. Moreover, a number of the
molecular probes synthesized in this manner will have lost their
activity due to structural perturbations upon addition of the tag
[Fig. 2(a), part 5]. These factors combined can make the synthesis
of molecular probes a time consuming and challenging process.

We have therefore designed a more direct approach which is
based on the concept of a marked library, where each individual
library member carries a small biocompatible marker which plays
no role in the screening process itself, but may be used in the
target identification process once screening is complete [Fig. 2(b)].
Although this is a new approach to small molecule library design,
this concept has precedent in chemical biology, where, for example,
modified amino acids, sugars, efc., with chemical markers such as
azides, alkynes and phosphines, ezc., have been incorporated into
a range of biomolecules.” These markers may then be coupled
to orthogonally reactive tags such as biotin, fluorophores, ezc.,
utilizing biologically compatible reactions such as the Staudinger—
Bertozzi ligation, and the Huisgen 1,3-dipolar cycloaddition, thus
allowing the visualization,® purification®" and identification of
the biomolecule of interest. This strategy has also been used
by Cravatt and co-workers using activity-based protein profiling
(ABPP) to interrogate the proteome, where the design of the
functional probe relies upon a known protein activity.?? In a
closely related example to our proposed marked small molecule
library strategy, Chang and Khersonsky have designed a triazine
library with a built-in linker containing an amino functionality
to facilitate target identification.®® More recently, Cravatt’s group
has generated a natural product analogue library based on a
protein-reactive moiety with a pendant alkynyl functionality;
allowing subsequent target identification after functionalization
with a fluorescent, and/or biotinylated azide.** In this paper,
we demonstrate an analogous strategy which incorporates a
functionally inert marker directly onto the small molecule library
members; we also demonstrate the efficacy of this approach to
the synthesis of molecular probes through the rapid generation of
a biologically active fluorescent probe. We believe that adoption
of this ‘marked library’ approach may address the problem of
molecular probe synthesis in harmony with current molecular
screening strategies; and thus offers the potential for acceleration
of the hit-to-target identification process.

Results and discussion

Over the past few years 1,3-dipolar cycloaddition reactions,
notably the Huisgen cycloaddition, have enjoyed a renaissance,
due to the introduction of the copper(1)-catalyzed variant (click
reaction) developed by Sharpless and co-workers.”® Following
the recent explosion of interest in this reaction as applied to
complex biological systems,” and the validation of both the
propargyl and azide components of this reaction in a number of
settings,'” we chose to base our marker around a propargyl group.
This marker was particularly attractive due to the commercial
availability of a wide range of reactive precursors, including
propargyl bromide, propargylamine, propargyl chloroformate,
but-3-ynoic acid. This diverse collection of chemical reactivities
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allows the ready functionalization of a range of groups in the
small molecule and the tailoring of the resultant functionalities to
known structure activity relationship (SAR) constraints. In order
to demonstrate the compatibility of the propargyl marker with
a small molecule library in a forwards chemical genetics screen,
we set out to synthesize a series of marked anisomycin analogues.
Using the known phenotypic response to activation of the SAPK
pathways, phosphorylation of the downstream protein kinase c-
Jun N-terminal kinase (JNK), we would then be able to validate
the addition of a propargyl marker to the small molecule scaffold
in these screens.

Previous studies into the SAR profile of anisomycin 1a indicated
that the phenolic oxygen had potential as the site of attachment
of the key propargyl marker,*'? since minor structural variation at
this position was possible whilst still retaining activity. However,
in order to validate the marked library strategy more thoroughly,
we wished to investigate alternative sites of attachment of the
propargyl marker to the small molecule core. The di-benzyl
analogue 1b, an intermediate in previous synthetic studies, has
been shown to be inactive in assays for SAPK pathway activation.®
Nonetheless, the pyrrolidine nitrogen presents an attractive target
for functionalization either as an amine, or amide derivative. Thus,
in order to investigate more closely the reasons for the loss of
activity by the di-benzyl analogue 1b, we synthesized the mono-
benzyl analogue 1c¢ (Scheme 1). This new analogue gave strong
activation of the SAPK pathways, suggesting that the loss of
activity in 1b was due to functionalization of the C(4)-OH position,
rather than of the pyrrolidine nitrogen. We these results in hand,
we focused our attention on two potential marking sites within
the molecule: the phenolic oxygen and the pyrrolidine nitrogen.
Access to the O-propargyl C(4)-H analogue 2b was envisaged
through modification of our previous synthetic route to the C(4)-
H series.® Thus, protected amino acid 4 was readily accessed
from D-tyrosine 3 in four steps (Scheme 2). Chain extension via a
Claisen condensation, followed by stereoselective reduction gave
B-hydroxy ester 5. Reduction of the ester with LiAlH,, followed
by selective activation of the primary alcohol with the hindered
reagent triisopropylbenzene sulfonyl chloride (TIBSCI), resulted
in cyclization to give pyrrolidinium salt 6. Careful manipulation
of the protecting groups to give key intermediate 7, allowed
for a highly efficient end-sequence of selective formation of the
propargyl ether, before a final Boc-deprotection of the pyrrolidine
nitrogen to give 2b. The required N-propargyl analogue 1d
was very readily synthesized from anisomcin la using a single
equivalent of propargyl bromide in the presence of potassium
carbonate in almost quantitative yield (Scheme 1).

Although the precise target of anisomycin is unknown, the
downstream effects on the SAPK pathways have been well
documented.’ Treatment of mammalian, yeast and insect cells
with anisomycin la is known to strongly activate both the
JNK/SAPKI and the p38/SAPK2 pathways, resulting in phos-
phorylation of their respective substrates, including JNK and
MAPKAP-K2. In order to assess the relative levels of activation
by marked compounds, they were screened using an immunoblot
assay for phosphorylation of JNK1/2 in HEK-293 cells. The
activation levels induced by these compounds were scaled against
anisomycin, deacetylanisomycin, and DMSO (strong and moder-
ate activators, and control respectively). Selected results of these
assays are shown in Fig. 3; which demonstrates that the level

5
i-l
Boc H
—_—
TBSO AcO ///\ o AcO
7 2b

Scheme 2 Reagents and conditions: (a) AcCl, MeOH, reflux (100%);
(b) BnBr, K,CO;, MeCN (91%); (c) LiOH, THF-H,O (4 : 1), reflux
(87%); (d) 1) TBSOTT, 2,6-lutidine, CH,Cl,; ii) AcCOH-THF-H,0 (3 : 1:
1) (90%); (e) i) CDI, THF; ii) CH,=C(OLi)OEt (71%); (f) NaCNBHj,
MeOH, AcOH, Et,O (80%); (g) LiAlH,, THF (91%); (h) i) TIBSCI,
DMAP, CH,Cl,; ii) Dowex (Cl") ion-exchange resin (92%); (i) H,, 5%
Pd/C, K,CO;, MeOH (80%); (j) Ac,O, Et;N, DMAP, CH,Cl, (94%);
(k) H,, EtOH, Pd(OH), (95%); () Boc,O, Et;N, CH,Cl, (89%); (m)
HF-3Et;N, THF (94%); (n) HC=CCH,Br, K,CO;, DMF (99%); (0) TFA,
CH,Cl, (97%).

pINK

JNK

Fig. 3 Effect of anisomycin and its analogues on the phosphorylation
of INK1/2 isoforms in HEK-293 cells. The cells were exposed to DMSO
(lanes 1 and 2), anisomycin 1a (lanes 3 and 4), deacetylanisomycin (lanes 5
and 6), or the anisomycin analogues 2b (lanes 7 and 8) and 1d (lanes 9 and
10), each dissolved in DMSO. The cells were lysed and an aliquot (20 pg
of lysate protein) was denatured in SDS, subjected to electrophoresis on
a 10% polyacrylamide gel, transferred to a nitrocellulose membrane and
immunoblotted with an antibody that recognized JINK1/2 phosphorylated
at Thrl83, or with an antibody that recognizes phosphorylated and
unphosphorylated INK1/2 equally well.

of JNK1/2 activation by the marked analogues 1d and 2b is
comparable with that induced by deacetylanisomycin. Thus we
have successfully exchanged the benzyl group of 1¢ for a propargyl
group in 1d, and the methyl group in 2a for a propargyl group
in 2b, whilst retaining comparable activity; hence validating the
hypothesis that a chemical marker can be incorporated into a
small molecule library.

The next step in our abbreviated small molecule to molecular
probe synthetic process [Fig. 2(b)] is the direct conversion of an
active marked library member to a fully functional probe. We

1 The immunoblots show two distinct bands per lane due to phosphoryla-
tion of the 46 kDa and the 54 kDa spliced variants of INK1/2.

638 | Org. Biomol. Chem., 2007, 5, 636-643

This journal is © The Royal Society of Chemistry 2007





I I AcO OH O/ ﬁ
OE/S\N/\/ N3
O H MeO

Fig. 4 (a) Reagents and conditions: CuSO,-5H,0 (10 mol%), NaAsc (1M aq, 20 mol%), '‘BuOH-H,O (1 :

(b)

pJNK

JNK

1), rt, 4-5h (1d — 9, 71%; 2b — 10, 77%);

(b) effect of molecular probes 9 and 10 on the phosphorylation of JNK1/2 isoforms in HEK-293 cells. The cells were exposed to DMSO (lanes 1 and 2),
anisomycin 1a (lanes 3 and 4), and the molecular probe 9 or 10 (lanes 5 and 6), each dissolved in DMSO. Immunoblot assays were conducted as described

in Fig. 3.

chose the dansyl fluorophore due to the ease with which it could
be synthetically modified to give a reactive azide partner,® and
its widespread use in small molecule target investigation.”” To
this end, library members 1d and 2b were both readily converted
to the corresponding fluorescent molecular probes through a
copper(l)-catalyzed Huisgen 1,3-dipolar cycloaddition reaction
with 2-azido-1-N-dansylethylamine 8 [Fig. 4(a)].*® Rigorous char-
acterization was then carried out on the fluorescent molecular
probes 9 and 10, utilizing a series of 2D NMR experiments
including COSY, HSQC and HMBC to fully assign the structure
of these molecules. The COSY spectrum showed that, as expected,
a single regioisomer had been obtained from the copper(1)-
catalyzed Huisigen cycloaddition; whereas the HSQC and HMBC
experiments allowed full assignment of the carbon backbone. The
HSQC (Fig. 5) also illustrated the formation of the triazole, with a
distinctive CH signal [at 7.57 (‘H), 126.4 (**C) ppm] corresponding

to the 5-position of the triazole. The fluorescence properties of the
probes were then compared with that of the parent dansyl azide
8, and were found to be equivalent (8: A, = 345, 4., = 550 nm).
Thus, in one simple step, we have successfully converted our active
marked library members to functional molecular probes.

These fluorescent probes (9 and 10) were then screened for
activation of the SAPK1 pathway in HEK-293 cells, using an
immunoblot assay for phosphorylation of JNK as for the original
small molecule library. The resultant immunoblot assays [Fig. 4(b)]
demonstrate that extension of the propargyl ether marker in the
C(4)-H analogue 2b as the fluorescent probe 10 led to the loss
of the phenotypic SAPK response. In contrast, formation of
fluorescent molecular probe 9, using the propargyl amine marker
of anisomycin derivative 1d, led to a strong phenotypic response
in the SAPK pathway assay, with activation levels comparable to
that of the natural product itself.
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Fig. 5 HSQC spectrum of molecular probe 9 in CD;CN at 360 MHz.
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The use of fluorescent probe 9 as a means to determine
anisomycin’s site of interaction within HEK-293 cells was assessed
by two means. In the first instance, HEK-293 cells were incubated
with increasing concentrations (22-162 M) of probe 9 for 30 min.
Fluorescence-activated cell sorting (FACS) was used to assess
probe uptake, and a direct correlation was observed between
the level of dansyl fluorescence observed in the cell populations
and the initial dosing concentrations (Fig. 6). Using the results
of FACS sorting, an optimum concentration for cell stimulation
was selected (109 umol) which allowed visualization of the probe
uptake, initially at 20-fold magnification and subsequently at 63-
fold magnification (Fig. 7). In a preliminary experiment, HEK-
293 cells were incubated with dansyl azide 8 for 30 min and
then washed with phosphate buffered saline (PBS) buffer. A series
of confocal optical sections at 63-fold magnification showed the
fluorescent azide to be distributed evenly throughout the cell,
indicating that the dansyl azide itself was cell-permeable and that
it was not expected to confer any inherent cellular distribution on
the fully-formed probe 9. In contrast, confocal optical sections at
63-fold magnification through a group of HEK-293 cells incubated
with fluorescent probe 9 showed diffuse intracellular staining
throughout the cytosol. Whilst these preliminary studies must
be viewed with caution, since the incorporation of fluorescent
labels can themselves lead to a distortion of the intracellular
distribution of any particular small molecule,’™ they suggest a
cytosolic distribution of the biological target of this molecular
probe. This hypothesis is in good agreement with the results of
recent studies which suggest that anisomycin-induced activation
of the SAPK pathways might be through the cytosolic MAP3K
protein MLK7,% suggesting a target at the MAP3K level or
above. The application of a range of functional molecular probes
generated using this strategy should allow us to interrogate the
biological function of this interesting small molecule.
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Fig. 6 FACS analysis of cellular uptake of molecular probe 9 in HEK-293
cells. Cells were incubated with 22-162 uM of molecular probe for 30 min
and were analyzed using a MoFlo FACS instrument with a UV laser.
(a) Histograms of unlabeled cells as a control (red) and cells incubated
with 9 at 162 uM (green); (b) histograms illustrating increasing fluorescence
intensity with increasing concentrations of 9 (0, 22, 42, 66, 86, 108, 131,
162 uM).

Conclusions

Small molecule chemical genetics screens can generate large
numbers of active compounds; however, current strategies for the

Fig.7 Cellular localization and uptake of parent dansyl azide 8 (a—c) and
molecular probe 9 (d-f). Cells were incubated for 30 min with 109 uM of 8
or 9, washed with PBS and fixed. Analysis of cells was carried out using a
Leica DM IRE2 confocal microscope. (a and d) Brightfield image of cells
at 63-fold magnification; (b and e) fluorescent image of cells at 63-fold
magnification; (c and f) overlay of brightfield and fluorescent images.

development of these ‘hits’ into active molecular probes for further
biological investigation are often cumbersome. In this study we
have demonstrated that the incorporation of a biocompatible
propargyl marker into the molecular scaffold of library members
can lead to the rapid generation of active molecular probes. Given
the range of robust, biocompatible reactions which have been
developed in the past five years, there are a number of options for
the choice of bioorthogonal markers (alkynes, azides, phosphines,
etc.) which allow tailoring of this strategy to the small molecule
library under investigation. As a result, this approach should allow
the rapid coupling of a diverse range of functional tags, such
as fluorophores, NMR spin labels and biotin to any individual
marked library member. Therefore, future library design using
this marked library approach should provide a useful truncation
of the small molecule to the molecular probe synthetic process.

Experimental

General methods

All reactions involving air- or water-sensitive reagents were carried
out under an atmosphere of argon using flame- or oven-dried
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glassware. Unless otherwise noted, starting materials and reagents
were obtained from commercial suppliers and were used without
further purification. THF was distilled from Na-benzophenone
ketyl immediately prior to use. CH,Cl,, 2,6-lutidine, ethyl acetate,
acetyl chloride, acetic anhydride and Et;N were distilled from
calcium hydride. Anhydrous methanol, DMF, and acetonitrile
were used as supplied. Unless otherwise indicated, organic extracts
were dried over anhydrous sodium sulfate and concentrated under
reduced pressure using a rotary evaporator. Purification by flash
column chromatography was carried out using Merck Kieselgel
60 silica gel as the stationary phase. Chiral high performance
liquid chromatography (HPLC) was carried out on a Waters 786
instrument equipped with a Chiracel OD-H column (internal
diameter 4.6 mm) and a UV detector. A standard flow rate of
0.5 cm® min~' was used. All solvents used for HPLC analysis
were vacuum filtered and degassed prior to use. IR spectra were
measured on a Perkin-Elmer Paragon 1000 FT-IR spectrometer as
thin films unless otherwise stated. 'H and *C NMR spectra were
measured on Varian Gemini 200, Bruker AC250, Bruker DPX360
instruments; J values are in Hz. Melting points were determined
on a Gallenkamp Electrothermal Melting Point apparatus and
are uncorrected. Optical rotations were measured on an AA-1000
polarimeter with a path length of 1.0 dm, at the sodium D-line at
room temperature. Fast atom bombardment (FAB) mass spectra
were obtained using a Kratos MS50TC mass spectrometer at The
University of Edinburgh. Luminescence measurements were car-
ried out in Hellma 109.000F-QS 10 mm precision cell using a flu-
orimeter with phosphorimeter Jobin-Yvon-Horiba Fluoromax-P.

‘Complete’ Protease Inhibitor tablets were obtained from Roche
(Lewes, Sussex, UK), cell culture media from Gibco (Paisley,
UK), precast Bis-Tris gradient SDS-polyacrylamide gels, running
buffer and transfer buffer from Invitrogen (Paisley, UK) and
enhanced chemiluminescence (ECL) reagents from Amersham
(Bucks, UK). Phospho-specific antibodies that recognize JNK1/2
phosphorylated at Thr183, or unphosphorylated JNK1/2 were
purchased from Biosource (Nivelles, Belgium), while horseradish
peroxidase-conjugated secondary antibodies were from Pierce
(Cheshire, UK).

Chemical synthesis

(2R 35 ,45)-3-Acetoxy-1-benzyl-4-hydroxy-2-(4'-methoxybenzyl)-
pyrrolidine 1c. To a solution of anisomycin la (20.0 mg,
80.0 umol) in DMF (1 ml) was added potassium carbonate
(11.0 mg, 80.0 umol) and benzyl bromide (10.0 pl, 80.0 umol), the
solution was stirred at room temperature for 4 h. The solution was
then concentrated in vacuo, and the residual colorless solid was
purified by flash chromatography (4% MeOH/CH,Cl,] to give 1¢
as an oil (25.0 mg, 70.0 umol, 89%); R; (5% MeOH/CH,Cl,) =
0.33; [a]p —98.0 (¢ 1.00, CHCL); v, (neat)/cm™' 3399, 3053,
1730, 1612, 1512; "H NMR 6 (360 MHz, CD,0D) 7.42-7.35 (5H,
m, ArH), 7.14 (2H, d, J 8.4, ArH), 6.87 (2H, d, J 8.4, ArH),
481 (1H, br d, J 3.0, C;H), 4.15 (1H, d, J 12.6, NCH<H,Ph),
4.11-4.09 (1H, m, C,H), 3.79 (3H, s, OMe), 3.67 (1H, d, J 12.6,
NCHyHPh), (1H, m, C,H), 3.36-3.34 (1H, m, C;H\Hy), 2.91
(1H, dd, J 13.5, 5.3, CHsHAr), 2.83 (1H, dd, J 13.5, 9.8,
CHgHAr), 2.58-2.56 (1H, m, C;Hy Hy), 2.14 (3H, s, OAc); “C
NMR ¢ (90.7 MHz, CD;0D) 171.8 (1C, Q), 160.9 (1C, Q), 131.2
(1C, Q), 130.9 (2C, CH), 130.8 (1C, Q), 130.7 (2C, CH), 129.6

(2C, CH), 129.0 (1C, CH), 115.0 (2C, CH), 80.8 (1C, CH), 74.5
(1C, CH), 68.7 (1C, CH), 60.8 (1C, CH,), 60.5 (1C, CH,), 55.6
(1C, CH;), 33.7 (1C, CH,), 20.9 (1C, CH;); m/z (FAB, THIOG)
356 (IM + HJ*, 90%), 296 (63), 91 (95); HRMS (FAB, NOBA)
(Found: [M + H]*, 356.1861. C,;H,xNO, requires m/z, 356.1862).

(2R,35,4S)-3-Acetoxy-4-hydroxy-2-(4'-methoxybenzyl)-1-pro-
pargylpyrrolidine 1d. To a solution of anisomycin 1a (20.0 mg,
80.0 umol) in DMF (2 ml) was added potassium carbonate
(11.0 mg, 80.0 umol) and propargyl bromide (12.0 ul, 80.0 pmol),
the solution was stirred at room temperature for 9 h. The solution
was then concentrated in vacuo, and the residue was purified by
flash chromatography (5% MeOH/CH,Cl,) to give 1d as an oil
(22.0 mg, 70.0 umol, 95%); R; (5% MeOH/CH,Cl,) = 0.22; [a],
—116 (¢ 0.90, CHCL); vy, (neat)/cm™"' 3305, 3019, 1726, 1613,
1513; "H NMR ¢ (360 MHz, CDCl,) 7.10 (2H, d, J 8.6, ArH),
6.81 (2H, d, J 8.6, ArH), 4.47 (1H, dd, J 5.6, 1.5, C;H), 4.13
(1H, td, J 6.8, 1.5, C,H), 3.79 (3H, s, OMe), 3.58 (2H, t, J 2.3,
HC=CCH,), 3.36 (1H, dd, J 9.9, 7.1, CsH\Hy), 3.22 (1H, qn,
J 5.2 C,H), 2.86 (1H, dd, J 13.3, 4.7, CHsHAr), 2.71 (1H, dd,
J 13.3, 10.3, CHgH.Ar), 2.62 (1H, dd, J 9.9, 6.7, C;HyHy),
2.32 (1H, t, J 2.3, HC=CCH,), 2.14 (3H, s, OAc); “C NMR o
(90.7 MHz, CDCl;) 172.0 (1C, Q), 158.2 (1C, Q), 130.2 (1C, Q),
130.0 (2C, CH), 114.0 (2C, CH), 82.5 (1C, CH), 76.7 (1C, Q), 75.7
(1C,CH), 74.5 (1C, CH), 63.6 (1C, CH), 58.0 (1C, CH,), 55.4 (1C,
CH,), 40.0 (1C, CH,), 32.1 (1C, CH,), 21.3 (1C, CH;); m/z (FAB,
THIOG) 304 (M + H]*, 67%), 244 (42), 121 (100), 91 (88); HRMS
(FAB, THIOG) (Found: [M + H]*, 304.1540. C,;H,,NO, requires
m/z, 304.1549).

(2R,3R)-3-Acetoxy-2-(4-propargyloxybenzyl)-pyrrolidine ~ 2b.
See ESIf for the preparation of 2b; R; (5% MeOH/CH,Cl,) =
0.11; [a]lp —24.2 (¢ 0.95, CHCL); v, (neat)/cm™' 3282, 2925,
1730, 1610, 1510; "H NMR ¢ (360 MHz, CDCl;, 323 K) 7.09
(2H, d, J 8.7, ArH), 6.90 (2H, d, J 8.7, ArH), 5.29-5.27 (1H, m,
C;H), 4.63 2H, d, J 2.4, HC=CCH,), 3.85-3.80 (1H, m, C,H),
3.45-3.32 (2H, m, CsH.,), 3.05-2.99 (2H, m, CH,Ar), 2.50 (1H, t,
J 2.4, HC=CCH,), 2.29-2.17 (2H, m, C,H,), 2.18 (3H, s, O4c);
BCNMR ¢ (90.7 MHz, CDCl;, 323 K) 169.9 (1C, Q), 157.3 (1C,
Q), 130.0 (2C, CH), 128.2 (1C, Q), 115.9 (2C, CH), 78.7 (1C, Q),
75.8 (1C, CH), 72.6 (1C, CH), 64.5 (1C, CH), 56.2 (1C, CH,), 43.2
(1C, CH,), 31.8 (1C, CH,), 33.3 (1C, CH,), 20.7 (1C, CH;); m/z
(FAB, THIOG) 274 [M + HJ*, (87%), 214 (57); HRMS (FAB,
THIOG) (Found: [M + HJ*, 274.1441. C,;H,,NO; requires m/z,
274.1443).

2-Azido-1-ethylamine. To a solution of 2-chloro-1-ethylamine
(500 mg, 4.31 mmol) in water (5 ml) was added sodium azide
(840 mg, 12.9 mmol) and the reaction mixture was heated at 80 °C
for 15 h. The solution was basified with KOH (solid) and extracted
with diethyl ether. The organics were dried and concentrated to
give a volatile colourless oil (371 mg, 4.31 mmol, 100%); Vi
(neat)/cm™' 3375, 2104; '"H NMR ¢ (360 MHz, CDCl,) 3.30 (2H,
t,J 5.7, CH,,), 2.79-2.74 (2H, m, CH,), 1.43 (2H, s, NH,); BC
NMR 6 (90.7 MHz, CDCl;) 54.2 (1C, CH,), 40.9 (1C, CH,); m/z
(ESI+) 194 (]2M + H]*"). Spectroscopic data in good agreement
with the literature.*

2-Azido-1-N-dansylethylamine 8. To a solution of 2-azido-1-
ethylamine (371 mg, 4.31 mmol) in CH,Cl, (7 ml) was added dansyl
chloride (225 mg, 840 umol) and the reaction mixture was stirred
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for 2 h. The solution was concentrated in vacuo, and the residue
was purified by flash chromatography (25% EtOAc/hexane) to
give 8 as a pale yellow oil (260 mg, 820 umol, 98%); R; (30%
EtOAc/hexane) = 0.27; A, (H,O)/nm 345 nm; v,,,, (neat)/cm™"
3301, 2942, 2103, 1318; '"H NMR ¢ (360 MHz, CDCl;) 8.57 (1H,
brd, J 8.5, ArH), 829 (1H, brd, J 8.6, ArH), 8.26 (1H, dd, J 7.3,
1.3, ArH),7.59 (1H, dd, J 8.6, 7.6, ArH), 7.53 (1H, dd, J 8.5, 7.3
ArH), 7.20 (1H, br d, J 7.6, ArH), 5.28 (1H, t, J 5.9, NH), 3.30
(2H,t,J 5.7, CH,), 3.06 2H, q, J 6.1, CH,), 2.90 (6H, s, NMe,);
BCNMR 6 (90.7 MHz, CDCl;) 152.1 (1C, Q), 134.6 (1C, Q), 130.9
(1C,CH), 130.0(1C, Q), 129.7 (1C, CH), 129.6 (1C, Q), 128.8 (1C,
CH), 123.3 (1C, CH), 118.7 (1C, CH), 115.5 (1C, CH), 51.0 (1C,
CH,), 45.5 (2C, CH,;), 42.5 (1C, CH,); m/z (FAB, NOBA) 319
(IM]*, 90%), 170 (100); HRMS (FAB, THIOG) (Found: [M +
HJ*, 320.1184. C,,HsN;O,S requires m/z, 320.1181).

N-Linked dansyl molecular probe 9. To propargyl amine 1d
(27.0 mg, 90.0 umol) in '‘BuOH-H,O (2ml, 1 : 1) was added dansyl
azide 8 (26.0 mg, 80.0 pmol), followed by copper(11) sulfate (2.0 mg,
10 mol%) and sodium ascorbate solution (20.0 pl, 1 M solution,
20 mol%). After 5 h the reaction was complete by TLC. The
solution was concentrated in vacuo, and the residue was purified
by flash chromatography (5 to 10% MeOH/CH,Cl,) to give 9 as a
foam (40.0 mg, 60.0 umol, 71%); R; (10% MeOH/CH,Cl,) = 0.34;
Jmax (H,0)/nm 345 nm; "H NMR 6 (360 MHz, CD,CN) 8.54 (1H,
d, J 8.5, ArH), 8.19 (1H, d, J 8.7, ArH), 8.16 (1H, dd, J 7.3, 1.3
ArH), 7.59-7.54 (3H, m, 2ArH + CH), 7.25 (1H, d, J 7.6, ArH),
7.21 (2H, d, J 8.5, ArH), 6.87 (2H, d, J 8.5, ArH), 4.66 (1H, br s,
CH),4.35(2H,q,J 5.0,CH,),4.03 (1H, brs, CH), 3.97 (1H, br d,
J 13.6, CH,Hy), 3.86-3.84 (1H, m, CH,Hjy), 3.76 (3H, s, OMe),
3.56-3.54 (1H, m, CH), 3.47-3.43 (1H, m, CH ,Hj), 3.30 (2H, br
t, J 6.1, CH,), 3.05 (1H, dd, J 13.4, 5.7, CH,Hy), 2.86 (6H, s,
NMe,), 2.85 (1H, m, CH, Hy), 2.84 (1H, dd, J 7.2, 5.7, CH, Hy),
2.07 (3H, s, OAc); C NMR ¢ (90.7 MHz, CD;CN) 170.9 (1C,
Q), 159.4 (1C, Q), 152.6 (1C, Q), 141.6 (I1C, Q), 136.1 (1C, Q),
131.2 (2C, CH), 130.6 (1C, Q), 130.3 (1C, Q), 130.2 (1C, Q), 130.1
(1C, Q), 130.0 (1C, CH), 129.2 (1C, CH), 126.4 (1C, CH), 124.4
(1C, CH), 119.9 (1C, CH), 116.2 (1C, CH), 114.9 (2C, CH), 79.7
(1C, CH), 73.9 (1C, CH), 67.7 (1C, CH), 59.6 (1C, CH,), 55.8
(1C, CH;), 50.9 (1C, CH,), 49.0 (1C, CH,), 45.7 (2C, CH,), 43.6
(1C,CH,), 32.2(1C,CH,), 21.1 (1C, CH;); m/z (FAB, NOBA) 623
(IM + H]*, 60%), 501 (46), 91 (68); HRMS (FAB, NOBA) (Found:
[M + HJ*, 623.2655. C3;H3yN;O4S requires m/z, 623.2652).

O-Linked dansyl molecular probe 10. To propargyl ether 2b
(32.6 mg, 120 pmol) in ‘BuOH-H,0 (3 ml, 1 : 1) was added dansyl
azide 6 (40.0 mg, 130 umol), followed by copper(11) sulfate (3.0 mg,
10 mol%) and sodium ascorbate solution (25.0 ul, 1 M solution,
20 mol%). After 4 h the reaction was complete by TLC. The
solution was concentrated in vacuo, and the residue was purified
by flash chromatography (5 to 10% MeOH/CH,Cl,) to give 10
as a foam (54.5 mg, 90.0 umol, 77%); R; (5% MeOH/CH,Cl,) =
0.24; "H NMR ¢ (360 MHz, DMSO) 8.47 (1H, br d, J 8.5, ArH),
8.27 (1H, t, J 5.8, NH), 8.22 (1H, br d, J 8.7, ArH), 8.26 (1H,
d, J 7.9, ArH), 8.06 (1H, s, CH), 7.65-7.56 (2H, m, ArH), 7.27
(1H,d, J 7.4, ArH), 7.20 (2H, d, J 8.6, ArH), 7.00 (2H, d, J 8.6,
ArH),5.16 (1H,t,J 3.8, CH), 5.03 (2H, s, CH,), 4.41 2H, t,J 5.9,
CH,), 3.89-3.81 (1H, m, CH), 3.34-3.24 (2H, m, CH,), 3.26 (2H,
br q, J 5.8, CH,), 2.98-2.88 (2H, m, CH,), 2.84 (6H, s, NMe,),
2.30-2.19 (1H, m, CH,Hy), 2.12 (3H, s, OAc), 2.05-1.98 (1H, m,

C,sH,H3); ®C NMR 6 (62.9 MHz, DMSO) 169.7 (1C, Q), 157.2
(1C, Q), 151.2 (1C, Q), 142.5 (1C, Q), 135.5 (1C, Q), 130.1 (2C,
CH), 129.7 (1C, CH), 129.1 (1C, Q), 129.0 (1C, Q), 128.8 (1C, Q),
128.5 (1C, CH), 128.1 (1C, CH), 125.0 (1C, CH), 123.8 (1C, CH),
119.3 (1C, CH), 115.4 (1C, CH), 114.9 (2C, CH), 72.9 (1C, CH),
63.5 (1C, CH), 61.1 (1C, CH,), 49.4 (1C, CH,), 45.2 (2C, CH,),
42.8(1C, CH,), 42.5 (1C, CH,), 31.1 (1C, CH,), 30.6 (1C, CH,),
20.9 (1C, CH,); m/z (FAB, NOBA) 593 (IM + HJ*, 43%), 91 (52);
HRMS (FAB, NOBA) (Found: [M + HJ*, 593.2548. C;,H:)N,OS
requires m/z, 593.2546).

Immunoblot assays®'¢>*!

Cell culture and stimulation. Human embryonic kidney (HEK)
293 cells were cultured at 37 °C, 95% air/5% CO,, in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% foetal
bovine serum, 100 U ml~" penicillin, 100 ug ml~"' streptomycin
and 2 mM L-glutamine. Anisomycin was dissolved at 10 mg ml~!
(38 mM) in DMSO, while the other compounds were dissolved in
DMSO at 38 mM. Cells (9 ml of cell culture) were incubated with
the library members by addition of 9 ul of anisomycin solution,
anisomycin analogue in DMSO, or DMSO as a control.

Celllysis. After stimulation for 30 min the media was aspirated
and the cells lysed in 50 mM Tris/HCI, pH 7.5, containing
1 mM EDTA, 1 mM EGTA, 1 mM sodium orthovanadate,
10 mM sodium B-glycerophosphate, S mM sodium pyrophosphate,
50 mM sodium fluoride, 0.27 M sucrose, 1% (v/v) Triton X-100,
0.1% (v/v) 2-mercaptoethanol and ‘Complete’ protease inhibitor
cocktail (one tablet per 50 ml). Lysates were centrifuged at 13000 g
for 10 min at 4 °C and the supernatants (termed ‘cell extract’) were
removed. Protein concentrations were determined according to the
method of Bradford.®

Immunoblotting. Samples were denatured in SDS, run on
polyacylamide gels and transferred to nitrocellulose membranes.
The membranes were incubated for 1 h at room temperature in
50 mM Tris-HCI pH 7.5, 150 mM NacCl, 0.2% (v/v) Tween and
5% (w/v) skimmed milk powder. Primary antibodies were added
to 10 ml of the previous buffer and incubated at 4 °C overnight.
The membranes were then washed four times with buffer (5 min
per wash) to remove the excess primary antibody. The membranes
were then incubated with the secondary antibody at room
temperature for 1 h. After washing six times with buffer to remove
the excess secondary antibody (5 min per wash), immunoreactive
proteins were visualized via enhanced chemiluminescence reagent
according to the manufacturer’s instructions.

FACS analysis. Cells (cultured as above, 350 ul of cell culture)
were incubated with molecular probe 9 (22-162 pM). After
stimulation for 30 min the media was aspirated and the cells
washed with PBS buffer (350 ul). The PBS buffer was aspirated,
replaced with tripsin (200 pl) and the cells incubated for 5 min.
Media (200 ul) was added to the cells and the combined solution
was centrifuged at 1000 g for 4 min. The media was aspirated and
the cells re-suspended in PBS — 2% serum (200 pul). The cells were
analyzed on a DakoCytomation MoFlo MLS high speed sorter
using a multi-line UV laser (350-360 nm).

Confocal microscopy. Cells (cultured as above, 1.5 ml of cell
culture) were incubated with molecular probe 9 (109 uM). After
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stimulation for 30 min the media was aspirated and the cells
washed with PBS buffer (1.5 ml). The cells were fixed using
4% paraformaldehyde in PBS (1.2 ml). Confocal microscopy
experiments were carried out using a Leica DM IRE2 microscope
with a UV laser; cells were analyzed at 20-fold and 63-fold
magnification.
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The reactions of 2-(2-pyridyl)imidazole with alkyl iodides at 25 °C in the presence of base gave rise to
1-alkyl-2-(2-pyridyl)imidazole. Subsequent neat reactions with alkyl or polyfluoroalkyl halides at

100 °C, followed by anion exchange with LiN(SO,CF;),, generated the mono-quaternary ionic liquids
3a-3l. All of them have excellent thermal stability and wide liquid range. Most of the salts with
asymmetric N-substituents are liquid at room temperature. The effect of N-substituent variation and
symmetry on NMR, TGA and DSC is discussed. Reaction of 3f with palladium(ir) chloride produced a
mononuclear palladium ionic liquid complex 4, the structure of which was confirmed by single-crystal
X-ray diffraction analysis. The Heck cross-coupling reactions using 4 in ionic liquid 3f demonstrated

excellent stability and recyclability.

Introduction

Room temperature ionic liquids are currently attracting con-
siderable attention as alternative media to conventional volatile
solvents in organic synthesis and catalysis owing to their specific
physical and chemical properties.” One of the amazing features
is that they can be well-tailored to meet particular requirements
through variation and modification of cationic and/or anionic
components. Recent advances in ionic liquid research provide
another route for achieving carefully designed compounds, in
which various functional groups, such as nitrile,® thiocyanate,*
silyl,® hydroxyl® thiols,” and fluoroalkyl® groups, were bonded to
cationic cores of ionic liquids as substituents. These functionalized
ionic liquids exhibit wider ranges of physical and chemical
properties that could be useful for some applications due to
excellent synergetic effects between cationic cores and functional
groups.

Of the various types of ionic liquids available, imidazolium-
based compounds have been extensively employed as reaction
media in transition-metal catalyzed organic reactions, since the
catalysts can be easily immobilized and recovered in the media.*”
As a consequence, much interest has been focused on the
rational design and tuning of imidazolium-based ionic liquids
through introducing functional groups into their side chains.**®
Experimental studies suggested that in situ formation of metal
carbene precursors was involved during the catalytic process in
the imidazolium-based salts, stabilizing and activating the metal
centers.” However, in some cases, the strong acidity at C-2 of
the imidazolium ring gave rise to arylimidazolium salts and
other side-products.®!® This drawback was avoided by using 2-
methylimidazolium-based ionic liquids, but metal catalysts could
not be efficiently trapped into the ionic liquids even in the
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presence of other supporting ligands." Tt was envisaged that
ionic liquids incorporating an appropriate coordinating group
at C-2 of the imidazolium core might serve as both ligand
and solvent to the metal catalysts. This strategy was initially
implemented by introducing a diphenylphosphine group at C-
2 of the imidazolium cation.’> However, the resulting salt was
not an ionic liquid and, therefore, had to be dissolved in another
ionic liquid for effective use in catalysis. Moreover, phosphine-
containing ionic liquids are sensitive to air and moisture. Thus,
development of functionalized phosphine-free ionic liquids is of
great importance for catalyst recycling. As an extension of our
research into fluorine-containing ionic liquid systems,® we became
interested in the use of ionic liquids containing coordinating
groups as reaction media.”®* Herein, we wish to report a series
of imidazolium-based ionic liquids functionalized by a 2-pyridyl
group at C-2 and to demonstrate the preliminary results in their
use as a ligand and solvent for palladium(ir)-catalyzed Heck cross-
coupling reactions. For comparison, an uncoordinated phenyl-
functionalized analogue, 1-butyl-2-phenyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)amide (6), was also investigated.

Results and discussion

The synthetic pathway for ionic liquids 3a-3l is depicted in
Scheme 1. 2-(2-Pyridyl)imidazole (1) was easily prepared by
the reaction of 2-pyridylcarboxaldehyde, glyoxal and concen-
trated aqueous NH;." Subsequent alkylation reactions of 2-(2-
pyridyl)imidazole with alkyl iodides in DMF and aqueous NaOH
solution gave rise to 1-alkyl-2-(2-pyridyl)imidazole (2a—2c). In 2a—
2c¢, two basic nitrogen atoms from imidazolyl and pyridyl rings are
available for quaternization. Usually, the imidazoyl nitrogen atom
has stronger donor ability’® and is more easily quaternized than
the pyridyl nitrogen atom. Thus, a pyridyl coordination center will
remain after monoquaternization under appropriate conditions.
Thus, treatment of 2a—2c¢ with alkyl halides under neat conditions
at 100 °C gave the monoquaternary salts, and subsequent anion
exchange with lithium bis(trifluoromethanesulfonyl)amide led to

This journal is © The Royal Society of Chemistry 2007
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the formation of ionic liquids 3a-3l in high yields. Following
similar procedures, a phenyl-functionalized ionic liquid, 1-butyl-2-
phenyl-3-methylimidazolium bis(trifluoromethanesulfonyl)amide
(6), was synthesized using 2-phenylimidazole as a starting material
(Scheme 2).

All of the ionic liquids are stable in air. Solid probe mass
spectrometry was used to characterize the (2-pyridyl)imidazolium-
based cations diluted in methanol or acetone. In all cases, strong
peaks indicative of the parent cations were observed (Table 1).

/\ /\

For the ionic liquids with the same N-substituents (R' = R?, 3a—
3c), the protons of both the imidazolium ring and the two alkyl
chains show only a single set of signals in the '"H NMR spectra,
which indicates the equivalence of alkyl groups and substituted
imidazolium ring supporting the symmetric structures. This is also
reflected in their *C NMR spectra, where only one resonance is ob-
served for C-4 and C-5 of the imidazolium ring. For the remainder
of the compounds (3d-3l), due to the asymmetric substitution of
the imidazolium nitrogen atoms, two 'H NMR resonance patterns
appear for the protons of the imidazolium ring, and two *C NMR
resonances are found for C-4 and C-5 of the imidazolium ring.
There is minimal or no change in the chemical shift of the protons
of the (2-pyridyl)imidazolium parent ring in the two types of com-
pounds. In "F NMR spectra, the variation of alkyl substituents
has no obvious effects on the chemical shift of the anion.

All of the ionic liquids are soluble in CH,Cl,, ethyl acetate and
acetone, but they are immiscible with water and solvents of low
polarity, such as ethyl ethers and alkanes. The immiscibility with
water, reflecting the absence of hydrogen bonds of the cation and
anion due to the C-2-functionalization of the imidazolium ring
and the hydrophobic ability of NTf,, makes the compounds easily
purifiable by simple washing with water to remove water-soluble
impurities.

It has been recognized that impurities in ionic liquids, notably
residual halides and water arising from the preparation process,
strongly influence their chemical and physical properties.'® In this
work, the absence of halides was tested using AgNO;.** The
water content is negligible after vacuum drying because of the
hydrophobicity of the salts.

The key criterion for evaluation of an ionic liquid is its melting
point. For the imidazolium-based salts, the influence of structural
variation of cation and/or anion on melting point has been well

N NH N N=—

N, Bul, NaOH NI Bu Mel LiNTf,, 25°C
—_—— > :
DMF/H,0, 25 °C 100 °C water/acetone NTf,

5 6
Scheme 2
Table 1 Physical properties of 3a-31 and 4

Compound R' R’ T,/°C* T,/°C* M

3a CH; CH; -32 367 174

3b (CH,),CH; (CH,),CHj; 604 372 230

3c (CH,);CH; (CH,);CH; 417 388 258

3d CH; CH,CH; —45 370 188

3e CH; (CH,),CHj; -52 384 202

3f CH; (CH,);CH; -59 398 216

3g CH, (CH,);CH; —60 381 244

3h (CH,),CH; (CH,);CF; -50 382 298

3i (CH,);CH; CH,CH; —62 379 230

3§ (CH,);CH; (CH,),CHj; 584 397 244

3k (CH,);CH; (CH,);CF; -52 383 312

31 (CH,);CH; (CH,);CH; —63 379 286

4 CH, (CH,);CHj; 1164 305 216

« Glass transition temperature. > Thermal degradation. ¢ Mass of cation in MS. ¢ Melting point.
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investigated.'*® Generally, low symmetry, weak intermolecular
interactions (such as suppressing hydrogen bonds) and a good
charge distribution over cation and/or anion tend to produce salts
with lower melting points.'® In 3a-3l, a better charge delocalization
and the suppression of hydrogen bonds by C-2 pyridyl substitution
likely result in lower melting points.

Melting points or glass transition temperatures of 3a—31 were
determined by differential scanning calorimetry (DSC). All of
the salts fall in the ionic liquid class since their melting points
are below 100 °C."” The correlation between melting points and
alkyl substituents of cations is clearly observed in Table 1. For
the compounds with the same N-substituents (3a—3c), as the alkyl
groups are changed from methyl to propyl to butyl, the melting
points vary from —32 to 60 to 41 °C, in which the relatively low
melting point of 3a is somewhat surprising.’* For the asymmetric
ionic liquids 3d-3l, all with a methyl substituent, the increase of
length and flexibility of the other alkyl group results in lower
melting points. This suggests poorer packing into the crystal lattice
as the alkyl group is elongated. However, with a constant butyl
substituent, varying the other alkyl substituent from methyl to
ethyl to propyl to butyl to hexyl led to a discontinuous change
from —59 to —62 to 58 to 41 to —63 °C. The melting point of the
propyl- and butyl-substituted asymmetric salt 3j is in the middle
of that for the N-propyl- and butyl-substituted symmetric salts 3b
and 3¢, which shows the synergetic effect of cationic symmetry
and effect of N-substitutents on the melting point. Generally, a
decrease in cation symmetry contributes to poorer packing in the
crystalline lattice, which leads to lower melting points. Thus, it is
not surprising that changing the non-fluorinated alkyl chain in 3¢
and 3j to a fluorinated alkyl chain in 3k and 3h results in a great
decrease in the melting points.

The thermal stability of ionic liquids 3a-31 was determined by
thermogravimetric analysis (TGA). The thermal degradation of
these ionic liquids occurs in the range 367-398 °C, which is higher
than the decomposition temperatures of the ionic liquids bearing
side-chain functional groups.*®® There is no clear relation between
decomposition temperature and N-substituents; thus the variation
of alkyl or polyfluroalkyl substituents on the cation has little effect
on the stability of the corresponding salts. The wide liquid range of
3a-3lis quite impressive. For example, the liquid range of 3fis —57
to 398 °C. This gives them potential for use in a wide variety of
applications in which large liquid range and high thermal stability
are required.”

The viscosity of ionic liquids is usually governed by van der
Waals interactions and hydrogen bonds. The viscosity of 3f
(360 mPa s at 25 °C, 51 mPa s at 60 °C) is much higher than
that of imidazolium-based analogues.'®™ Obviously, the increase
of the van der Waals attraction dominates over the decrease of
hydrogen bonding and better charge delocalization. Moreover,
the viscosity of pyridyl-functionalized 3f is slightly higher than
that of phenyl-functionalized 6 (228 mPa s at 25 °C, 36 mPa s at
60 °C). Similar cases have also observed in ionic liquids bearing
side-chain coordination groups.*

The coordinating ability of the ionic liquids was examined
briefly. Reaction of PdCl, with 3f in methanol for 12 h at 25 °C
gave rise to a mononuclear palladium(ir) complex 4 as an air-stable
pale-yellow solid. In the '"H and *C NMR spectrum of 4, downfield
shifts are observed for the pyridylimidazolium parent ring when
compared with those of 3f. The melting point of 4 is 116 °C,

and thus it is not an ionic liquid."” The thermal decomposition
temperature (305 °C) is lower than that of the corresponding ionic
liquid 3f (398 °C). Solid-probe positive-ion mass spectrometry
showed that its cation (m/z 216) is the parent ion.

The crystal structure of 4 was determined by single-crystal
X-ray diffraction. As shown in Fig. 1, the palladium(1) center
is in a distorted square-planar geometry and is coordinated by
two trans pyridyl nitrogen atoms of 3f and two frans chloride
ions, with cis-angles ranging from 88.00(7) to 92.00(7)°. The Pd—
N,, and Pd-Cl bond distances are 2.030(2) and 2.2970(8) A,
respectively. Palladium(1r) lies on an inversion center, 3f serves as
a monodentate ligand, and the dihedral angle between the pyridyl
and imidazolyl rings is 68.9°. There are no other short contacts or
significant weak interactions between adjacent molecules.

Fig. 1 Crystal structure of mononuclear palladium(ir) complex 4.

Palladium-catalyzed Heck cross-coupling reactions in ionic liquid
3f

Since the ionic liquids can coordinate with PdCl, to form
stable palladium(11) complexes, it seems feasible that palladium(ir)
catalyst precursors could be effectively immobilized in the corre-
sponding ionic liquids during catalysis and product separation.*!3
Recent research demonstrated that these types of palladium-
containing ionic liquids could be reused more than ten times
without significant loss of catalytic activity,*® and could even
lead to the activation of aryl chlorides.”® In our work, the
Heck cross-coupling reaction was initially evaluated using pyridyl-
functionalized ionic liquid 3f and phenyl-functionalized ionic
liquid 6 as reaction solvents in the presence of 4. As expected,
the coupling reaction of iodobenzene and n-butyl acrylate in 3f
could be performed successfully 10 times without detectable loss
of catalytic activity (Table 2, entry 1). Using the same protocols,
the Heck reaction in 6 could also be carried out 10 times (Table 2,
entry 2); this is ascribed to the similarity of the skeletons of 6
and 4, allowing the catalyst precursor 4 to be efficiently trapped
in 6. This has been confirmed by using metal complexes with
pendant imidazolium tags to catalyze organic reactions in ionic
liquids.* However, when the Heck reaction was examined using
PdCl, instead of 4 under similar conditions, palladium black was
formed during the first cycle, the catalytic solution lost its activity
after two cycles and become completely inactive after six cycles
(Table 2, entry 3).

To further test the scope and recyclability of 4 in 3f, a more
versatile and practical method was applied to the coupling
reactions between aryl halides and vinyl compounds (Table 3),
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Table 2 GC Yields (%) of Heck coupling reactions of iodobenzene and n-butyl acrylate®

I S
©/ + P copBu —» ©/\/

CO,"Bu

Cycle no.
Entry IL Cat.

1 2 3 5 6 7 8 9 10
1 3f 4 >99 >98 >98 >99 >99 >99 >99 >99 >98 >99
2 6 4 >98 >99 >99 >99 >99 >98 >98 >99 >99 >98
3 6 PdCl, >99 >98 81 46 17 <5 — —

“ All reactions were carried out using 1.0 mmol aryl iodide, 1.25 mmol n-butyl acrylate, 1.5 mmol Et;N, 2 mol% catalyst and 3.0 g ionic liquid at 120 °C

for 3 h.

Table 3 Isolated yields of Heck cross-coupling reactions of aryl halides
with vinyl compounds using recycled catalyst®
X

R2
2
O/ + ANp — ©/V
R!

R!

Entry Cycle R! R? X Yield (%)
1 1 H CO,"Bu 1 93
2 2 Me CO,"Bu 1 94
3 3 MeO CO,"Bu I 91
4 4 F CO,"Bu 1 93
5 5 H CO,"Me I 91
6 6 H CO,"Bu Br 62
7 7 MeO CO,"Bu Br 47
8 8 CF; CO,"Bu Br 89
9 9 NO, CO,"Bu Br 90

10 10 H Ph Br 65

11 11 CH,CO Ph Br 91

12 12 F Ph Br 85

13 13 NO, Ph Br 88

14 14 H CO,"Bu I 92

“ All reactions were carried out using 1.0 mmol aryl halide, 1.25 mmol
vinyl compound, 1.5 mmol Et;N, 2 mol% 4 and 3.0 g of 3f at 120 °C for
5h.

wherein each subsequent cycle was carried out with a different
substrate. A high isolated yield was obtained for aryl iodides bear-
ing electron-withdrawing and electron-donating groups (Table 3,
entries 1-5). No appreciable difference in yields between activated
and deactivated aryl iodides was found. However, the electronic
nature of the aryl bromides has a clear effect on the coupling
reactions. For example, the coupling reaction of electron-rich 4-
bromoanisole with n-butyl acrylate and styrene provided 47%
isolated yield (entry 7), but for electron-neutral bromobenzene, the
desired coupled product was obtained in 62% isolated yield (entry
6). Interestingly, the Heck reactions between electron-deficient aryl
bromides and vinyl compounds occurred smoothly under identical
conditions (entries 8, 9, 11-13).

All coupled products were easily separated from the catalyst
and ionic liquid solvent by simple extraction with ether. After
extracting the products from the catalytic solution, the resulting
solution was washed with water to remove ammonium salts
and dried under vacuum before new substrates were charged.
It is noteworthy that the catalytic solution could be recycled
fourteen times with different reactants, with no apparent loss of
catalytic activity.

Conclusions

The outstanding recyclability and activity of catalyst precursor 4
in the corresponding ionic liquid 3f results from a highly synergetic
effect between the imidazolium and pyridyl groups, i.e.:

1) Tonic liquids can serve as both solvent and ligand. Thus, the
palladium center can be efficiently immobilized in ionic liquids by
coordination with the pyridyl group during the catalytic process,
which prevents the formation of palladium black and catalyst
decomposition.

2) Since the imidazolium is functionalized by pyridyl at C-2, the
formation of arylimidazolium salts and other detrimental side-
products is precluded.

3) Perhaps most importantly, the palladium catalyst is part of
the ionic liquid in the catalytic system. As a consequence, it is
easily lost during extraction of the products.®

In summary, we have developed a family of imidazolium-based
ionic liquids functionalized by pyridyl at C-2. The correlation
between their structures and melting points, thermal stabilities,
solubility as well as viscosity was determined. The role of the
pyridyl group in these properties is shown. All of them display
high thermal stabilities and a wide liquid range. Their reactions
with palladium(ir) chloride easily gave rise to palladium(ir) ionic
liquid complexes. Heck cross-coupling reactions of the palladium
compounds in the corresponding ionic liquids showed excellent
recyclability. Hence, this work has not only demonstrated that
the functionalized ionic liquids have a superior capacity to
immobilize and recycle the catalyst when serving as both solvent
and ligand, but also provides a promising pathway toward the
design and synthesis of functionalized ionic liquids for particular
applications, which greatly enlarges the scope of application of
ionic liquids.

Experimental

All the reagents were purchased from commercial sources and
used without further purification. A standard Schlenk line system
was used for handling the air- and moisture-sensitive reactions
under nitrogen. 'H, "C and YF NMR spectra were recorded
on a Bruker AMX 300 spectrometer at 300, 75 and 282 MHz,
respectively, using deuterated acetone as the locking solvent except
where otherwise indicated. Chemical shifts were reported in ppm
relative to the appropriate standard: CFCl; for F, and TMS
for "H and “C NMR spectra. GC/MS spectra were determined
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using an appropriate instrument. Mass spectra (Shimadzu GCMS-
QP5050) for ionic compounds were determined by insertion using
a solid probe (EI). Viscosity was measured on MINIVIS II instru-
ment. Differential scanning calorimetry (DSC) (TA Instruments
Q10) measurements were performed using a calorimeter equipped
with an auto-cool accessory and calibrated using indium. The
following procedure was used in experiments for each sample:
cooling from 40 °C to —80 °C and heating to 400 or 500 °C at
10°Cmin~'. The transition temperature, T,,, was taken as the peak
maximum. Thermogravimetric analysis (TGA) (TA Instruments
Q50) was carried out by heating samples at 10 °C min~' from room
temperature to 500 °C in a dynamic nitrogen atmosphere (flow rate
= 70 mL min~"). Thin-layer chromatography (TLC) analysis was
performed with Al-backed plates pre-coated with silica gel and
examined under UV (254 nm). Flash column chromatography
was executed on silica gel (60-200 um, 60 A). Elemental analyses
were performed on a CE-440 Elemental analyzer.

Synthesis of 2-(2-pyridyl)imidazole (1)

This synthesis is a slight modification of the literature procedure.'*
An ice-cold solution of 2-pyridinecarboxaldehyde (187 mmol,
20 g) in ethanol (20 mL) was added to an ice-cold solution of
40% aqueous glyoxal (27 mL) in ethanol (20 mL), and then ice-
cold concentrated aqueous NH; (64 mL) was added without delay.
The yellow—brown solution was held at 0 °C for 1 h, and was
then allowed to stir for 5 h at 25 °C. Most of the ethanol was
removed under reduced pressure, and the resulting solution was
extracted several times with ethyl ether. The combined solution
was evaporated under reduced pressure. The residue was purified
by flash chromatography on silica gel to give a colorless solid.
Yield: 11.4 g (42%). "H NMR (CDCl;): 0 8.46-8.48 (m, 1H), 8.18-
8.21 (m, 1H), 7.72-7.78 (m, 1H), 7.18-7.23 (m, 2H), 7.08 (s 1H),
BCNMR (CDCl;): 6 148.7,148.5,146.3,137.3,130.4, 123.1, 120.1,
117.6; GC-MS (EI) m/z (%) 144 (M* — 1, 100).

General procedures for the preparation of
1-alkyl-2-(2-pyridyl)imidazoles 2a—2¢

A mixture of 2-(2-pyridyl)imidazole (5.8 g, 40 mmol) and 35%
aqueous NaOH (6.0 ml) in DMF (30 ml) was stirred for 1 h at
25 °C. Alkyl iodide (52 mmol) was then added slowly, and the
mixture stirred overnight at 25 °C. The resulting solution was
poured into H,O (30 ml), and extracted with chloroform (3 x
20 mL). The combined organic layers were washed with H,O (3 x
20 mL), and dried over Na,SO,. After evaporating the solvent, the
residue was purified by flash chromatography on silica gel to give
2a-2c.

1-Methyl-2-(2-pyridyl)imidazole  (2a). Pale-yellow liquid,
yield: 82%. '"H NMR (CDCl;): 6 8.30-8.32 (m, 1H), 7.94-7.97 (m,
1H), 7.43-7.49 (m, 1H), 6.88-6.93 (m, 2H), 6.70 (s, 1H), 3.83 (s,
3H); "C NMR (CDCl): 6 151.3, 147.7, 144.3, 135.9, 127.6, 123.9,
122.0, 121.7, 35.7; GC-MS (EI) m/z (%): 158 (M* — 1, 100).

1-Propyl-2-(2-pyridyl)imidazole (2b). Pale-yellow liquid, yield:
75%. "H NMR (CDCL):  8.52-8.54 (m, 1H), 8.12-8.15 (m, 1H),
7.66-7.72 (m, 1H), 7.13-7.17 (m, 1H), 7.08 (s 1H), 6.97 (s, 1H),
4.53 (t, 2H, J = 7.3 Hz), 1.79 (sextet, 2H, J = 7.4 Hz), 0.87 (t,

3H, J = 7.4 Hz); "C NMR (CDCl,): 6 151.0, 148.2, 144.5, 136.4,
128.1,123.2,122.7, 122.2, 49.9, 24.5, 11.0; GC-MS (EI) m/z (%):
186 (M* — 1, 100).

1-Butyl-2-(2-pyridyl)imidazole (2¢). Pale-yellow liquid, yield:
89%. '"H NMR (CDCL): 9 8.53-8.55 (m, 1H), 8.13-8.17 (m, 1H),
7.68-7.74 (m, 1H), 7.16-7.19 (m, 1H), 7.09 (s 1H), 6.98 (s, 1H),
4.59 (t, 2H, J = 7.3 Hz), 1.76 (quintet, 2H, J = 7.3 Hz), 1.32
(sextet, 2H, J = 7.4 Hz), 0.89 (t, 3H, J = 7.3 Hz); "C NMR
(CDCly): 0 151.0, 148.2, 144.4, 136.4, 128.2, 123.1, 122.7, 122.2,
48.0, 33.3, 19.8, 13.6; GC-MS (EI) m/z (%) 201 (M*, 27).

General procedures for the preparation of 3a—31

1-Alkyl-2-(2-pyridyl)imidazole (1 mmol) and alkyl halide
(1.5 mmol) were placed in a Pyrex glass tube. After cooling the
samples to —195 °C, the tube was evacuated and sealed. The
reaction mixture was then stirred at 100 °C for 24 h. After cooling
and carefully opening the tube, the volatile materials were removed
under reduced pressure. The residue was dissolved in a mixture of
water (10 ml) and acetone (10 ml), and then LiN(SO,CF3), (0.43 g,
1.5 mmol) was added. The reaction mixture was stirred at 25 °C
for 5 h. The acetone was evaporated under reduced pressure, and
the water layer was extracted three times with ethyl acetate (3 x
10 ml). The combined organic layer was washed three times with
water (3 x 10 ml), once with saturated Na,S,O; solution (10 ml),
and then was dried over anhydrous Na,SO,. After removing the
solvent in vacuo, the products were washed with CH,Cl, (3 ml)
and were filtered to remove any inorganic salts. The solvent was
removed again in vacuo to give 3a-3l.

1-Methyl-2-pyridyl-3-methylimidazolium bis(trifluoromethane-
sulfonyl)amide (3a). Pale-yellow liquid, yield: 86%. '"H NMR:
0 8.82-8.84 (m, 1H), 8.02-8.08 (m, 1H), 7.90 (d, IH, J = 7.9 Hz),
7.58-7.62 (m, 1H), 7.42 (s, 2H), 3.86 (s, 6H); "C NMR: ¢ 151.0,
142.7, 140.7, 138.2, 127.4, 126.8, 123.7, 121.0 (q, / = 319.4 Hz),
36.5;"F NMR: 5 —79.8 (s, 6F); MS (solid probe) (EI) m/z (%) 174
(M*, 100), Anal. Calcd for C,H,,F¢N,0,S, (454.37): C, 31.72; H,
2.66; N 12.33. Found: C, 31.50; H, 2.60; N, 12.29.

1-Propyl-2-pyridyl-3-propylimidazolium bis(trifluoromethane-
sulfonyl)amide (3b). Colorless solid, yield: 88%. '"H NMR: ¢
8.91-8.93 (m, 1H), 8.15-8.21 (m, 1H), 8.02-8.05 (m, 1H), 7.87
(s, 2H), 7.73-7.78 (m, 1H), 4.22 (t, 4H, J = 7.2 Hz), 1.81 (sextet,
4H, J = 7.3 Hz), 0.82 (t, 6H, J = 7.4 Hz); "C NMR: ¢ 152.0,
143.4, 142.2, 139.1, 128.0, 127.7, 123.4, 121.8 (q, J = 319.0 Hz),
51.2,23.8,10.6; "F NMR: 0 —79.9 (s, 6F); MS (solid probe) (EI)
m/z (%) 230 (M*, 100), Anal. Calcd for C,;H,FsN,O,S, (510.08):
C, 37.65; H, 3.95; N 10.98. Found: C, 37.60; H, 3.97; N, 10.84.

1-Butyl-2-pyridyl-3-butylimidazolium bis(trifluoromethanesul-
fonyl)amide (3¢). Colorless solid, yield: 95%. 'H NMR: ¢ 8.94—
8.97 (m, 1H), 8.20-8.26 (m, 1H), 8.07-8.11 (m, 1H), 7.94 (s, 2H),
7.78-7.82 (m, 1H), 4.29 (t, 4H, J = 7.5 Hz), 1.81 (quintet, 2H, J
= 7.4 Hz), 1.26 (sextet, 2H, J = 7.6 Hz), 0.80 (t, 3H, J = 7.3 Hz);
BC NMR:§ 152.1, 143.5, 142.4, 139.2, 128.1, 127.8, 123.5, 121.0
(q, J = 319.4 Hz), 49.6, 32.6, 19.8, 13.4; F NMR: 6 —79.8 (s,
6F); MS (solid probe) (EI) m/z (%) 258 (M*, 100), Anal. Caled
for CsH,FsN,O,S, (538.11): C, 40.15; H, 4.49; N 10.40. Found:
C, 40.10; H, 4.37; N, 10.38.
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1-Ethyl-2-pyridyl-3-methylimidazolium  bis(trifluoromethane-
sulfonyl)amide (3d). Pale-yellow liquid, yield: 90%. '"H NMR:
0 8.76-8.84 (m, 1H), 8.00-8.05 (m, 1H), 7.85-7.92 (m, 1H), 7.58
(d, 1H, J = 2.1 Hz), 7.43 (d, 1H, J = 1.2 Hz), 7.14-7.21 (m, 1H),
4.14 (q, 2H, J = 7.4 Hz), 3.80 (s, 3H), 1.41 (t, 3H, J = 7.3 Hz);
BCNMR: 0 151.1, 142.8, 141.9, 138.3, 127.4, 126.9, 124.0, 121.5,
121.0 (g, J = 319.2 Hz), 44.9, 36.4, 15.1; YF NMR: 6 —79.8 (s,
6F); MS (solid probe) (EI) m/z (%) 188 (M*, 100), Anal. Calcd
for C;;H,F{N,O,S, (468.04): C, 33.33; H, 3.01; N 11.96. Found:
C, 33.34; H, 3.03; N, 11.70.

1-Propyl-2-pyridyl-3-methylimidazolium bis(trifluoromethane-
sulfonyl)amide (3e). Pale-yellow liquid, yield: 87%. '"H NMR:
0 8.92-8.94 (m, 1H), 8.17-8.23 (m, 1H), 8.05-8.08 (m, 1H), 7.87
(d, 1H, J = 1.7 Hz), 7.83 (d, 1H, J = 1.2 Hz), 7.74-7.79 (m, 1H),
4.29 (t, 2H, J = 7.3 Hz), 3.98(s, 3H), 1.84 (sextet, 2H, J = 7.3
Hz), 0.84 (t, 3H, J = 7.3 Hz); C NMR: § 151.9, 143.2, 142.2,
139.0, 128.1, 127.7, 124.9, 123.3, 121.0 (q, J = 319.4 Hz), 51.4,
36.7,23.9,10.7, YF NMR: 6 —79.8 (s, 6F); MS (solid probe) (ET)
m/z (%) 202 (M*, 100), Anal. Caled for C,,H,,F{N,O,S, (482.05):
C, 34.86; H, 3.34; N 11.61. Found: C, 34.59; H, 3.26; N, 11.54.

1-Butyl-2-pyridyl-3-methylimidazolium bis(trifluoromethanesul-
fonyl)amide (3f). Pale-yellow liquid, yield: 93%. '"H NMR: ¢ 8.95
(d, 1H, J = 4.6 Hz), 8.20-8.25 (m, 1H), 8.10 (d, 1H, J = 7.8 Hz),
792 (d, 1H, J = 2.0 Hz), 7.87 (d, 1H, J = 1.9 Hz), 7.77-7.81 (m,
1H), 4.35 (t, 2H, J = 7.4 Hz), 4.01 (s, 3H), 1.82 (quintet, 2H, J =
7.4 Hz), 1.27 (sextet, 2H, J = 7.5 Hz), 0.82 (t, 3H, J = 7.4 Hz);
BCNMR: 6 152.0, 143.3, 142.3, 139.1, 128.2, 127.8, 125.0, 123.4,
121.0 (q, J = 319.4 Hz), 49.8, 36.8, 32.7, 19.9, 13.5; YF NMR: ¢
—79.8 (s, 6F); MS (solid probe) (EI) m/z (%) 216 (M*, 100), Anal.
Caled for C;sHsF¢N,O,S, (496.07): C, 36.29; H, 3.65; N 11.29.
Found: C, 35.90; H, 3.64; N, 11.13.

1-Hexyl-2-pyridyl-3-methylimidazolium bis(trifluoromethane-
sulfonyl)amide (3g). Pale-yellow liquid, yield: 92%. '"H NMR:
0 8.94-8.96 (m, 1H), 8.19-8.25 (m, 1H), 8.08-8.11 (m, 1H), 7.92
(d, 1H, J = 2.1 Hz), 7.86 (d, 1H, J = 2.0 Hz), 7.77-7.85 (m, 1H),
4.35 (t, 2H, J = 7.4 Hz), 4.00 (s, 3H), 1.83 (quintet, 2H, J = 7.3
Hz), 1.16-1.30 (m, 6H), 0.81 (t, 3H, J = 7.0 Hz); "C NMR: ¢
152.0, 143.6, 142.3, 139.1, 128.1, 127.3, 125.0, 123.4, 121.0 (q, J
= 319.4 Hz), 50.0, 36.8, 31.6, 30.6, 26.3, 22.9, 14.0; YF NMR: §
—79.8 (s, 6F); MS (solid probe) (EI) m/z (%) 244 (M*, 100), Anal.
Calcd for C;;H,F¢N,0,S, (524.1): C, 38.93; H, 4.23; N 10.68.
Found: C, 39.09; H, 4.24; N, 10.83.

1-(4,4,4-Triflurobutyl)-2-pyridyl-3-propylimidazolium bis(tri-
fluoromethanesulfonyl) amide (3h). Pale-yellow liquid, yield:
85%. 'H NMR: ¢ 8.89-8.91 (m, 1H), 8.13-8.17 (m, 1H), 8.02—
8.05 (m, 1H), 7.89 (d, 1H, J = 2.1 Hz), 7.85 (d, 1H, J = 2.1 Hz),
7.72-7.77 (m, 1H), 4.36 (t, 2H, J = 7.4 Hz), 421 (t, 2H, J = 7.3
Hz), 2.08-2.25 (m, 4H), 1.81 (sextet, 2H, J = 7.3 Hz), 0.81 (t,
3H, J = 7.4 Hz); "C NMR: ¢ 152.1, 143.7, 142.0, 139.1, 128.1,
127.8 (q, J = 273.8 Hz), 127.8, 127.2, 123.7, 123.4, 120.8 (q, J =
318.9 Hz), 51.4, 48.4, 30.8 (q, J = 29.5 Hz), 23.8, 23.5(q, J =
3.3 Hz), 10.6; "F NMR: § —66.9 (t, 3F, J = 10.4 Hz), —79.9 (s,
6F); MS (solid probe) (EI) m/z (%) 298 (M*, 100), Anal. Calcd

for C;;H,,FoN,O,S, (578.07): C, 35.30; H, 3.31; N 9.69. Found: C,
35.14; H, 3.32; N, 9.57.

1-Butyl-2-pyridyl-3-ethylimidazolium bis(trifluoromethanesul-
fonyl)amide (3i). Pale-yellow liquid, yield: 92%. 'H NMR: ¢
8.94-8.96 (m, 1H), 8.19-8.24 (m, 1H), 8.06-8.09 (m, 1H), 7.93
(d, 2H, J = 1.2 Hz), 7.77-7.82 (m, 1H), 4.26-4.35 (m, 4H), 1.81
(quintet, 2H, J = 7.4 Hz), 1.46 (t, 3H, J = 7.2 Hz), 1.26 (sextet,
2H, J = 7.5 Hz), 0.81 (t, 3H, J = 7.3 Hz); "C NMR: ¢ 152.1,
143.3,142.3, 139.1, 128.0, 127.8, 123.6, 123.0, 121.0 (q, J = 319.4
Hz), 49.6, 45.3, 32.6, 19.9, 15.5, 13.5; YF NMR: § —79.8 (s, 6F);
MS (solid probe) (EI) m/z (%) 230 (M*, 100), Anal. Calcd for
CH,F¢N,O,S, (510.08): C, 37.65; H, 3.95; N 10.98. Found: C,
37.57;H,391; N, 11.12.

1-Butyl-2-pyridyl-3-propylimidazolium bis(trifluoromethanesul-
fonyl)amide (3j). Colorless solid, yield: 86%. '"H NMR: ¢ 8.95-
8.98 (m, 1H), 8.21-8.26 (m, 1H), 8.08-8.11 (m, 1H), 7.96 (d, 2H,
J =1.1Hz), 7.79-7.83 (m, 1H), 4.25-4.33 (m, 4H), 1.77-1.89 (m,
4H), 1.26 (sextet, 2H, J = 7.4 Hz), 0.78-0.87 (m, 6H); "C NMR: ¢
152.1, 143.3, 139.1, 128.1, 127.8, 123.5, 123.4, 121.0 (q, J = 319.4
Hz), 51.3, 49.6, 32.5, 23.9, 19.8, 13.4, 10.7; "F NMR: 5 —79.8 (s,
6F); MS (solid probe) (EI) m/z (%) 244 (M*, 100), Anal. Calcd
for C;;H,,F¢N,O,S, (524.1): C, 38.93; H, 4.23; N 10.68. Found: C,
38.95; H, 4.18; N, 10.68.

1-(4,4,4-Triflurobutyl)-2-pyridyl-3-butylimidazolium  bis(tri-
fluoromethanesulfonyl) amide (3k). Pale-yellow liquid, yield:
83%. "HNMR: 6 8.94-8.96 (m, 1H), 8.20-8.25 (m, 1H), 8.09-8.12
(m, 1H), 7.98 (d, 2H, J = 10.96 Hz), 7.78-7.82 (m, 1H), 4.42 (t,
2H,J =7.1 Hz),4.30 (t, 2H, J = 7.0 Hz), 2.15-2.34 (m, 4H), 1.80
(quintet, 2H, J = 7.4 Hz), 1.25 (sextet, 2H, J = 7.3 Hz), 0.79 (t,
3H, J = 7.3 Hz); ®C NMR: ¢ 152.1, 143.6, 142.0, 139.2, 128.2,
127.9 (q, J = 273.8 Hz), 127.8, 127.2, 123.7, 122.4, 120.9 (q, J =
319.2 Hz), 49.6, 48.4, 32.4, 30.8 (q, / = 29.5 Hz), 23.5 (q, J/ = 3.3
Hz), 19.8, 13.4; YF NMR: 6 —66.9 (t, 3F, J = 10.4 Hz), —79.9 (s,
6F); MS (solid probe) (EI) m/z (%) 312 (M*, 100), Anal. Calced
for C\sH, FsN,O,S, (592.09): C, 36.49; H, 3.57; N 9.46. Found:
C, 36.50; H, 3.60; N, 9.66.

1-Hexyl-2-pyridyl-3-butylimidazolium bis(trifluoromethanesul-
fonyl)amide (3I). Pale-yellow liquid, yield: 92%. 'H NMR: ¢
8.95-8.97 (m, 1H), 8.20-8.26 (m, 1H), 8.08-8.11 (m, 1H), 7.95
(s, 2H), 7.78-7.83 (m, 1H), 4.30 (t, 4H, J = 7.4 Hz), 1.75-1.87 (m,
4H), 1.15-1.32 (m, 8H), 0.78-0.83 (m, 6H); "C NMR: ¢ 152.2,
143.5,142.4,139.2, 128.2, 127.9, 123.6, 123.5, 121.0 (q, J = 319.5
Hz), 49.9, 49.7, 32.6, 31.6, 30.5, 26.3, 22.9, 19.9, 14.0, 13.5; “F
NMR: 6 —79.8 (s, 6F); MS (solid probe) (EI) m/z (%) 286 (M*,
100), Anal. Caled for C,HxF4N,O,S, (566.15): C, 42.40; H, 4.98;
N 9.89. Found: C, 41.73; H, 4.83 N, 9.78.

Palladium(11) [1-butyl-2-pyridyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)amide| dichloride (4)

PdCl, (0.035 g, 0.2 mmol) was added to a stirred solution of 3f
(0.199 g, 0.4 mmol) in methanol (10 ml). The mixture was stirred
for 12 h at 25 °C. Slow evaporation of the resulting solution gave
rise to pale-yellow crystals. Yield: (0.21 g, 90%). '"H NMR: ¢ 9.31
(s, 2H), 8.50-8.55 (m, 2H), 8.36 (d, 2H, J = 7.7 Hz), 8.29 (d, 2H,
J =2.0 Hz), 8.20 (s, 2H), 8.03-8.12 (m, 2H), 4.53 (t,4H, J = 7.3
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Hz), 4.03 (s, 6H), 1.86 (quintet, 4H, J = 7.6 Hz), 1.29 (sextet, 4H,
J =7.5Hz), 0.82 (t, 6H, J = 7.8 Hz); *C NMR: ¢ 157.3, 143.6,
139.1, 130.1, 128.1, 126.3, 124.9, 123.3, 121.0 (q, J = 319.4 Hz),
51.4,37.8,32.7,20.0, 13.5; "F NMR: § —79.8 (s, 12F); MS (solid
probe) (EI) m/z (%) 216 ((M — PdCl,)/2]*, 100). Anal. Calcd
for C;H;CLF,N;OxPdS, (1170.22): C, 30.79; H, 3.10; N 9.58.
Found: C, 30.98; H, 3.36; N, 9.57.

Crystal data: Cy;H;CLF,N;OsPdS,, M, = 1170.21, mono-
clinic, space group P2,/n, a = 8.8615(12), b = 24.322(3), ¢ =
11.2807(16) A, f = 111.633(2)°, V = 2260.0(5) A%, F(000) =
1176, T = 87(2) K, Z = 2, D. = 1.720 g cm>, /. = 0.71073 A,
#=0.818 mm™"; of 33709 measured reflections, 4080 were unique
(R = 0.0297, 1.67 < 0 < 25.25°), R, = 0.0382, wR, = 0.0864,
GOF = 1.081 for 297 parameters, final difference map extremes
+1.178 and —0.499 e A-3. CCDC reference number 286255. For
crystallographic data in CIF or other electronic format see DOI:
10.1039/b616529;.

Synthesis of 1-butyl-2-(2-phenyl)imidazole (5)

The compound was synthesized using 1-butyl iodide and 2-
phenylimidazole by following the same procedure as for 1-butyl-
2-(2-pyridyl)imidazole. Pale-yellow liquid, yield: 90%. '"H NMR
(CDCL): 6 7.52-7.56 (m, 2H), 7.34-7.45 (m, 3H), 7.10 (d, 1H, J
=1.1Hz),6.98 (d, 1H, J = 1.2 Hz), 3.97 (t, 2H, J = 7.4 Hz), 1.70
(quintet, 2H, J = 7.3 Hz), 1.25 (sextet, 2H, J = 7.6 Hz), 0.84 (t,
3H, J = 7.3 Hz); "C NMR (CDCl;): 6 147.7, 131.1, 128.9, 128.6,
128.5, 128.4, 120.3, 46.5, 33.1, 19.7, 13.5; GC-MS (EI) m/z (%)
200 (M*, 53).

Synthesis of 1-butyl-2-phenyl-3-methylimidazolium
bis(trifluoromethanesulfonyl) amide (6)

The compound was synthesized using 5 and methyl iodide by
following the same procedure as for 3a-3l. Pale-yellow liquid,
yield: 95%. '"H NMR: 6 7.60-7.69 (m, 3H), 7.49-7.52 (m, 2H),
7.40-7.42 (m, 2H), 3.94 (t, 2H, J = 7.5 Hz), 3.67 (s, 3H), 1.67
(quintet, 2H, J = 7.5 Hz), 1.19 (sextet, 2H, J = 7.5 Hz), 0.78 (t,
3H, J = 7.5 Hz); "C NMR: ¢ 144.7, 132.9, 130.1, 130.0, 123.6,
121.6, 120.7, 119.8 (q, J = 319.5 Hz), 48.8, 35.8, 31.7, 19.2, 13.0;
YF NMR: 6 —79.9 (s, 12F); MS (solid probe) (EI) m/z (%) 215
(M*, 100). Anal. Calcd for C,¢H,,F¢N;O,S, (495.07): C, 38.79; H,
3.87; N 8.48. Found: C, 39.13; H, 4.11; N, 8.38.

General procedure for Heck reactions in ionic liquids

Palladium(i1) complex 4 (23.4 mg, 0.02 mmol) was dissolved in
ionic liquid 3f (3 g), and the solvent was degassed under reduced
pressure at 60 °C for 1 h before nitrogen was introduced. The aryl
halide (1.0 mmol), olefin (1.25 mmol) and triethylamine (1.5 mmol)
were subsequently added under nitrogen at 25 °C. The resulting
mixture was stirred at 120 °C for the appropriate time. The product
was extracted from the reaction mixture by addition of ethyl ether—
hexane (1 : 1, 3 ml), followed by decanting off the solution of
the product. This was repeated three times (3 x 3 ml), and the
combined organic layers concentrated by rotary evaporation. The
residue was purified by flash chromatography on silica gel to give
the desired product. The identity of the products was confirmed
by comparison with literature spectroscopic data. The catalytic

solution was washed three times with water (3 x 3 ml) to remove
excess of base and its salt, dried under reduced pressure at 60 °C
for 4 h to remove traces of water and other residues, and then
employed for the next cycle.
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A protocol for the stereocontrolled independent preparation
of both C-2 epimers of Phe-Phe trans-vinyl amide isostere
dipeptidomimetics has been devised based on a Wittig-type
reaction, in which two chiral building blocks were joined
with excellent E-selectivity to give compounds of the type
Phe ?[(E)-CH=CH]-PheOH.

(E)-Alkene dipeptidomimetics (e.g. 1, Scheme 1) are of interest as
building blocks in artificial pseudopeptides. They can be used to
probe the involvement of amide bond geometry and polarity in
biomolecular structure, recognition and function,"* since the (E)-
alkene closely resembles the natural amide with regard to bond
lengths, angles and rigidity but is devoid of hydrogen bonding
capability.? We have for some time been interested in the chemical
and pharmacological properties of (E)-alkene dipeptidomimetics,
mainly Phe-Phe and Phe-Gly derivatives.® In spite of their simple
structure, the synthesis of these (E)-5-aminopent-3-enoic acids can
be challenging. Over the years, several interesting routes to (E)-
alkene dipeptide isosteres have been devised.'*** While many of
them display excellent stereoselectivity in double bond formation
and/or side chain installation steps, these syntheses are usually
quite complex, have not been applied to disubstituted alkene
derivatives, or have stereochemical weak spots. We have previously
used sulfonium ylide-based chemistry to synthesise derivatives of
1, where the key Julia olefination step installs the alkene with
good E/Z-selectivity;** however, the procedure is laborious and
our data indicate loss of the stereochemical integrity at C-2.3

An ideal synthetic route to disubstituted (£)-alkene isosteres
like 1 would confer stereocontrol of both C-5 and C-2 side

Bn
+ —
PG /'\/PF‘h3 Br
N
H

PG = protecting group

Scheme 1 Retrosynthesis of an (E)-alkene dipeptidomimetic (1) for a
Wittig-based synthetic route.

Department of Chemistry, Medicinal Chemistry, Géteborg University, SE-
412 96, Goteborg, Sweden. E-mail: luthman@chem.gu.se; Fax: +46 31
7723840, Tel: +46 31 7722894

T Electronic supplementary information (ESI) available: Experimental
procedures, characterisation data and NMR spectra for all new com-
pounds. See DOI: 10.1039/b616906f

chain stereocentres (P1 and P1’' attachment points) as well as
of the double bond. We wanted to find conditions to provide
good control of all three stereocentres, which could be used
also for the synthesis of similar derivatives. For versatility, we
desired a convergent approach employing chiral amino acid-
like building blocks to install the remote sterecogenic centres
(Scheme 1).5 For simplicity, a Wittig-based reaction was chosen
for alkene formation and the P1 fragment was chosen to contain
the ylide. Full deprotection of the isosteres is rarely reported,'
but we also wanted to ensure that mimetics without protective
groups could be obtained. With Phe?[(E)-CH=CH]-PheOH
dipeptidomimetics as model compounds, we wanted to explore
the full utility and stereocontrol of the method by independently
synthesising both C-2 epimers of the target compounds. Thus,
we set out to prepare chiral phosphonium salt 5 (Scheme 2)
and chiral aldehydes 6 (vide infra). B-Amino phosphonium salts
have been prepared previously,® but we were surprised to find
that carbamate-protected derivatives were scarce in the literature.
For convenient deprotection of the dipeptidomimetic products, we
wanted to use Boc-protection; however, the zert-butyl carbamate
was found to be unstable in the reaction between a Boc-protected
amino bromide derivative of phenylalaninol (i.e. Boc-analogue
of 4, Scheme 2) with triphenylphosphine using a variety of
solvents and temperatures. Similarly, the methylcarbamate- and
benzylcarbamate-protected amino bromide analogues afforded
only trace amounts of the desired product. In all reactions, the
carbamate was cleaved, and a phosphorous-containing adduct
was formed according to NMR spectroscopy, probably due to
the nucleophilic nature of the carbamate carbonyl oxygen. Instead,
trifluoroacetyl protection was tried since its oxygen is less electron-
rich. Bromide 4 was found to be perfectly stable in the reaction with
triphenylphosphine, giving phosphonium salt 5 in quantitative
yield (Scheme 2).

The P’ building blocks, the chiral aldehydes (R)-6 (82% ee)
and (S)-6 (84% ee), were synthesised in five steps from dimethyl

(CF,C0),0,
Et,N )OJ\ CBr,, PPh,
OH g- % OH - "
HN 0 °C, DCM, 93% F.C H 0 °C, MeCN, 85%
2 3
j\ PPh, j.J\ + -
—_—>
F,C N Br Toluene, A, >99%  F.C N PPh, Br
H 4 H

5

Scheme 2 Synthesis of the phenylalanine-like P1 synthon; trifluoro-
acetyl-protected amino phosphonium salt 5.
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i. BuLi (2 equiv), THF, -78 °C

ii. a: (S)-6 (84% ee); or b: (R)-6 (82% ee), -78 ° -

+ - iii. aqg NH,CI / HCI
PPh, Br

TBAF, THF

CF,CONH a: 55%; b: 57%

1. Dess-Martin periodinane, DCM/MeCN
2. NaClO,, amylene, THF/H,0

CF,CONH

a: 44%; b: 48%
8a-b R? R2

Scheme 3 Independent assembly of Phe-Phe (E)-alkene dipeptidomimetics 10a—b from phosphonium salt 5 and aldehyde (S)-6 or (R)-6.

(for compounds 7-10), a: R' = H, R> = Bn; b: R' = Bn, R* = H.

benzyl malonate by a protocol employing lipase-catalysed desym-
metrisation or resolution as key steps, respectively. The details of
this chemoenzymatic synthesis are described elsewere.” With both
enantiomers of aldehyde 6 at hand, we hoped to gain control of the
C-2 stereochemistry if the following reactions proceeded without
epimerisation.

(0]

H OTBDMS H T OTBDMS

(-6 \©

The assembly of dipeptidomimetics 10a—b commenced with a
Wittig reaction involving either enantiomer of aldehyde 6 and the
ylide derived from phosphonium salt 5 (Scheme 3). A standard
Wittig reaction between an o-branched aliphatic aldehyde and a
B-branched non-stabilised ylide can be expected to proceed with
Z-selectivity;*® however, the presence of the trifluoroacetamide
in 5 gives the possibility of double deprotonation, which may
influence the outcome of the reaction. Ylides containing anionic
groups (i.e. lithiated heteroatoms) in proximity to the reacting
centre are prone to E-selelectivity,”! if suitable reaction conditions
are provided. While this has been well established for a-, B- and
y-oxido-, carboxy- and amido-ylides in reactions with aromatic
aldehydes," we have found no account of reactions involving
lithiated amides and aliphatic aldehydes. Treatment of 5 with 2
equivalents of n-butyllithium at —78 °C, followed by addition of
6 and slow warming to room temperature followed by an aqueous
quench afforded the alkene products 7a—b in 55% and 57% yield,
respectively. To our delight, no Z-isomer could be detected in the
'"H-NMR spectra.

Racemisation of the coupling partners or epimerisation of either
stereocentre of the product was of concern in this transformation,
and for this reason the reactants were thoroughly purified to
ensure a precise stoichiometry in the deprotonation. A less than
full enantiomeric purity of aldehydes 6 was advantageous in this
model study, since this allowed the detection of stereochemical
scrambling by NMR more conveniently. No racemisation or
epimerisation could be detected at any point in the synthesis of
10a (Scheme 3), and this was further affirmed by HPLC, since the
de of the final product 10a matched the ee of the starting aldehyde
(S5)-6. In the case of 10b, at most 1% stereochemical scrambling
was detected.

(R)-6

OH CF,CONH

CF,CONH OTBDMS

a: 83%; b:>99%

7a-b R R

1. NH,, MeOH

2. HPLC
OoH ————> TFA* H,N 7
a: 75%; b: 86% -
10a-b R1 R2

9ab g1 R

Key

In earlier work with compounds like 7-10,* we have found that
the double bond may rearrange under forcing conditions, and this
prompted us to complete the synthesis using the mildest reagents
possible. The silyl protecting group was removed to yield alcohols
8, which were converted to carboxylic acids 9 by tandem Dess—
Martin/NaClO, oxidation.

For the mimetics to be useful in the synthesis of pseudopeptides,
the N-protecting group should be interchangeable, and for this
reason we wanted to fully deprotect the acids 9 to give the salts 10.
We were surprised to find that the trifluoroacetamide functions
of acids 9 were exceptionally stable toward alkaline hydrolysis;
in the case of 9a the reaction took 30 days to complete with a
large excess of K,CO; in H,O-MeOH. A variety of conditions
were investigated on a small scale to obtain a higher reaction
rate. While none of the alkali hydroxides or carbonates afforded
any appreciable amount of product in methanol or THF with
varying amounts water, barium hydroxide was found to cleave the
trifluoroacetamide of 9a efficiently."* Ammonia in methanol was
somewhat less effective than barium hydroxide, but was the reagent
of choice due to the simplified work-up. With suitable conditions
for deprotection identified, the corresponding ammonium salts
could be isolated. After checking the diastereomeric ratio by
HPLC (vide supra), compounds 10a—b were purified by preparative
HPLC to full stereochemical purity.

The diastereomeric purity of the alkene derivatives 7-10
(Scheme 3) is of course dependent on the enantiomeric purity of
the aldehyde reactant. We and others have reported the prepara-
tion of a-chiral aldehydes like 6 in high enantiomeric purity,”"
and thus, the current method may be an important addition
to stereocontrolled preparation of (E)-alkene dipeptidomimetics
in high de. Further studies of the generality of this method
involving different ylide and aldehyde coupling partners are
ongoing. The convergent building block approach presented in
this communication can offer versatility in that the peptidomimetic
product is assembled from two chiral fragments, which are easily
prepared. The key Wittig reaction proceeded with excellent E/Z-
selectivity and with full control of both side-chain stereocentres,
and the complexity of the overall sequence is low.
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The reaction of thiocarbamoyl isoselenocyanate with a carbanion gave 1-thia-6-oxa-6ai*-seleno-3-
azapentalene, which has a hypervalent selenium, as the major product. The by-products 3-diacylmethyl-
idene-5-dimethylamino-3H-1,2,4-dithiazole and thiocarbamate thioanhydride were also formed.

Introduction

A number of hypervalent organosulfur compounds, sulfuranes,
have been reported.! In contrast, much less is known about
hypervalent organoselenium compounds.? The chemistry of hyper-
valent organoselenium compounds has attracted much attention
because of their unusual electronic structure.®* Organo-chalcogen
derivatives with intramolecular interactions are remarkable, pro-
viding novel hypervalent, stable organo-selenium* or tellurium?®
species with enhanced thermal and hydrolytic stability. However,
hypervalent organoselenium compounds of the type C-O-Se—S—
C=N have not been investigated and characterized to date, due
to difficulties involved in their synthesis.® A detailed method
for preparation of seleno-3-azapentalene derivatives has not
been reported. We have now found that the one-pot reactions
of thiocarbamoyl isoselenocyanates with B-diketones afford the
corresponding 1-thia-6-oxa-6a\*-seleno-3-azapentalene skeleton
containing a hypervalent coordinate selenium atom. This is the
first example of heterocyclic compounds containing the C—-O-Se—
S—-C=N moiety. We have also confirmed that a rare selenium-—
sulfur exchange occurs as part of the formation of these com-
pounds.

Results and discussion

Recently, isoselenocyanates have been used as starting mate-
rials in the synthesis of selenium-containing compounds such
as 1,3-selenazoles, 1,3-selenazolidines, 2-phenyl-6 H-[5,1,3]benzo-
selenadiazocines, perhydro-1,3-selenazines, 1H-5-selena-1,3,6-
triazaaceanthrylene and pyrido[1,2-a]pyrazines.” In order to pre-
pare the 1-thia-6-oxa-6al*-seleno-3-azapentalene skeleton con-
taining a hypervalent selenium atom, we chose thiocarbamoyl
isoselenocyanate derivatives (which have C=S and N=C=Se
unsaturation), moiety 1, and carbanion 2 (Scheme 1). Because
compound 1 decomposed during silica gel column chromatog-
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raphy, the reaction of carbanion 2 with 1 was carried without
purifying 1 by silica gel chromatography.

The reaction of 1 with 2 gave 1-thia-6-oxa-6al\’-seleno-3-
azapentalene 3 as the major product. 3-Diacylmethylidene-5-
dimethylamino-3H-1,2,4-dithiazole 4 and thiocarbamate thioan-
hydride 5 were obtained as by-products (Scheme 2).
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~ o + anion (2) 3 4 5
N" N=C=Se RJ\@)I\R 2a 38 10 6
1 ) 2b 33 - 6
2¢ 35 9 7
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COR | COR |
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reflux /2 h | Y \\(
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3 4
Il\l E? r‘\l
- ~
* T, E' site refines to 64% S and 36% Se
E'E EZ site refines to 73% S and 27% Se
5 E2 site refines to 81% S and 19% Se
Scheme 2

The structures of compounds 3, 4 and 5 were fully characterized
by IR, 'H, *C and "7Se NMR spectroscopy, COSY, HMQC and
HMBC spectroscopy, and MS and X-ray analysis. To gain more
detailed insight into the structural properties of products 3, 4 and
5, the compound was subjected to a single crystal X-ray diffraction
analysis (Fig. 1).%

The bond distances and angles of 3a fall within the normal
range except those involving O5, Sel and S1, which indicate an
attractive interaction between OS5 and Sel. A search of the CCDC
database (Nov. 2005 version) for structures with the S-Se-C—
N(or C)-C cyclic moiety (sp? hybridization for the non-chalcogen
atoms) yielded four structures with the following average geome-
tries: Se-S = 2.21(2) A, Se-C = 1.89(2) A, S-C = 1.78(1) A;
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Fig. 1 Thermal ellipsoid plot (35% thermal ellipsoids) of com-
pound 3a. Selected bond lengths and angles: Se(1)-C(3) 1.9182(17),
Se(1)-0(5) 2.1647(13), Se(1)-S(1) 2.3097(6), S(1)-C(1) 1.7348(18) A;
C(3)-Se(1)-O(5) 80.28(6), C(3)-Se(1)-S(1) 86.46(5), O(5)-Se(1)-S(1)
166.70(4), C(1)-S(1)-Se(1) 93.25(6), C(5)-O(5)-Se(1) 110.58(11)°.

C-Se-S = 90.3(9)°, C-S-Se = 96(2)°. Evidence for the O-Se
interaction is clear, as the Se1-S1 bond distance is ca. five esd units
greater that the average value and the S1-Sel1-C3 angle is ca. four
esd units less than the average value. Also, the Se1-C3-C4, C3-C4-
C5 and C4-C5-05 angles are compressed, and the C5-O5 bond is
lengthened slightly to accommodate the O5-Sel interaction. We
also note that the O5-Sel distance (2.1647(13) A) is significantly
shorter than the corresponding O5-S2 distance (2.1968(12) A)
in4.

'"H NMR spectra of single crystals 3a showed four methyl
groups. In the "C NMR spectra of single crystals of 3a, 3b and
3d, five carbons (four ring carbons and one carbonyl carbon) are
observed in the 0 99-201 range. Furthermore, in the ”Se NMR
spectra of 3, 7’Se signals are observed in the d 976.7 + 60.9 range,
similar to signals from tetravalent selenium compounds (RSeOOH
or R,Se0) (6 850-1230).° These are at lower field than "’Se signals
of divalent selenenyl sulfides (RSeSR) (0 410-660).' The data for
single crystals of 4 are similar to those for the single crystals of 3,
except for differences in molecular weight, melting points and the
lack of the selenium signal in the 7Se NMR spectrum of 4. Spectra
from single crystals of 5 show a mixture of three compounds. In
the 7Se NMR spectra of 5, there are signals at 6 840.8, 912.9 and
916.4. The intensities of the three ’Se signals are consistent with
the results from the S—Se substitutional disorder refinement of the
X-ray diffraction structure of 5.

A plausible mechanism for the formation of 3 is initiation
by nucleophilic addition of the carbon of the carbanion 2 to
the central carbon of the isoselenocyanate 1, yielding 3 via
intermediate 6 (Scheme 3). Intermolecular exchange of Se for S in
intermediate 6 under reflux conditions would yield compound 4.

The formation of 5 is explained by the generation of small
amounts of thiocarbamoyl selenocyante during the reflux step
of the reaction of thiocarbamoyl chloride with potassium seleno-
cyanate to give thiocarbamoyl isoselenocyanate 1. The thiocar-
bamoyl selenocyanate transforms into thioselenocarbamate 7, and
the nucleophilic addition of both sulfur and selenium atoms of the
anion 7 to the carbonyl carbon of thiocarbamoyl selenocyanate
yields 5, with a mixture of selenium and sulfur isomers (Scheme 4).

The chalcogenide exchange reaction of diselenide and trisulfide
was studied in solution. Because of the low activation barrier of the
selenium exchange reaction, formation of all possible selenium-
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and sulfur-containing trichalcogenide isomers (—SeSS—, —SSeS-,
—SeSeS—, —SeSSe— and —SeSeSe-) were observed.' Mixed isomers
also form in biological systems in the presence of diselenides
and higher sulfides. For example, mixed isomers are formed
from cystine (having S-S bonding) and selenocystine having
Se-Se bonding.”? A second example is the exchange of S for Se
in the thermolysis of a diselenolatocobalt(ii1) complex and Sg.*
In the present reaction, the interesting selenium-sulfur exchange
reaction occurs under reflux conditions during the formation of
the products.

Conclusions

In conclusion, we have developed a synthesis of the novel 1-thia-
6-oxa-6a)'-seleno-3-azapentalene skeleton, containing a hyperva-
lent selenium atom.

Experimental
General

The 7Se NMR (95 MHz) spectra were obtained using a JEOL
ECAS00 spectrometer, and 7’Se chemical shifts are expressed in
ppm downfield of Me,Se in CDCl;.

General procedures for the synthesis of compounds 3a, 4a and 5

To a solution of potassium selenocyanate (0.29 g, 2.0 mmol) in an-
hydrous THF (10 mL) was added thiocarbamoyl chloride (0.25 g,
2.0 mmol) at room temperature under an argon atmosphere. The
reaction mixture was stirred at room temperature for 1 h. This
solution was added to a solution of (CH;CO),CH™ Na* (1.0 mmol)
in THF (1.0 mmol, 10 mL), prepared by the reaction of sodium
hydride (0.024 g, 1.0 mmol) with acetyl acetone (0.068 g, 1.0 mmol)
in dry THF (10 mL) at 0 °C for 0.5 h under an argon atmosphere.
The reaction mixture was refluxed for 2 h. The mixture was
extracted with diethyl ether and washed with water. The organic
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layer was dried over sodium sulfate and evaporated to dryness.
The residue was purified by flash chromatography on silica gel
with diethyl ether—n-hexane (1 : 1) to yield 0.28 g of 3a (38%), as
well as 4a (10%) and 5 (6%), by flash chromatography on silica gel
as yellow crystals.

5-Methyl-2-dimethylamino-4-methylcarbonyl-1-thia-6-oxa-6al.*-
seleno-3-azapentalene (3a). Mp: 134.9-137.0 °C; IR (KBr):
1387, 1518, 1641 cm™'; 'H NMR (500 MHz, CDCl;): § 2.55
(3H, s), 2.74 (3H, s), 3.37 (3H, s), 3.48 (3H, s) ppm; “C NMR
(125 MHz, CDCL): 6 25.7, 32.4, 41.7, 41.9, 120.5, 182.9, 185.4,
192.1, 197.1 ppm; "Se NMR (95 MHz, CDCl;): 6 1009.3 ppm;
MS (CI): m/z =293 [M* + 1].

3-Diacetylmethylidene-5-dimethylamino-3H -1,2,4-dithiazole
(4a). Mp: 109.0-110.5 °C; IR (KBr): 1389, 1534, 1636 cm™'; 'H
NMR (500 MHz, CDCl;): 6 2.53 (3H, s), 2.69 (3H, s), 3.29 (3H,
s), 3.45 (3H, s) ppm; “C NMR (125 MHz, CDCl;): 6 25.8, 32.4,
41.3,41.9,118.7, 180.5, 183.9, 192.8, 197.1 ppm; MS (CI): m/z =
247 [M* + 1].

Thiocarbamate thioanhydride (5). Mp: 109.0-110.5 °C; IR
(KBr): 1389, 1534, 1636 cm™'; '"H NMR (500 MHz, CDCl,): 6
3.37,3.41,3.42,3.45,3.508, 3.513, 3.53, 3.59, 3.60 ppm; *C NMR
(125 MHz, CDCl;): 0 43.6,44.4,44.8,45.1,45.3,45.8,47.8, 48.1,
48.8, 186.7, 186.91, 186.95 ppm; "Se NMR (95 MHz, CDCl,): 6
840.8, 912.9, 916.4 ppm.

5-Ethyl-4-ethylcarbonyl-2-dimethylamino-1-thia-6-oxa-6ak*-
seleno-3-azapentalene (3b). Mp: 121.2-123.3 °C; IR (KBr):
1640cm~'; "HNMR (500 MHz, CDCl;):0 1.17 (3H, t,J = 7.5 Hz),
1.22 3H, t, J = 7.5 Hz), 291 (2H, q, J = 7.5 Hz), 3.16 (2H, q,
J =7.5Hz),3.36 (3H, s), 3.46 (3H, s) ppm; *C NMR (125 MHz,
CDCl,): 0 8.98, 9.96, 30.9, 36.6, 41.5, 41.8, 119.7, 182.6, 184.5,
195.1, 201.2 ppm; "Se NMR (95 MHz, CDCl;): 6 1005.0 ppm;
MS (CI): m/z =320 [M* + 1].

4-Benzoyl-2-dimethylamino-5-phenyl-1-thia-6-oxa-6al\*-seleno-
3-azapentalene (3¢). Mp: 156.0-157.3 °C, IR (KBr): 1376, 1501,
1641 cm™'; "TH NMR (500 MHz, CDCl,): 6 2.80 (3H, s), 3.16 (3H,
s), 7.28 2H, t, J = 7.44 Hz), 7.34 (1H, t, J = 7.44 Hz), 7.38 (2H,
t,J = 7.44 Hz, Ar), 747 (1H, t, J = 7.44 Hz), 7.59 2H, d, J =
7.44 Hz), 7.87 (2H, d, J = 7.44 Hz) ppm; “C NMR (125 MHz,
CDCl;):640.5,41.3,118.0 128.1, 128.2, 128.3, 129.5, 130.6, 132.2,
136.4, 139.2, 182.0, 183.4, 184.9, 195.1 ppm; "Se NMR (95 MHz,
CDCl;): 0 1007.1 ppm; MS (CI): m/z =416 [M* + 1].

3-Dibenzoylmethylene -5 - dimethylamino -3H -1, 2,4 - dithiazole
(4c). Mp: 127.0-128.3 °C, IR (KBr): 1638 cm™'; '"H NMR
(500 MHz, CDClL;): 6 2.86 (3H, s), 3.22 (3H, s), 7.29 2H, t, J =
8.01 Hz), 7.37 (1H, t, J/ = 8.01 Hz), 7.39 (2H, t, J = 8.01 Hz, Ar),
7.48 (1H, t, J = 8.01 Hz), 7.60 (2H, d, J = 8.01 Hz), 7.88 (2H, d,
J =28.01 Hz, Ar) ppm; "C NMR (125 MHz, CDCl;): 6 40.7, 41.4,
118.2,128.2, 128.4,129.7, 130.7, 132.3, 136.5, 139.3, 182.2, 183.6,
185.1, 195.2 ppm; MS (CI): m/z = 371 [M* + 1].

5-Methoxy-4-methoxycarbonyl-2-dimethylamino-1-thia-6-oxa-
6al)*-seleno-3-azapentalene (3d). Mp: 108.8-110.2 °C; IR (KBr):
1710 cm™'; "H NMR (500 MHz, CDCl;): 6 3.28 (3H, s), 3.46 (3H,
s), 3.85 (3H, s), 3.89 (3H, s) ppm; “C NMR (125 MHz, CDCl,):
0 40.8, 42.0, 51.7, 52.8, 99.0, 165.8, 171.8, 180.1, 180.4 ppm;

"Se NMR (95 MHz, CDCl,): ¢ 885.3 ppm; MS (CI): m/z = 324
M* + 1].
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Secoisolariciresinol (SECO 1) is the major lignan found in flaxseed (Linum usitatissimum L.) and is
present in a polymer that contains secoisolariciresinol diglucoside (SDG 2). SECO, SDG and the
polymer are known to have a number of health benefits, including reduction of serum cholesterol levels,
delay in the onset of type II diabetes and decreased formation of breast, prostate and colon cancers.
The health benefits of SECO and SDG may be partially attributed to their antioxidant properties. To
better understand their antioxidant properties, SECO and SDG were oxidized using 2,2’-azobis-
(2-amidinopropane), an in vitro model of radical scavenging. The major lignan radical-scavenging
oxidation products and their formation over time were determined. SDG was converted to four major
products (11-14), which were the result of a phenoxyl radical intermediate. One of these products (13),
a dimer of SDG, decomposed under the reaction conditions to form two of the other major products,
12 and 14. SECO was converted to five major products (6-10), two of which (6 and 7) were also the
result of a phenoxyl radical intermediate. The remaining products (8, 9 and 10) were the result of an
unexpected alkoxyl radical intermediate. The phenol oxidation products were stable under the reaction
conditions, whereas two of the alcohol oxidation products (8 and 9) decomposed. In general, only one
phenol group on the lignans was oxidized, suggesting that the number of phenols per molecule may not
predict radical scavenging antioxidant ability of lignans. Finally, SECO is a superior antioxidant to
SDG, and it may be that the additional alcohol oxidation pathway contributes to its greater antioxidant

ability.

Introduction

Consumption of flaxseed ((Linum usitatissimum L.) has been
associated with a number of health benefits, including protection
against cardiovascular disease in rodents,'™ rabbit® and humans,®
hepatoprotection in rats™® and protection against cancer in
rodents.”** Most of these beneficial effects have been linked to the
lignans found in the hull portion of flaxseed. Secoisolariciresinol
(SECO, 1) (Fig. 1) is the major lignan found in flaxseed’ and
is present in flaxseed as the diglucoside (SDG, 2), which is
incorporated into a (hydroxymethyl)glutarate-linked polymer.'®”
Other lignans, such as matairesinol (MAT, 3) are present in
smaller amounts. In animal models, SDG and SECO have been
shown to reduce cancer,>>!® cholesterol and atherosclerosis,'®"
to protect against loss of lupus-induced renal function® and to
delay the development of Type IT diabetes.” Flaxseed lignans
undergo metabolism in the human gastrointestinal tract to form
the mammalian lignans enterodiol (END, 4) and enterolactone
(ENL, 5) (Fig. 1), which have also been associated with decreased
risk of coronary events,*?* inhibition of prostate cancer cell lines*
and aromatase activity.?s*

The health benefits attributed to SECO and SDG have
been proposed to be the result of estrogenic”* or antioxidant
properties.’** Antioxidants are believed to play an important
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role in disease protection by reducing the effects of oxidative
stress seen in processes such as cardiovascular disease, cancer
and neurodegenerative diseases.** Phenolic antioxidants, such
as vitamin E and butylated hydroxytoluene (BHT), neutralize
radical species including lipid peroxides by forming stable, long-
lived radicals which lead to stable, non-radical products;* SECO
and SDG would be expected to behave in a similar manner. A
possible mechanism for SECO/SDG scavenging of radical species
is shown in Fig. 2. In the proposed scheme, a radical (Y*) abstracts
a hydrogen atom from the lignan phenol hydroxyl, yielding a
resonance-stabilized phenoxyl radical and YH. The lignan radical
could then react with a second radical, including another lignan
radical, to form a stable product. An ideal stoichiometric ratio
of 4 would be expected for SECO, SDG and MAT, however
radical scavenging antioxidant stoichiometries determined for a
variety of 2-methoxy phenols (eugenol, 1.30,% 1.85;%* 2-methoxy-
4-methylphenol, 1.41;* zingerone, 1.85%) suggest that stoichio-
metric values closer to 2.6-2.8 might be anticipated for the
lignans.

The antioxidant properties of SECO, SDG, MAT, END and
ENL have been studied using several techniques. Inhibition of
lipid peroxidation of 1,2-dilinoleoyl-sn-glycerol-3-phosphocholine
(DLPC) induced by 2,2'-azobis(2-amidinopropane) (AAPH) was
greater for SECO (1.5) than SDG (1.2).” These values are sub-
stantially less than 2.6-2.8 radicals scavenged per molecule, and
both compounds are poorer antioxidants than BHT (2.0), which
has only one phenol hydroxyl group. SECO was also found to be
a comparable radical scavenger to a monophenolic analogue, 2-
methoxy-4-methylphenol, using the Ferric Reducing/ Antioxidant
Power (FRAP) assay.® Data from a recent study by Eklund?®
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Fig. 1 Structures of the major flaxseed lignans secoisolariciresinol
(SECO) 1 and secoisolariciresinol diglucoside (SDG) 2 (Glc = glucose),
the minor lignan matairesinol (MAT) 3, and their mammalian metabolites,
enterodiol (END) 4 and enterolactone (ENL) 5.

also suggests that lignan antioxidant capacity may not be directly
related to the number of phenol hydroxyl groups per molecule.

The value for antioxidant scavenging of diphenylpicrylhydrazyl
(DPPH) radicals by SECO is 2.3 times greater than BHT and
1.5 times greater than MAT,* indicating that the two primary
hydroxyl groups on the butyl chain of SECO may also contribute
to radical scavenging. Lignans with primary hydroxyl groups
were also more effective inhibitors of radical oxygen species
generated by polymorphonuclearleukocytes (PMNL-CLs)*" and
radical scavenging measured by the FRAP assay.** Inhibition of
ammonium thiocyanate-mediated lipid peroxidation of linoleic
acid showed that at 100 uM lignan, END was superior to ENL;
however, at lower concentrations (10 pM) ENL was the superior
antioxidant.*

This study is based on two hypotheses: (i) only one phenol per
lignan molecule contributes to the radical-scavenging antioxidant
capacity and (ii) primary alcohols on the butyl chain are involved
in the antioxidant reactions of lignans. The first objective of
this study was to determine the antioxidant reaction products
for SECO and SDG using a model radical-generating system. A
second objective was to determine whether the reaction products
obtained could explain the difference in antioxidant stoichiom-
etry between SECO and SDG, specifically whether the primary

alcohols were involved in the antioxidant reactions.’” The radical
initiator AAPH was used by this group in the determination of
the stoichiometric ratios of SECO and SDG.”” AAPH undergoes
thermal decomposition in solution to produce two carbon-
centred amidino propane (AP) radicals, which can add O, to
form a peroxyl radical, although carbon-centred radicals usually
predominate. AAPH has solubility properties which allowed study
of both SECO and SDG in the same reaction system, and it does
not possess a chiral centre. This type of model system allows
for study of the major radical-scavenging reactions of phenolic
antioxidants.®®** The major AAPH reaction products of SECO
and SDG were collected and their structures determined. This
investigation differs in several ways from the earlier study reported
by Eklund:* the oxidation products for SDG were determined as
well as those for SECO, a time-course for the reaction of the
lignans with AAPH was performed and a shorter reaction time
was used (5 h vs. 72 h), allowing for the identification of transient
products that could be involved in the antioxidant reactions.

Results and discussion
Products of AAPH-mediated oxidation of flaxseed lignans

The progress of the AAPH-mediated oxidations was monitored
by HPLC-UYV (280 nm), and the peak areas of the major HPLC
peaks were plotted against time. There were 5 major peaks for
SECO (Fig. 3a) and 4 major peaks for SDG (Fig. 4a). The
incubations were terminated after 5 h (SECO) and 4 h (SDG)
when approximately 10% of the starting material remained and
it became difficult to observe the starting lignans in the HPLC
baseline. For SECO, two of the major HPLC peaks were more
polar than SECO (6, 10) and three were less polar (7, 8, 9).
Compounds 8 and 9 formed rapidly and began to decompose after
90 min, whereas compounds 6, 7 and 10 formed slowly throughout
the time-course until the reaction was terminated. For SDG, two
of the compounds formed were more polar than SDG (11, 12) and
two compounds were less polar (13, 14). Compound 13 formed
rapidly and began to decompose after 20 min, whereas compounds
11, 12 and 14 formed more gradually through the incubation,
with 12 being the major product after 4 h. The oxidation products
for both reactions were collected by semi-preparative HPLC and
their structures determined using NMR and MS. Additional
minor oxidation products were not collected. Approximately
10% of SECO-containing oxidation products and 29% of SDG-
containing oxidation products were lost during purification.

Additional AAPH-mediated oxidations were carried out on
transient products formed during the initial incubations. An
AAPH-mediated oxidation of 8 resulted in the formation of
compounds 9, 10 and SECO (Fig. 3b). This experiment could
not be carried out with compound 9 due to a lack of product.
An AAPH-mediated oxidation of 13 resulted in the formation of
compound 12 and SDG (Fig. 4b).

Products from phenol OH oxidation

The SECO oxidation products 6 and 7 (Fig. 5) and all four of
the SDG oxidation products (Fig. 6) resulted from oxidation of
a phenol hydroxyl.*! Products 6 and 7 were determined to be the
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Fig. 2 Proposed antioxidant reactions of SECO/SDG.

same as previously identified AAPH reaction products.*® Products
6 and 12 both result from substitution of AP for a phenol hydrogen
on SECO and SDG, respectively. The SECO oxidation product 7
and the early forming SDG product 13 are C-5-C-5 dimers of
SECO and SDG, respectively. Compounds 6, 7, 12, 13 and 14 are
all consistent with the antioxidant products predicted in Fig. 2 and
should provide net radical scavenging.

The SDG dimer 13 decomposes to the AP substitution product
12 and SDG under oxidative conditions, whereas the SECO
carbon—carbon dimer 7 appears stable. This suggests that an
unexpected oxidative cleavage of the carbon—carbon bond in 13
occurs and that SDG is recycled, which may further contribute
to the radical scavenging properties of SDG. A similar reaction,
the conversion of the di-phenol dihydrodivanillin to the phenol
vanillin has been reported (Fig. 7), although this reaction was
catalyzed by a fusant of Fusobacterium varium and Enterococcus
faecium (FET).** The initial carbon-carbon dimerization products
(7 and 13) would possess a di-keto structure that isomerizes to
the more stable aromatic ring.* Thus, it is tempting to rationalize
this oxidative carbon—carbon bond cleavage as occurring via the
di-keto structure 13a (Fig. 8), although the carbon—carbon bond
lengths for 13 and 13a would be comparable.** It is not clear why
7, the SECO carbon-—carbon dimer, does not decompose via this
pathway, although the steric bulk of the glucose groups in 13 may
be destabilising. Due to the limited amount of product isolated,
an AAPH-mediated oxidation of 7 could not be performed to

determine if this is a general phenomenon. Synthetic pathways
that would produce larger quantities of 7 would aid in further
study of this intermediate.

The ESI-MS spectrum of compound 11 (m/z 717 [M — HJ,
718 [M + H]") was consistent with the addition of two oxygen
atoms. NMR experiments indicated that 11 was nearly identical
to the NMR spectrum for SDG, with small downfield shifts in the
BC spectrum at the 2, 4 and 5 carbons. A peroxide test revealed
1.7 + 1.9 peroxide equivalents per mole, suggesting two peroxide
groups in the molecule (Fig. 6). Although peroxides are frequently
unstable, 11 appears to be stable under these reaction conditions.
In spite of this stability, 11 could still have a pro-oxidant effect.
Compound 11 is the only product in this study in which both
phenoxyl groups undergo reaction. It is worth noting that 11 could
not be detected from the oxidation of 13, which is surprising,
as liberation of SDG from 13 should have led to formation of
11. Compound 11 appears as a shoulder of 12 on the HPLC
chromatogram and may not have been sufficiently resolved in the
oxidation of 13.

The mass spectrum of compound 14 (m/z 701 [M — H]"),
indicates the addition of an oxygen atom to SDG. NMR revealed
that one of the aromatic rings remained unchanged while the other
possessed a carbonyl carbon at C-4 (6 171). Downfield shifts for
C-2, C-3, C-5 and C-6, and a large upfield shift at C-1 (6 133.9
to 0 73.4) were indicative of a cyclohexadienone structure with a
hydroxyl substituted at C-1.
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Fig. 3 (a) Graph of product formation versus time for the reaction
of secoisolariciresinol (0.01 mol dm~®) and AAPH (0.1 mol dm™) in
acetonitrile at 60 °C. Each time point represents the HPLC-UV peak
area at 280 nm. Error bars are standard deviations from the mean for
at least 3 replicates. Compound 6 (R, 18.6 min,®), 7 (R, 26.7 min, A), 8
(R, 25.6 min, M), 9 (R, 28.9 min, @), 10 (R, 19.6 min, A). (b) Graph of
product formation versus time for the reaction of 8 (0.01 mol dm~) and
AAPH (0.1 mol dm~) in acetonitrile at 60 °C. Each time point represents
the HPLC-UYV peak area at 280 nm. Error bars are standard deviations
from the mean for at least 3 replicates. SECO (R, 21.4 min, O), 9 (R,
28.9 min, @), 10 (R, 19.6 min, A).

Eklund reported two additional products not observed in
this study, a dimethyl furanone of SECO (15), formed from
further reaction of compound 6, and lariciresinol 16 (Fig. 9).*®
Lariciresinol was not observed in the present study, although it
is possible that small amounts may have been formed but not
detected under the analytical conditions used. NMR data was
previously presented only for the dimethyl furanone of SECO;
therefore, the present study is the first to provide unambiguous
evidence for the structures of the products of AAPH-mediated
oxidation of SECO.

Products from alcohol OH oxidation

Mass spectral data for the transient intermediate 8 (m/z 721
[M — HJ]~, 723 [M + HJ*) suggested that compound 8 may also be
a dimer of SECO. In contrast to compound 7, no loss of proton
signals was observed in the aromatic or aliphatic regions. The
13C signals for aliphatic carbons C-7, C-8 and C-9 were shifted
downfield with respect to the same carbons in SECO, and are

6.0E+06
/'\,\- (a)
5.0E+06 |-
£
<
(=3
& 4.0E+06 |
-
<
3
L 3.0E+06 |
£
[}
g -
O 20E+06 | _——
| T
o o
==
1.0E+06 |
'7&‘-7 —
0.0E+00 eo-o-o-o-0-o Py e — —— " O——_ 4
0 50 100 150 200 250 300
Time (min)
3.0E+06
A (b)
25E+06 { T
£ T~ .
E -
o ™~
& 2.0E+06 4 N
% N
g I
1.5E+06 | ™
<
% N
a \\.
& 10E+06 1 S
- -
[ /.\ T
T - ———
5.0E+05 | P .
/// " T —
- P
0.0+00 ¥ -— ‘ ‘
0 5 10 15 20 25 30 35
Time (min)

Fig. 4 (a). Graph of product formation versus time for the reaction
of SDG (0.01 mol dm—) and AAPH (0.1 mol dm~) in acetonitrile at
60 °C. Each time point represents the HPLC-UV peak area at 280 nm.
Error bars are standard deviations from the mean for at least 3 replicates.
Compound 11 (R, 12.1 min,®), 12 (R, 12.9 min, W), 13 (R, 14.3 min, A),
14 (R, 17.0 min, @). (b) Graph of product formation versus time for the
reaction of 13 (0.01 mol dm~?*) and AAPH (0.1 mol dm~?) in acetonitrile
at 60 °C. Each time point represents the HPLC-UV peak area at 280 nm.
Error bars are standard deviations from the mean for at least 3 replicates.
12 (R, 12.9 min, W), 13 (R, 14.3 min, A), SDG (R, 13.3 min, @).

consistent with the formation of a dimer of SECO linked by an
O-0O bond between alcohol groups (Fig. 10). The time-courses
for oxidation of both SECO and 8 indicate the aliphatic peroxyl
linkage is only moderately stable under these reaction conditions.

ESI-MS results for compound 9 (m/z 393 [M — H]-, 395
[M + H]J") indicate the addition of two oxygen atoms to SECO. The
NMR results showed that the compound maintained the symme-
try seen with SECO. Downfield 'H and "“C chemical shifts at
positions 7, 8 and 9, compared to SECO, suggest the formation of
two aliphatic peroxides (1.8 £ 0.1 peroxide equivalents). Finally,
compound 10 (m/z 477 [M — HJ]~, 479 [M + HJ*) is consistent
with the substitution of an AP on one phenol and the presence of
two aliphatic peroxides (1.7 + 0.09 peroxide equivalents). NMR
data showed that the '"H and "C signals at the alkyl positions 8
and 9 for product 10 are shifted downfield from the same positions
in 6.

Compounds 8, 9 and 10 differ from any of the other oxidation
products observed in this or previous studies® in that they are
derived from an alkoxyl radical (1e¢, Fig. 10). This is surprising,
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Fig. 5 Proposed pathway for the formation of AAPH-mediated aromatic oxidation products of secoisolariciresinol.

given that the O-H bond energy of an aliphatic alcohol (ca.
104 kcal mol™')* is much greater than that for a phenol O-H
(ca. 73 kcal mol™).*” The SECO alkoxyl radical 1¢ could be
formed either by direct H* abstraction or by deprotonation
followed by a one-electron oxidation. Since ionized O—H bonds are
more susceptible to oxidation, intramolecular hydrogen-bonding
between the aliphatic alcohols may contribute to this process
by decreasing the pK, of the alcohol.* Alternatively, 1¢ may be
formed by an intramolecular or intermolecular H* transfer from
the aliphatic hydroxyl to a phenoxyl radical 1a. Products 9 and
10 are most likely formed by further oxidation of le¢, with the
additional oxygen atoms derived from either solvent (H,O) or
atmosphere (O,). The data in Fig. 3a and 3b suggest that an AP
radical adds to the phenoxyl radical of 9 (9a, Fig. 10) to yield
10, as opposed to initial formation of 6 followed by subsequent
oxidation of the aliphatic alcohols. Alkoxyl radical formation may
provide an explanation for the greater stability of 7 compared
to 13, as alkoxyl radical formation in 7 may compete with the
carbon—carbon bond cleavage reaction.

The alkoxyl radical-derived products found for SECO, but not
for SDG, may contribute to the greater antioxidant capacity
observed for SECO in the inhibition of AAPH-mediated lipid
oxidation.”” Even though the SECO peroxyl dimer 8 is transient

under these conditions, its rapid formation may result in a
significant contribution to the initial inhibition of lipid oxida-
tion. Regeneration of SECO from 8 may further contribute to
antioxidant ability over a longer duration of time. Even though
lipid alkoxyl radicals have been reported to be 10*~10° times more
reactive towards hydrogen atom abstraction than a lipid peroxyl
radical,”” the stoichiometric results for lignans with and without
the butyl chain alcohols suggest that alkoxyl radical formation
of these lignans is not pro-oxidant. The alkyl-peroxyl oxidation
products, 9 and 10, might also be expected to provide a pro-
oxidant effect. However, the primary breakdown product of the
di-alkyl peroxide 9 is the AP substituted di-alkyl peroxide 10,
which was shown to be stable under the reaction conditions.
There was no indication that the peroxide groups on 9 and 10
were involved in further reactions, although this system was not
designed to measure redox cycling reactions, a potential fate for
these compounds.

Conclusion

The results in the present study combined with data from the
literature suggest that the difference in antioxidant stoichiometry
between SDG and SECO is less dependent on the difference in
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Fig. 6 Proposed pathway for the formation of AAPH-mediated SDG oxidation products.
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Fig.7 Enzyme-mediated carbon-carbon bond cleavage in the conversion of dihydrodivanillin to vanillin.*

solubility, and more dependent on the participation of the pri-
mary alcohol groups on SECO in radical-scavenging antioxidant
reactions. One previous antioxidant study suggested that steric
hindrance from the glucose groups on SDG may interfere with
radical scavenging by the phenol hydroxyl groups, a possibility that
cannot discounted as a contributing factor.* No products arising
from oxidation of the alcohol groups on SECO were reported by
Eklund, which was likely due to the longer reaction time (72 h
vs. 5 h in the present study) which would favour formation of the
more stable, phenol radical-derived oxidation products.®® It would
be useful to further determine how the aliphatic hydroxyl groups
on SECO contribute to antioxidant stoichiometry and radical
scavenging reactions by blocking the phenol or the alcohol groups
on SECO.

The antioxidant stoichiometries for both SECO and SDG using
AAPH to catalyze lipid peroxidation are far below the predicted
ideal values.’” The results from the present study confirm that the
stoichiometric ratios for both lignans cannot be predicted based
on the total number of phenol OH groups, as only one phenol
per lignan molecule is involved in radical scavenging reactions.
Most of the oxidation products in the present study are stable and
seem resistant to oxidation of the second phenol. This could be the
result of an intramolecular interaction between the oxidized and
reduced phenol rings which somehow prevents further oxidation,
although this would require further investigation. It is worth
noting that when DDPH scavenging was used as a measure of
lignan stoichiometry, the stoichiometric factor of 4.5 for SECO
more closely agrees with the predicted stoichiometry.® This may
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Fig. 8 Proposed pathway for the AAPH-mediated decomposition of SDG dimer 12.

15 16

Fig. 9 Compounds 15 and 16 as identified by Eklund® from the
AAPH-mediated oxidation of SECO in 1 : 1 THF-H,O (70 °C, 72 h).

indicate that reaction with the stable DPPH radical is a better
measure of the total number of oxidizable hydrogen atoms per
molecule than the AAPH method.

Fujisawa et al. used AIBN to measure the antioxidant sto-
ichiometries of C-5-C-5 dimers of 2-methoxyphenols such as
eugenol (2.58) and 2-methoxy-4-methylphenol (2.56), finding
them to be approximately twice that of the mono-phenols.** This
suggests that dimers 7 and 13 from this study may also contribute
to the antioxidant stoichiometry of SECO and SDG, respectively.
Further study of the antioxidant properties of these metabolites
will be necessary to determine whether the lignan dimers behave
in a similar manner. It would also be valuable to determine
whether dissociation of the carbon-carbon dimers is a general
phenomenon under oxidative conditions, by studying 6 and model
compounds such as the dimer of 2-methoxy-4-methylphenol.

Experimental
Chemicals and reagents

Secoisolariciresinol and SDG were isolated and purified from
flaxseed as previously reported.* (R,R)-(+)-SECO ([a]5 = +35
(¢ 0.20, methanol) and (R,R)-(+)-SDG ([a]; = +0.02 (c 0.20,
methanol) were >99% pure by analytical high-performance liquid-
chromatography (HPLC). Optical rotation was measured on a
Jasco P-1010 polarimeter (glass cell, length: 100 mm) (Jasco Corp.,
Tokyo, Japan). 2,2’-Azobis(2-amidinopropane) dihydrochloride
(AAPH) was obtained from Monomer, Polymer and Dajac Inc.
(Feasterville, PA). Hydrogen peroxide, ammonium thiocyanate,
ferrous chloride, formic acid, trifluoroacetic acid and deuterated
methanol (CD;0D) were purchased from Sigma-Aldrich Canada
(Oakville, ON). Methanol and acetonitrile were HPLC grade
(EMD Chemicals, Norwood, OH). All other solvents were ana-
lytical grade. Water was purified using a Millipore Super-Q water
system with one carbon cartridge followed by two ion exchange
cartridges (Millipore Corp., Billerica, MA).

Liquid chromatography—mass spectrometry (LC-MS) analysis

LC-MS was performed with a Quattro-LC instrument (Micromass
UK Limited, Manchester, UK) equipped with an electrospray
(ES) source in both positive and negative modes using acetonitrile
as mobile phase. LC analysis was performed applying the same
gradient as analytical HPLC except 0.05% formic acid was used
instead of 0.05% trifluoroacetic acid.

NMR analysis

NMR data was obtained on a Bruker AVANCE DPX-500
spectrometer operating at 500 MHz and 125 MHz for proton
and carbon, respectively. CD;OD was used as solvent. Residual
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Fig. 10 Proposed pathway for the formation of AAPH-mediated aliphatic oxidation products of secoisolariciresinol.

signals from CD;0D (3.30 ppm ("H) and 49.0 ppm (*C)) served as
internal standards. Programs for 2-D experiments were available
from the software package XWINNMR, provided by Bruker.
COSY, HMQC and HMBC experiments were performed with
gradient pulses. The Distortionless Enhancement by Polarization
Transfer (DEPT) experiment together with 2-dimensional-NMR
(2D-NMR) experiments including: Correlation Spectroscopy
(COSY), Heteronuclear Multiple Quantum Correlation (HMQC),
Heteronuclear Multiple Bond Correlation (HMBC) and Nuclear
Overhauser Effect Spectroscopy (NOESY) experiments were
performed with gradient pulses.

Oxidation of SECO and SDG with AAPH

Oxidation of SECO or SDG was performed based on modifica-
tions of a method in the literature.®’ Pilot studies were carried out
to optimize the reaction conditions for AAPH-catalyzed oxidation
of SECO and SDG. A time-course study up to 72 h was performed,
and it was determined that >90% of SECO and SDG had been
consumed after 5 h and 4 h respectively, and sufficient amounts of

the major oxidation products were observed to allow for isolation
and purification. Briefly, SECO or SDG (final concentration
0.01 M) was dissolved in CH;OH-H,O (50 : 50 , v/v) and
incubated with AAPH (final concentration 0.1 M) also dissolved
in CH;OH-H,O (50 : 50, v/v) at 60 °C, using 10 mL screw-capped
test tubes fitted with rubber septa. The progress of the reaction was
monitored using analytical HPLC (see below). Aliquots (20 pL)
were removed through the septum via syringe at 5.0 min intervals
for 1 h, and at 30.0 min intervals to the end of the reaction. Aliquots
were analyzed directly by HPLC. Incubations were carried out
until approximately 10% of the starting material remained and
significant levels of oxidation products were observed (5 h for
SECO, 4 h for SDG). AAPH in the absence of SECO or SDG
was used as control. The AAPH-mediated oxidations of both
SECO and SDG were scaled up (by a factor of 30) in order to
collect sufficient quantities of each oxidation product for further
purification and structural determination. The 10 : 1 ratio of
AAPH-SECO or AAPH-SDG was maintained. The SECO-
AAPH reaction was heated in the dark at 60 °C for 5 h, using a
shaking water bath. The SDG-AAPH reaction was heated in the
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dark at 60 °C for 4 h, using a shaking water bath. The oxidation
products were isolated and purified using preparative and semi-
preparative HPLC (see below). LC-MS and NMR were used for
structural characterization.

Analytical HPLC

Reaction progress of both SECO and SDG oxidations was
monitored using an Alliance HPLC (Waters Inc., Milford, MA) on
a symmetry C18 reverse-phase column (3 x 150 mm, 5 pm, Waters
Inc.). Mobile phase consisted of 0.05% trifluoroacetic acid in H,O
(solvent A) and 0.05% trifluoroacetic acid in acetonitrile (solvent
B). Gradient elutions were used at a flow rate at 0.4 mL min".
SECO gradient: 90% A for 10 min, decreasing to 60% A over
20 min, then decreasing to 40% A over 10 min, returning to 90% A
over 10 min and isocratic at 90% A for 5 min. SDG gradient: 90% A
for 5 min, decreasing to 60% A over 15 min, returning to 90% A
over 10 min and isocratic at 90% A for 5 min. Peaks were detected
at 280 nm using a 996 UV-Vis photodiode array detector (Waters
Inc.). Full spectral scans (200-400 nm) were also collected.

Preparative HPLC

Separations were performed on a C18 (Prep Nova-Pak®, Waters
Inc.), 6 um, 250 x 10 mm reverse-phase column with a flow
rate of 20 mL min~'; other parameters were similar to the
analytical HPLC conditions with the exception of using methanol
instead of acetonitrile. For the SECO oxidation, 23 fractions
were collected; fractions 2-6 and 17-22 were enriched with the
compounds of interest. These enriched fractions were subjected to
further purification using semi-preparative HPLC. For the SDG
oxidation, only semi-preparative HPLC was necessary for the
isolation of oxidation products.

Semi-preparative HPLC

Separations were performed on a C18, 5 um, 300 x 10 mm reverse
phase column with a flow rate of 3.0 mL min~'. Gradient elutions
were used to isolate both SECO and SDG oxidation products;
other parameters were similar to the analytical HPLC protocol.
SECO gradient: 80% A for 10 min, decreasing to 60% A over
40 min, isocratic for 5 min, then decreasing to 20% A over 5 min,
isocratic for 1 min and returning to 80% A over 4 min.

Peroxide value test

Peroxides were determined using an ammonium thiocyanate
assay.” The assay was conducted by adding 2.5 mL of 75%
ethanol, 0.05 mL of ammonium thiocyanate solution (30% w/v
in H,0), and 0.05 mL of ferrous chloride (0.1% w/v in H,0O)
to 100 pL of sample in ethanol. In a 3 mL test tube, the mixed
solution was incubated at room temperature (23 °C) in the dark
for 3 min. The absorbance of the reaction mixture was measured at
500 nm against 75% ethanol as a blank. Peroxide concentrations
were determined according to the equation obtained from the
standard curve of H,O, To obtain the standard curve, H,O, at
concentrations ranging from 5-40 ug mL~" were added to the
reaction mixture in a reference cell consisting of 2.5 mL of 75%
ethanol, 0.05 mL of ammonium thiocyanate solution (30% w/v
in H,0), and 0.05 mL of ferrous chloride to a final volume of

3 mL. Peroxides were calculated from the ratio of concentration of
each sample to reference. Results are an average of four individual
readings (from four separate tubes) at 500 nm, using a UV-Vis
spectrophotometer (Agilent 8453, Canada) with Agilent Chem
Station software.

AAPH/lignan oxidation products

Secoisolariciresinol 4-O-(1-amidinopropyl) adduct (6). ESI-
MS m/z 445 (80%) [M — H]~, 447 (40%) [M + HJ", Ana
(CH;OH)/nm 202, 258 (¢/dm?® mol~' cm™' 3694). oy (500 MHz,
CD,0D) 1.56 (6H, s, AP CH;), 1.91 (1H, brs, H-8), 1.96 (1H, brs,
H-8), 2.63 (2H, m, H-7'), 2.68 (2H, m, H-7), 3.59 (2H, m, H-9),
3.61 (2H, dd, J = 4.5 Hz, 10.5 Hz, H-9'), 3.69 (3H, s, 3'-OCH,),
3.71 (3H, s, 3-OCH,), 6.51 (1H, br d, J = 8.0 Hz, H-¢'), 6.64 (1H,
d, J = 7.9 Hz, H-5), 6.65 (1H, br s, H-2'), 6.67 (1H, br d, J =
8.2 Hz, H-6), 6.73 (1H, br s, H-2), 6.91 (1H, d, J = 8.0 Hz, H-5).
Jc (125 MHz, CD;0D) 28.1 (AP CH,), 36.0 (C-7'), 36.2 (C-7),
44.0 (C-8),44.5 (C-8), 56.2 (3-OCHy;), 56.3 (3'-OCH;), 62.0 (C-9),
62.2 (C-9), 80.1 (AP C=N), 113.5 (C-5), 115.1 (C-2), 115.9 (C-
2),122.6 (C-6), 124.6 (C-6), 125.1 (C-5), 133.9 (C-1"), 140.8 (C-1),
140.8 (C-4), 145.4 (C-4'), 148.8 (C-3'), 154.1 (C-3), 176.6 (AP C-2).

Secoisolariciresinol C-5a dimer (7). ESI-MS m/z 721 (100%)
[M — HJ], 723 (30%) [M + HJ*, An.. (CH;OH)/nm 206, 280
(¢/dm’® mol~' ecm™" 6412 1). 6, (500 MHz, CD,0OD) 1.95 (4H, br
t,J = 6.1 Hz, H-8,8, 8", 8”), 2.58 (4H, m, H-7,7"), 2.60 (4H, m,
H-7,7"), 3.60 (8H, dd, J = 4.5, 10.5 Hz, H-9,9',9",9"), 3.66 (6H, s,
3'-OCH;, 3”-OCHj;), 3.77 (6H, s, 3-OCHs;, 3"-OCHs;), 6.47 (2H,
dd,J=1.5,8.0 Hz, H-6',6"), 6.54 2H, d, J = 1.5 Hz, H-6,6"), 6.54
(2H, d, J = 1.5 Hz, H-2',2"), 6.59 (2H, d, J = 8.0 Hz, H-5.,5"),
6.60 (2H, d, J = 1.5 Hz, H-2,2").dc (125 MHz, CD;0D) 36.0 (C-
7,77, 36.2 (C-7,7), 44.0 (C-8,8"), 44.1 (C-8,8"), 56.2 (3-OCHj,
3”-OCH,), 56.4 (3-OCH;, 3"-OCHs;), 62.1 (C-9, 9',9",9"), 113.3
(C-5,5"), 115.8 (C-2,2"), 115.9 (C-2,2"), 122.7 (C-6',6"), 123.2
(C-6,6"), 127.0 (C-5,5"), 133.4 (C-1,1"), 133.8 (C-1,1"), 145.4 (C-
4.47), 146.7 (C-4,4"), 148.8 (C-3,3"), 149.3 (C-3,3").

Secoisolariciresinol peroxyl dimer (8). ESI-MSm/z721 (100%)
[M — HJ, 723 (50%) [M + H]", 4mnx (CH;0H)/nm 206, 280,
(¢/dm’ mol™! cm™! 6413). §,; (500 MHz, CD;0OD) 1.83 (2H, br
t, J = 6.1 Hz, H-8.,8"), 2.20 (2H, t, J = 6.1 Hz, H-8,8"), 2.62
(4H, m, H-7, 7,7",7"), 3.61 (4H, dd, J = 4.7, 10.8 Hz, H-9',9"),
3.65(4H, dd, J = 4.5, 10.5 Hz, H-9,9") 3.69 (6H, s, 3'-OCH;, 3"-
OCH,), 3.77 (6H, s, 3-OCHj;, 3"-OCH,), 6.47 (2H, dd, J = 1.5,
8.0 Hz, H-6',6"), 6.48 (2H, d, J = 1.5 Hz, H-6,6"), 6.54 (4H, d, J =
1.5 Hz, H-2, 2/,2",2"), 6.58 (4H, d, J = 8.0 Hz, H-5,5,5",5"). d¢
(125 MHz, CD;0D) 36.0 (C-7,7"), 39.9 (C-7,7"), 44.6 (C-8.,8"),
47.6(C-8,8"), 56.4 (3'-OCH3;, 3”-OCH;), 56.5 (3-OCHj;, 3"-OCH,),
62.2 (C-9,9"), 74.4 (C-9,9"), 113.1 (C-5,5"), 113.2 (C-5,5"), 115.5
(C-2,2"), 115.8 (C-2',2"), 122.5 (C-6,6"), 122.6 (C-6,6"), 133.6 (C-
1,17), 133.9 (C-1',17), 145.4 (C-4,4',4",4"), 148.8 (C-3',3"), 149.3
(C-3,3").

Secoisolariciresinol peroxide (9). ESI-MS m/z 393 (30%)
[M — HJ], 395 (10%) [M + HJ*, An. (CH;OH)/nm 202, 280
(¢/dm’ mol™! ecm™' 3209). 4 (500 MHz, CD;0OD) 2.20 (2H, m,
H-8.8'), 2.61 (4H, m, H-7,7"), 3.65 (6H, OCH,), 4.35 (2H, dd, J =
4.9, 11.1 Hz, H-9b,9b), 4.42 (2H, dd, J = 5.0, 11.0 Hz, H-9a,9'a),
6.60 (2H, d, J = 8.0 Hz, H-5,5), 6.64 (2H, d, J = 2.0 Hz, H-2,2)),
6.65 (2H, dd, J = 2.0, 8.0 Hz, H-6,6). . (125 MHz, CD,0D)
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39.0 (C-7a,7a,7b,7b), 47.7 (C-8,8), 56.3 (OCH,), 74.3 (C-
9a,9'2,9b,9'b), 113.4 (C-5,5), 115.6 (C-2,2), 124.8 (C-6,6), 133.6
(C-1,1'), 145.5 (C-4, &), 148.8 (C-3,3).

Secoisolariciresinol peroxide, 4-O-(1-amidinopropyl) adduct (10).
ESI-MS m/z 477 (100%) [M — H]~, 479 (30%) [M + HI*, A
(CH;O0H)/nm 202, 266 (¢/dm® mol~! cm™' 3795). 6y (500 MHz,
CD;0D) 1.56 (6H, s, AP CHj;), 2.18 (2H, m, H-8,8'), 2.73 (2H, m,
H-7),2.74 (2H, m, H-7), 3.70 (2H, m, H-9), 3.70 (3H, s, 3-OCH,),
3.71 (3H, s, 3-OCH;), 3.75 (2H, m, 9), 6.54 (1H, br d, J = 8.0 Hz,
H-6), 6.65 (1H, d, J = 7.9 Hz, H-5'), 6.66 (1H, br s, H-2"), 6.69
(1H, brd, J = 8.2 Hz, H-6), 6.71 (1H, br s, H-2), 6.92 (1H, d, J =
8.0 Hz, H-5). o (125 MHz, CD,0OD) 28.1 (AP CH,), 40.0 (C-7),
40.1(C-7),47.6 (C-8),47.7 (C-8), 56.2 (3-OCH,), 56.3 (3-OCH,),
74.3(C-9,9), 80.1 (AP C=N), 113.4 (C-5), 114.9 (C-2), 115.8 (C-
2),124.5(C-6), 124.7 (C-6'), 125.3 (C-5), 133.8 (C-1"), 140.8 (C-1),
141.5(C-4), 145.5(C-4'), 148.8 (C-3'), 154.2 (C-3), 176.6 (AP C-2).

SDG peroxide (11). ESI-MS m/z 717 (100%) [M — H]~, 719
(30%) [M + H]*, Ay, (CH;OH)/nm 202, 269 (¢/dm’® mol~! cm™'
3208). oy (500 MHz, CD;0D) 2.11 (2H, t, J = 5.6 Hz, H-8.8),
2.59 (2H, dd, J = 8.3, 13.7 Hz, H-7a,7a’), 2.66 (2H, dd, J = 6.5,
13.7 Hz, H-7b,7b’), 3.10-3.90 (glucose), 3.46 (2H, dd, J = 5.4,
9.8 Hz, H-9a,92a"), 3.71 (3H, s, OCH,), 4.05 (2H, dd, J = 5.4,
9.8 Hz, 9b,9v'), 4.21 (2H, d, J = 7.7 Hz, glucose—anomeric H),
6.54 (2H, dd, J = 2.0, 8.0 Hz, H-6,6), 6.57 (2H, d, J = 2.0 Hz, H-
2,2"),6.63 (2H, d, J = 8.0 Hz, H-5,5"). 0 (125 MHz, CD;0D) 35.3
(C-7a,7a’), 35.6 (C-7b,7b'), 41.2 (C-8.8'), 56.3 (OCH;), 62.8-78.2
(glucose), 71.2 (9a,9a’,9b,9b’), 104.7 (glucose—anomeric carbon),
114.8 (C-2,2), 117.1 (C-5,5), 123.1 (C-6,6'), 133.9 (C-1,1"), 149.4
(C-4,4), 149.7 (C-3,3).

SDG 4-0-(1-amidinopropyl) adduct (12). ESI-MS m/z 771
(100%) [M + H]*, /. (CH;OH)/nm 206, 280 (¢/dm® mol™' cm™
3765). d, (500 MHz, CD;0D) 1.56 (6H, s, AP CHj;), 1.91 (1H,
br s, H-8), 1.96 (1H, br s, H-8'), 2.63 (2H, m, H-7), 2.68 (2H, m,
H-7), 3.59 (2H, m, H-9), 3.61 (2H, dd, J = 4.5 Hz, 10.5 Hz, H-9"),
3.69 (3H, s, 3-OCH,), 3.73 (3H, s, 3-OCH,), 6.51 (1H, br d, J =
8.0 Hz, H-6'), 6.64 (1H, d, J/ = 7.9 Hz, H-5), 6.65 (1H, brs, H-2'),
6.67 (1H, br d, J = 8.2 Hz, H-6), 6.73 (1H, br s, H-2), 6.91 (1H,
d, J = 8.0 Hz, H-5). d. (125 MHz, CD;0D) 28.0 (AP CHj;), 35.5
(C-7), 35.8 (C-7), 41.2 (C-8'), 41.4 (C-8), 56.0 (3-OCH,), 56.1 (3'-
OCH,;), 62.7-78.1 (9,9'-glucose carbons), 70.7 (C-9), 71.0 (C-9'),
80.1 (AP C=N), 104.4 (9'-O-glucose—anomeric carbon), 104.6
(9-0-glucose—anomeric carbon), 113.8 (C-2), 114.1 (C-5), 114.6
(C-2), 122.7 (C-6'), 124.8 (C-6), 124.9 (C-5), 133.9 (C-1"), 140.7
(C-1), 145.3 (C-4), 146.1 (C-4), 148.6 (C-3'), 154.0 (C-3), 176.5
(AP C-2).

SDG C-5a dimer (13). ESI-MS m/z 1371 (100%) [M —
H]", 4. (CH;OH)/nm 202, 281 (¢/dm’® mol™' cm™' 6405). dy
(500 MHz, CD;0D) 2.1 (4H, br t, J = 6.1 Hz, H-8,8.,8".8"), 2.61
(2H, m, H-7',7"), 2.63 (2H, m, H-7,7"), 3.1-3.90 (glucose), 3.43
(4H,dd, J =4.7,10.8 Hz, H-9b,9b',9b",9b"), 3.71 (6H, s, 3-OCHs,
3”-OCH,;), 3.73 (6H, s, 3-OCH,;, 3'-OCH,;), 4.04 (4H, dd, J = 4.5,
10.5Hz, H-9a,9a’,9a",9a"), 4.24 (1H, d, J = 7.7 Hz, 9-O-glucose—
anomeric H),4.28 (1H, d, J = 7.7 Hz, 9'-O-glucose—anomeric H),
6.57 (2H, dd, J = 1.5, 8.0 Hz, H-6',6"), 6.58 (2H, d, J = 1.5 Hz,
H-2',2"), 6.61 (2H, d, J = 1.5 Hz, H-6,6"), 6.64 (2H, d, J =
8.0 Hz, H-5,5"), 6.65 (2H, d, J = 1.5 Hz, H-2,2"). . (125 MHz,
CD;0D) 35.5(C-7,7"), 35.6 (C-7,7"),41.3 (C-8, 8,8",8"), 56.2 (3'-

OCH;, 3”-OCH,), 56.5 (3-OCHj;, 3"-OCH,;), 62.8-78.2 (glucose),
71.2 (C-9,9',9",9"), 104.7 (glucose—anomeric carbon), 113.6 (C-
2/,2"), 115.6 (C-2,2"), 115.8 (C-5,5"), 122.9 (C-6',6"), 125.4 (C-
6,6"), 126.9 (C-5,5"), 134.0 (C-1,1',1",1"), 145.4 (C-4,4"), 146.5
(C-4.4"), 148.8 (C-3,3"), 149.3 (C-3,3").

SDG 4-OH-dienone adduct (14). ESI-MS m/z 701 (100%)
[M — H]", Apax (CH;OH)/1nm 202, 276 (¢/dm® mol~' cm™' 3209). 5y,
(500 MHz, CD;0D) 2.11 (1H, brs, H-8),2.25 (1H, brs, H-8), 2.61
(1H, m, H-7"),2.67 (1H, m, H-7), 3.11-3.91 (glucose), 3.59 (2H, m,
H-9), 3.61 (2H, dd, J = 4.5, 10.5 Hz, H-9'), 3.72 (3H, s, 3-OCH,;),
3.74 (3H, s, 3-OCH;), 4.04 (1H, m, 9-O-glucose—anomeric H),
4.23 (1H, m, 9-O-glucose—anomeric H), 6.54 (1H, br d, J =
8.0 Hz, H-6'), 6.60 (1H, br d, J = 8.2 Hz, H-6), 6.61 (1H, d, J =
2.0Hz, H-2),6.64 (1H,d,J=7.9Hz,H-5)6.65(1H,d,J=2.0Hz,
H-2), 691 (1H, d, J = 10.0 Hz, H-5). 6 (125 MHz, CD;0D) 35.6
(C-7), 37.6 (C-7), 41.2 (C-8), 42.2 (C-8), 56.7 (3-OCH;), 56.9
(3-OCH,), 62.3-78.2 (glucose), 71.2 (C-9'), 71.6 (C-9), 73.4 (C-1),
104.8 (9, 9'-O-glucose—anomeric carbon), 113.5 (C-2'), 115.4 (C-
5,122.9 (C-6'), 127.6 (C-5), 129.7 (C-6), 133.9 (C-1'), 137.6 (C-2),
146.3 (C-4'), 147.4 (C-3'), 150.5 (C-3), 171.0 (C-4).
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Alkylbenzyltriazole units covalently bonded onto uridine
nucleosides were synthesized and their suitability for water
gelation compared with 2'-deoxyuridine derivatives was
tested.

Various types of small molecule-based gelators of organic and
aqueous solvents have been investigated to determine their
essential characteristics for gelation.! These systems, which have
been prepared from amino acids,®> bis-ureas,® sugars,* nucleic
acids,>® and steroids,” are designed to self-assemble through
aggregation mediated by hydrophobic, dipole-dipole, van der
Waals, m—n, and hydrogen bonding interactions.! For the small
molecule hydrogelators in particular, the balance between their
hydrophilic and hydrophobic characteristics and the nature of the
gelators’ interactions with water are important factors.® Hydrogels
are receiving an increasing amount of attention from both
academia and industry because of their potential applications®
and, therefore, it remains necessary to establish the design rules
for preparing hydrogelators effectively.

We are interested in developing chemically modified nucleoside-
based hydrogelators that will behave as delivery systems. Although
a few examples of nucleic acid-based hydrogelators are known,
they do not appear to follow any common design rules.> In this
paper, we report the preparation of effective hydrogelators based
on nucleobase-modified uridine and describe how the gelation
properties depend crucially on the nature of a single hydroxyl
group.

In a previous paper,* we reported that the alkylbenzyl triazole-
appended 2'-deoxyuridines 1a—d form gels in water; the best gelator
of that series was the ethylbenzyltriazole-appended 2'-deoxy-
uridine 1c. In this study, we investigated the corresponding series
of uridine derivatives, i.e., systems that exhibit one extra hydroxyl
group and, therefore, possess somewhat increased hydrophilicity
(Fig. 1). We introduced the same appending units, alkylbenzyl-
triazole groups, to compare how the hydrophilic/hydrophobic
balance affects each system. We synthesized the four nucleosides
by modifying the 5-position of the uracil base with alkylbenzyltri-
azole units using methods similar to those we described previously
(Scheme 1).5

As expected, the uridine-based hydrogelators exhibited gelation
behavior different to that of the corresponding 2'-deoxyuridine-
based systems. In general, they possessed relatively higher

Laboratory for Modified Nucleic Acid Systems, Department of Chemistry,
BK School of Molecular Sciences, Pohang University of Science and Tech-
nology, Pohang, 790-784, Korea. E-mail: bhkim@postech.ac.kr,; Fax: +82
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procedures and characterization details. See DOI: 10.1039/b617559g

1a Ry-H, Ry-H

1b Ry-H, Rp-CHj
1 Ry-H, Rp-CoHs
1d Ry-H, Ry-C4Hg

HO. 2a Ry-OH, Ry-H

2b R-OH, Ry-CHy
2¢ Ry-OH, Ry-C,Hs
HO Ry 2d R;-OH, Ry-C4Hg

Fig.1 2'-Deoxyuridine (1a-d)- and uridine (2a—d)-based hydrogelators.
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Scheme 1 Synthesis of alkylbenzyltriazole-appended uridines. Reagents

and conditions: (a) acetic anhydride, triethyl amine, 1,4-dioxane, rt;
(b) iodine, ammonium cerium(1v) nitrate, MeCN, 80 °C, 1 h; (c) TM-
S-acetylene, Pd(PPh;),Cl,, Cul, triethylamine-THF (3 : 1), 45-50 °C;
(d) TBAF, THEF, rt; (e) 1. alkylbenzylazide, Na-ascorbate, CuSO,-5H,0,
tert-BuOH-H,O (1 : 1), rt, 2. K,CO;, MeOH-H,O (1 : 1), rt.

minimum gelation concentrations (MGCs), with three of them
(2a—c) forming unstable partial gels in water (Table 1); in addition,
these systems required more than 5 min to establish hydrogelation.

Table 1 Gelation properties of la—d and 2a—d in water at room
temperature®

1 2
a G(0.3) UG (2.5)
b G (0.6) PG (4.0)
¢ G(0.2) PG (4.0)
d G(0.8) G (1.0)

“G: Stable gel; UG: unstable gel; PG: partial gel. Minimum gelation
concentrations (MGCs) are provided in parentheses (Wt%).
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Fig.2 SEM images of the xerogels formed from hydrogels. The white scale bars are 2 pm long in 2a and 1d, 200 nm long in 2b and 1¢, and 500 nm long

in 2¢ and 2d.

The hydrogels formed by the modified uridines were less opaque
than those of 2'-deoxyuridine-based hydrogelators despite their
higher MGCs. Compound 2a began to precipitate from the gel
after 1 h; of this series of uridine-derived compounds, 2d formed
the most stable hydrogel and had the lowest MGC. We used
scanning electron microscopy (SEM) to examine the nano- or
meso-scale structures of these uridine-based hydrogels. Fig. 2
displays the SEM images of the xerogels (freeze-dried gels)
prepared from the hydrogels. Interestingly, the xerogels formed
from 2b and 2d had fibrous morphologies, unlike the lamellar
structures observed for their corresponding 2'-deoxyuridine-based
congeners. With the exception of the xerogel prepared from 2a,
these systems all possessed more densely intertwined, but thinner,
nanofibers (the individual fibers had diameters of ca. 10-30 nm)
than we had observed previously (note in Fig. 2 that the xerogel
prepared from 1c possesses nanofibers having an average diameter
of ca. 30-50 nm).

To evaluate the different gelation behavior in more detail, we
measured the FTIR spectra of the gel and solid phases of the four
compounds that exhibited the best gelation ability, namely the
pairs of ethylbenzyltriazole- and butylbenzyltriazole-substituted
systems. We carefully monitored the signals in the FTIR spectra in
the range of 1500-1700 and 3000-3500 cm™'; Table 2 summarizes
the results.

Table 2 Wavenumbers (cm™') for the IR absorption signals of the
hydroxyl groups and amide I & II bands

Hydroxyl group Amide I band Amide IT band
1c KBr 3452 1680 1543
Gel 3250 1697 1542
1d KBr 3477 1647 1511
Gel 3250 1695 1542
2¢ KBr 3352 (br) 1650 1515
Gel 3394 (br) 1652 1540
2d KBr 3350 (br) 1650 1511
Gel 3394 (br) 1653 1541

The peaks in the wavenumber range from 1500 to 1700 cm™
represent the amide I and amide II bands. For 2¢, 2d, and 1d, the
wavenumbers of both of these bands increased upon proceeding
from the solid phase to the gel phase. This finding indicates
a change in the hydrogen bonding pattern—namely stronger
and weaker hydrogen bonds for the carbonyl and NH units,
respectively, in the gel phase.’” In the case of l¢, however, the
wavenumber of the amide I band increased while that of the
amide II band decreased slightly, suggesting that the hydrogen
bonding interactions of the carbonyl and NH units were the main
interactions in both phases.

We monitored the hydrogen bonding of the hydroxyl groups by
observing their peaks in the range 3000-3500 cm™'. The signals for
the hydroxyl groups of hydrogelators 2¢ and 2d were much broader
in both the gel and solid phases relative to those of 1c¢ and 1d.
Because the uridine-based hydrogelators in series 2, both have an
additional hydroxyl group in their sugar moieties, it is not surpris-
ing that they would be more hydrophilic (i.e., interact to a greater
degree with water molecules) than the compounds in series 1.

The FTIR spectroscopic signals correlate with the values of
MGC and the stabilities of the hydrogels. For example, the best
hydrogelator, compound 1¢, exhibited a different signal pattern for
its amide I and II bands; both the carbonyl and NH moieties of
the uracil base participated in intermolecular hydrogen bonding
interactions. In the cases of 2¢, 2d and 1d, however, only the
carbonyl moieties took part in hydrogen bonding interactions.
That is to say, hydrogelator 1c self-assembled into fibers through
the action of its additional hydrogen bonding unit; its balance
between hydrophilicity and hydrophobicity in water resulted in
the formation of a stable hydrogel. Although the NH moieties
of the hydrogelators 2¢ and 2d were not involved in hydrogen
bonding, these compounds possess the additional hydroxyl group,
which enables favorable additional intermolecular interactions. As
aresult, they also exhibited fibrous self-assembled microstructures
in their SEM images. Nevertheless, the presence of the additional
hydroxyl group results in these compounds interacting to a greater
extent with the solvent (water).
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Therefore, most of the uridine-based hydrogelators did not
form stable hydrogels. Of the uridine-based hydrogelator systems,
the best balance of hydrophilicity and hydrophobicity—i.e., the
best gelation behavior—was that of compound 2d; the extra hy-
drophilicity imparted by the additional hydroxyl group in the sugar
moiety was offset by the hydrophobicity of the butylbenzyl group
in the base moiety to provide the most effective hydrogelation. The
validity of this design rule is presently under further investigation.

In summary, we have studied the properties of new uridine-
based hydrogelators in comparison with their 2’-deoxyuridine-
based congeners, which we had reported previously. As expected,
these two series of nucleoside-based gelators displayed differ-
ent gelation properties. For example, the butylbenzyltriazole-
appended hydrogelator 2d was the most effective gelator of the
uridine series, but its mode of self-assembly leading to hydrogela-
tion was different from that of the ethylbenzyltriazole-appended
hydrogelator 1¢, the best system among the 2'-deoxyuridine series.
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The 2-(p-biphenylyl)-2-propyloxycarbonyl (Bpoc) group was examined as an N“-protecting group in the
stepwise assembly of the MAP Kinase ERK2 [178-188; Thr(P)'®, Tyr(P)'*] peptide. The mild acid
deprotection of the Bpoc group permitted (i) incorporation of a fully protected phosphothreonyl
derivative and (ii) a TFA-based final cleavage step. The first five C-terminal residues (184-188) were
incorporated in the Fmoc mode of peptide synthesis, with all subsequent amino acids coupled as their
Bpoc—Xxx—~OH derivatives. The target product was obtained in high purity and yield, indicating that a
Bpoc-based approach to phosphopeptide synthesis was compatible with both the acid-labile side chain

protecting groups employed and Hmp-Wang resin.

Introduction

Protein phosphorylation is the most prevalent form of post-
translational modification in eukaryotic organisms and plays
important roles in processes such as protein trafficking,! enzyme
activation® and extracellular signal transmission.®* The study of
systems involving protein phosphorylation/dephosphorylation
has benefited significantly from the availability of synthetic phos-
phopeptides with which to probe consensus sequences or substrate
specificities.** Recent developments in synthetic strategies for
the preparation of biologically significant phosphopeptides have
proved to be effective for simple or monophosphorylated peptides,
though synthetic difficulties have been encountered in cases of
more complex or multiphosphorylated peptides.®®

Two general strategies are currently employed for solid phase
phosphopeptide synthesis: (a) the post-synthetic (‘global’) phos-
phorylation of the peptidyl target site, or (b) the incorporation
of a pre-phosphorylated amino acid derivative into the growing
peptide chain. A particular limitation of the latter approach
is the preclusion of fully protected phosphothreonyl and -seryl
derivatives from Fmoc-based syntheses due to the propensity
of the phosphorylated side chains to undergo base-catalysed
B-elimination during peptide assembly. While the use of Fmoc—
Xxx(PO;Bzl,LH)-OH (Xxx = Ser, Thr) derivatives prevents
B-elimination by ionization of the phosphoryl oxygen, this method
is complicated by reports of incomplete acylation during the
coupling step, particularly in the case of Fmoc-Thr(PO;Bzl,H)-
OH.

In view of these limitations, we have examined an alternative
approach to phosphopeptide synthesis using the highly acid-labile
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Bpoc group for Nprotection. Since this method enables mild
acidolytic N"-deprotection, it was envisaged that (a) Hmp-Wang
resin could be employed without hydrolysis of the peptide-resin
linkage, and (b) fully protected phosphothreonyl derivatives could
be incorporated into the growing peptide.

The synthesis of MAP Kinase ERK2 [178-188; Thr(P)'*,
Tyr(P)'*], HTGFLT(P)EY(P)VAT (Scheme 4) (14) was chosen
to examine this method since the generation of phosphothreonyl
peptides have proven more difficult than for the corresponding
seryl or tyrosyl substrates.” Furthermore, the application of
standard protocols for the assembly and subsequent global
phosphorylation of this particular sequence was reported to
be problematic by Johnson et al.,® therefore providing an ideal
substrate to evaluate the efficacy of the Bpoc-based approach to
phosphopeptide preparation.

9
Bpoc structure <|:— o0—C—
CH,

Results

Synthesis of MAP Kinase ERK2 [178-184; Thr(P)'®],
HTGFLT(P)E (Scheme 2) (4)

The first stage of this study was to determine the compatibility of
the Bpoc method with the building block approach to phospho-
peptide synthesis. The synthesis of the shorter MAP Kinase [178—
184; Thr(P)"**] peptide, HTGFLT(P)E (4), was selected to examine
the incorporation of the Bpoc-Thr(PO;Bzl,)-OH derivative in
order to ascertain the coupling efficiency and subsequent stability
of the phosphothreonyl residue under these synthetic conditions.
The requisite Bpoc—Thr(PO;Bzl,)-OH derivative was prepared
via the initial synthesis of Bpoc-Thr-OH followed by its ‘one-pot’
phosphorylation,' according to Scheme 1. Phosphorylation was
effected using temporary z-butyldimethylsilyl (TBDMS) protec-
tion of the Bpoc-Thr—OH carboxyl group followed by phosphity-
lation with (BzlO),PN'Pr,~1 H-tetrazole and subsequent oxidation
of the dibenzyl phosphite triester with ‘BuOOH. Deprotection of
the carboxyl group was achieved by treatment with 10% Na,S,Os
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Bpoe = Thr- OH

(i)

Bpoe = Thr= OTBDMS

(i}, (iii)

PO ,Bzl,

Bpoe — Thr- OTBDMS
(iv)

4

PO,Bzl,

Bpoe — Thr— OH

Scheme 1 Reagents and conditions: (i) TBDMSCI (0.9 eq.)-NMM (1 eq.)
in THF (3 min), (ii) (BzlO),PN'Pr, (1.2 eq.)-1 H-tetrazole (3 eq.) (2 h), (iii)
14% 'BuOOH (30 min), (iv) 10% Na,S,0; (30 min).

(pH 4.0) and the product extracted using 5% NaHCO; (pH 9.0)
to give the pure Bpoc—Thr(PO;Bzl,)-ONa salt in 63% yield.

The "C NMR profile of the final product gave signals for Thr(P)
C,, Thr(P) C; and benzyl CH, as broad singlets at 59.9, 69.4
and 80.2 ppm respectively. The aromatic Cl-carbon of the benzyl
phosphate group was detected as a phosphorous-coupled doublet
at 135.7 ppm with a coupling constant of Jp 6.5 Hz. The spectrum
showed no evidence of any Bpoc-Thr-ONa compound in the final
product since the characteristic peaks for the Thr-C, and Thr-
C, carbons at 58.9 and 67.7 ppm, respectively, were absent. The
phosphorylation of the protected threonyl synthon was confirmed
by its *'P NMR spectra which gave a major signal at —2.10 ppm
in ~98% purity. The remaining Bpoc-protected amino acids were
synthesized according to the procedure outlined by Carey et al.*?
in 51-74% yields.

The synthesis of HTGFLT(P)E (Scheme 2) (4) was accom-
plished by peptide extension from H-Glu(O'Bu)-Wang with
all Bpoc amino acids and Boc-His(Trt)-OH incorporated as
the free acids, using a 1% TFA-DCM solution for N-terminal
deprotection. Upon completion of chain assembly, the peptide-

O'Bu

|
Fmoc—Glu ° m

0]

@ (ii), (iii)

Trt  'Bu PO,Bzl,
[ |
Boc — His — Thr— Gly—Phe — Leu —Thr —Glu ° ®
|
O'Bu
(iv)
POH,

H—His—Thr—Gly—Phe—Leu—Thr—Glu—OH (4

Scheme 2 Reagents and conditions: (1) 25% piperidine-DMF (20 min),
(ii) Bpoc—amino acid (3 eq.)-HBTU (3 eq.)-NMM (9 eq.) (1 h) [Fi-
nal coupling: Boc-His(Trt)-OH], (iii) 1% TFA-DCM (20 min), (iv)
TFA-TES-H,0 (95:2.5:2.5,v/v/v, 6 h).

resin (2) was cleaved by the addition of TFA-TES-H,O (95:2.5:
2.5, v/v/v) for 6 h and the crude peptide (3) isolated by ethereal
precipitation.

The RP-HPLC profile of the crude peptide (3) (Fig 1a) showed
one major signal (peak 1) at 29.4 min, which gave a single peak
by MALDI-MS corresponding to the target phosphopeptide (4)
at m/z 882.7 [M—H]" (Fig 1b). Importantly, the mass spectrum of
the crude peptide (3) showed no evidence of a phosphothreonyl
deletion at m/z 700.8 [M—H]", indicating quantitative incorpora-
tion of the Bpoc-Thr(PO;Bzl,)-OH derivative. As expected, the
high purity of the crude product also indicates that the benzyl
phosphate protecting group is stable to the mild acidic conditions
employed for Bpoc group removal.

y
(a)
Ao I
| -
r r T T —p
0 10 20 30 40 50
Time (min)
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Fig.1 Crude MAP Kinase ERK2[178-184; Thr(P)'*](3), (a) RP-HPLC,
(b) MALDI-MS (peak 1).

Examination of Bpoc group acid lability

The next stage of this study was the determination of the minimum
acid requirement for the removal of the Bpoc group. While
Kemp et al.® has shown that 0.5% TFA-DCM is sufficient for
deprotection within 10 min, Bpoc removal by an acid with a lower
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pK, is preferable for the stability of the resin linkage and side-chain
protecting groups. Formic acid-DCM was examined for suitability
as a deprotection solution in the synthesis of the MAP Kinase
ERK?2 (182-184) peptide, H-Leu-Thr-Glu-OH (Scheme 3) (9),
in which the Thr(183) residue was coupled as the Bpoc—Thr—
OH derivative. Fmoc—Glu(O'Bu)-Wang resin (1) was treated with
20% piperidine-DMF for 20 min and coupled to Bpoc-Thr—OH
for 1 h. Deprotection trials were then performed on the Bpoc-
Thr-Glu(O'Bu)-Wang peptide-resin (5) using 5%, 10%, 15% and
20% formic acid-DCM solutions (20 min). Bpoc-Leu-OH was
subsequently coupled to each of the four deprotected dipeptides
and the protected peptide-resins (6)f cleaved with TFA-TES-
H,O (95 : 2.5 : 2.5, v/v/v) for 1 h. RP-HPLC and MALDI-
MS analysis of the resultant crude peptide (7)i from each trial
showed that the H-Thr-Glu-OH dipeptide (8) eluted at 8.6 min
{peak 1 (m/z 247.3, [M-H] )} followed by the target tripeptide
(9) at 19.3 min {peak 2 (m/z 360.6 [M-H]")} (Fig 2). Notably, the
dipeptide (8) resulting from incomplete Bpoc removal is absent in
the 15% and 20% formic acid trials, indicating that formic acid
concentrations of 15% or greater are sufficient for the removal of
the Bpoc protecting group within 20 min.
O'Bu

|
Fmoc—Glu ° )

l (@), (i)

O'Bu
|
Bpoc —Thr—Glu ° ®)

l (iiD)[(). (b), (c) or (d)],

(iv)

O'Bu

|
Boc—Leu ~Thr—Glu o ©

l )

H—Leu —Thr—Glu—OH ()]

Scheme 3 Reagents and conditions: (1) 25% piperidine-DMF (20 min),
(if) Bpoc-Thr—OH (3 eq.)-HBTU (3 eq.)-NMM (9 eq.) (1 h), (iii) formic
acid-DCM [(a) 5%, (b) 10%, (c) 15% or (d) 20%; 20 min], (iv) Boc-Leu—OH
(3 eq.)-HBTU (3 eq.)-NMM (9 eq.) (1 h), (v) TFA-TES-H,0 (95:2.5:
2.5,v/v/v; 1h).

Synthesis of MAP Kinase ERK2 [178-188; Thr(P)'*, Tyr(P)",
HTGFLT(P)EY(P)VAT (Scheme 4) (14)

Following the successful synthesis of HTGFLT(P)E (4) via Bpoc—
Thr(PO;Bzl,)-OH incorporation, this method was applied to
the extended bis-phosphorylated peptide from the MAP Kinase
ERK2 protein, HTGFLT(P)EY(P)VAT (14) for all residues
subsequent to the glutamyl residue. Since fully protected phos-
photyrosyl derivatives are not susceptible to B-elimination by
piperidine, the first five residues in the sequence were incorporated
as their Fmoc derivatives.

i Fully assembled peptide-resins resulting from each of the four formic
acid trials were all designated (6) for simplicity of discussion. Similarly, the
corresponding crude peptides were all designated (7).

(a) (b) 2
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1
1
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Fig. 2 Crude MAP Kinase ERK2 [182-184] (7) RP-HPLC profile from
formic acid-DCM deprotections of Bpoc-Thr-Glu(O'Bu)-Wang (5): (a)
5% formic acid-DCM, (b) 10% formic acid-DCM, (c) 15% formic
acid—-DCM, (d) 20% formic acid-DCM.

The Fmoc-Tyr(PO;Bzl,)-OH synthon was prepared using
temporary phenacyl carboxyl protection as described by Vale-
rio et al.' Fmoc-Tyr-OPac was phosphorylated by treatment
with (BzlO),PN'Pr,—1H-tetrazole followed by oxidation with
mCPBA. The phenacyl group was removed by addition of Fmoc—
Tyr(PO;Bzl,)-OPac to a solution of Zn-EtOAc-AcOH-H,0 (0.3 :
2:5:1,w/v/v/v) for 2 h and the Fmoc-Tyr(PO;Bzl,)-ONa
salt extracted with 5% NaHCO; (pH 8.5). The combined base
extracts were acidified to pH 2.5 using solid citric acid, the product
extracted with DCM, and subsequent solvent evaporation under
reduced pressure gave Fmoc-Tyr(PO;Bzl,)-OH as a crispy white
foam in 73% yield.

The MAP Kinase ERK2 [178-188; Thr(P)'®, Tyr(P)"*] pep-
tide (Scheme 4) (14) was prepared by extension from Fmoc—
Thr('Bu)-Wang Resin (10) in the Fmoc mode of peptide syn-
thesis for the first five C-terminal residues. Following coupling
of Bpoc-Thr(PO;Bzl,)-OH to H-Glu(O'Bu)-Tyr(PO;Bzl,)-Val-
Ala-Thr('‘Bu)-Wang, the deprotection of all intermediate N-
terminal residues was achieved using 20% formic acid-DCM for
20 min. At the completion of peptide synthesis, peptide-resin (12)
was cleaved by the addition of TFA-TES (95 : 5, v/v) for 6.5 h
and the crude peptide (13) isolated by ethereal precipitation.

Analysis by RP-HPLC gave a crude peptide spectrum of high
purity with a major peak at 32.3 min (Fig 3a). MALDI-MS
analysis of the main signal showed a single peak corresponding
to the target bis-phosphorylated peptide (14) (m/z 1397.4, [M—
H]") (Fig 3b). Analysis of the crude peptide by MALDI-MS
showed no signal for either Thr(P) or Tyr(P) deletions, suggesting
full incorporation of the phosphorylated derivatives. Interestingly,
examination of both the crude peptide (13) and the major peak
from its RP-HPLC profile showed no signal for any contaminating
H-phosphonate peptide. This byproduct has been observed for
various global phosphorylations,®*** and arises from the acid-
catalysed rearrangement of the intermediate phosphite triester un-
der concentrated reaction conditions during the phosphitylation
step. The absence of this undesired byproduct in the current study
was attributed to the lower concentration of 1 H-tetrazole in the
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Scheme 4  Reagents and conditions: (1) 25% piperidine-DMF (20 min),
(ii)) Fmoc-aa (3 eq.)-HBTU (3 eq.)-NMM (9 eq.) (1 h), (iii) Bpoc-aa (3
eq.-HBTU (3 eq.)-NMM (9 eq.) (1 h) [final coupling: Boc—His(Trt)-OH],
(iv) 20% formic acid-DCM (20 min), (v) TFA-TES (95 : 5, v/v, 6.5 h).

phosphitylation step during synthesis of the Bpoc-Thr(PO;Bzl,)-

OH and Fmoc-Tyr(PO;Bzl,)-OH derivatives, in comparison with
that required for solid phase phosphorylations.
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Fig.3 Crude MAP Kinase ERK2 [178-188; Thr(P)'¥?, Tyr(P)"**] (13), (a)
RP-HPLC, (b) MALDI-MS (peak 1).

Discussion

An important feature of the Bpoc approach is that fully protected
phosphorylated threonyl derivatives may be directly incorporated
into the growing peptide chain, with N®-deprotections effected
using a 20% formic acid-DCM solution. This deprotection
strategy circumvents complications associated with base-catalysed
B-elimination of the protected phosphate group. Another major
advantage of this deprotection method is that TFA-labile side
chain protecting groups and resin linkages may be employed,
allowing the same mild acidic conditions that are utilized in Fmoc
solid phase syntheses for the final cleavage step. Formic acid was
chosen for Bpoc removal due to its lower pK, compared with TFA,
and is therefore expected to be more compatible for syntheses of
longer peptide chains.

For single Ser(P)- or Thr(P)-containing peptides, the global
phosphorylation method provides a convenient route to the
preparation of the monophosphorylated peptide, however long or
‘difficult’ peptide sequences may render this approach ineffective
due to the inaccessibility of phosphorylation reagents to the target
site. It has also been established that increasing phosphorylation
reagent concentrations to overcome this limitation is directly
related to an increase in H-phosphonate generation.’®" In such
cases, a Bpoc-based approach would improve the purity of the final
product with respect to non-phosphorylated or H-phosphonylated
peptide byproducts and allow easier purification of the crude
sample in the absence of these contaminants.

The high purity of the crude MAP Kinase ERK2 [178-188;
Thr(P)"®, Tyr(P)'"®] peptide (13) (Fig 3a) indicates that the Bpoc
methodology is also compatible with an Fmoc strategy when
used in combination for the same synthesis. In this case, the
phosphotyrosyl residue is located to the C-terminal side of the
phosphothreonyl residue, enabling the Fmoc approach for the
first five residues. While Fmoc-Tyr(PO;R,)-OH derivatives have
been successfully used in the Fmoc mode of synthesis,'*?*% a
Bpoc protected phosphotyrosyl synthon may also conceivably be
utilized if the phosphotyrosyl residue occurs on the N-terminal
side of a phosphothreonyl or -seryl residue.

We anticipate that a Bpoc-based approach to phosphopeptide
synthesis would also facilitate the coupling of phosphorylated
derivatives in multiphosphorylated peptide chains. While the
development of Fmoc—Xxx(PO;Bzl,H)-OH (Xxx = Tyr, Thr, Ser)
derivatives has allowed the stepwise incorporation of phospho-
threonyl and -seryl derivatives in the Fmoc mode, this approach is
limited by the incomplete incorporation of the partially protected
derivative, caused by ionization of the phosphorylated moiety
during the coupling step.” This problem may therefore be avoided
through the use of Bpoc-Xxx(PO;Bzl,)-OH synthons in the
Bpoc mode of peptide synthesis using 20% formic acid for N®-
deprotection on account of the stability of the benzyl phosphate
groups to such mild acid treatment. In regard to storage, it is
recommended that the phosphorylated Bpoc derivatives be stored
as their sodium salts at —20 °C or used immediately to avoid loss
of the highly labile Bpoc group over extended periods of time.

Conclusions

The Bpoc approach to phosphopeptide synthesis provides an effi-
cient method for the generation of phosphopeptides that are free
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from non-phosphorylated or H-phosphonylated contaminants.
The mild acidolytic N*-deprotection conditions permit the use
of TFA-labile side chain protection and resin linkages, allowing a
final cleavage step using TFA solutions.

Experimental

General

Fmoc- and Boc-amino acids, HBTU, NMM and TFA were pur-
chased from Auspep and stored at 4 °C. Solvents were of AnalaR
grade with THF distilled from the potassium ketyl of ben-
zophenone prior to use. DMF, DCM, dibenzyl N,N-diisopropyl-
phosphoramidite, 1H-tetrazole, triethylsilane and phenacyl bro-
mide were obtained from Sigma—Aldrich Inc.

Solid phase peptide synthesis was performed manually on Hmp—
Wang resin using a solid phase reaction vessel attached to a
rotation instrument. The resin was suspended ina DMF-DCM (1 :
1, v/v) solution for 30 min prior to the commencement of peptide
synthesis. Acylation was achieved by the addition of a mixture of
amino acid (3 eq.), HBTU (3 eq.) and NMM (9 eq.) in a minimum
volume§ of DMF-DCM (1: 1, v/v) to the N*-deprotected peptide-
resin and rotated for 1 h (see below for specific N“-deprotection
protocols). The peptide-resin was then filtered by suction and
rinsed with DCM (2 ml, 3 x 2 min). Cleavage of peptide-resins was
performed in a solid phase reaction vessel, the combined cleavage
filtrates evaporated to dryness by rotary evaporation and the crude
product isolated by ethereal precipitation (4 x 30 ml).

Analytical RP-HPLC was performed using a Waters liquid
chromatograph instrument (model 510) equipped with a UV
detector (model 420.AC) and a Zorbax 300 SB-C; reversed phase
column (4.6 mm x 25 cm). Peptide separation was achieved
using a linear acetonitrile gradient in 0.1% TFA (aq) at a flow
rate of 1 ml min~'. Semi-preparative RP-HPLC was performed
on a Perkin Elmer 200 Series liquid chromatograph instrument
with a Zorbax 300 SB-C, reversed phase column (9.4 mm x
25 cm) linked to a fluorescence detector (model ABI 783A)
and a chart recorder (model SE 120). Peptide separation was
accomplished at a flow rate of 2 ml min~'. MALDITOF-MS
data were obtained on a Voyager-DE MALDI bench top linear
mass spectrometer. Samples were prepared in a saturated o-cyano
hydroxycinnamic acid solution [solvent: MeCN-H,O-CHOOH
(33:66:1,v/v/v)]. ®°C NMR spectra were recorded on a Unity-
300 fourier transform instrument operating at 300 and 75 MHz
respectively with chemical shifts in ppm relative to internal CDCI,
adjusted to 77.0 ppm (central peak). *' P NMR data were obtained
relative to internal H;PO, (85%) adjusted to 0.0 ppm.

General procedure for the synthesis of Bpoc—Xxx—OH [Xxx =
Thr(‘Bu), Gly, Phe, Leu]

(p-Biphenylyl)-2-propyloxycarbonylphenyl carbonate (BpocOPh)
was prepared in 98.3% yield using the procedure described by
Kemp et al®® The preparation of all Bpoc-amino acids was
performed according to the procedure outlined by Carey et al.*?

§ Minimum volume is defined as the minimum amount of solvent required
for adequate peptide-resin solvation during the coupling step. An increase
in the minimum volume required was observed during progression of
peptide assembly.

with the following exceptions: a solution of Bpoc—OPh (5.0 mmol),
L-amino acid (5.0 mmol) and tetramethylguanidine (15 mmol) in
DMF (3.5 ml) was stirred at 50 °C for 48 h. The solvent was
evaporated under reduced pressure and the resultant oil dissolved
in 5% NaHCO; (15 ml), transferred to a separation funnel and
washed with ether (2 x 30 ml). The aqueous layer was collected
and acidified to pH 6.5 (20% NaHSO,), washed with ether (2 x
40 ml), acidified to pH 2.5 and the product extracted with DCM
(3 x 35 ml). Evaporation of the solvent gave the Bpoc—Xxx-OH
products in 51%—74% yields.

Synthesis of Bpoc-Thr(PO;Bzl,)-OH

N-Methylmorpholine (101 mg, 1.0 mmol) in anhydrous THF
(0.8 ml) and #-butyldimethylsilyl chloride (136 mg, 0.9 mmol) in
THF (0.8 ml) were added successively to a solution of Bpoc-Thr—
OH (356 mg, 1.0 mmol) in THF (1 ml) at room temperature. After
3 min, 1H-tetrazole (105 mg, 1.5 mmol) was added to the mixture,
followed by the addition of (BzlO),PN'Pr, (415 mg, 1.2 mmol).
After 2 h, the mixture was cooled to —20 °C and 14% '‘BuOOH
(0.9 ml) added for 30 min. The THF was evaporated under reduced
pressure and the reaction mixture transferred to a separation
funnel by the addition of ether (8 ml). An aqueous solution of
10% Na,S,0s5 (pH 4.5, 6 ml) was added at 10-15 °C and the
mixture stirred rapidly for 20 min. The organic layer was collected,
washed with 10% Na,SO, (2 x 6 ml) and the product extracted
with 5% NaHCO; (pH 8.5; 3 x 4 ml). The combined aqueous
extract was evaporated under reduced pressure and the resultant
oil dissolved in DCM, filtered and the solvent evaporated to
give Bpoc-Thr(PO;Bzl,)-ONa in 402 mg (62.9% yield). The final
product, Bpoc-Thr(PO;Bzl,)-OH was generated prior to peptide
synthesis by dissolution in EtOAc (6 ml), washing with 10% citric
acid (10 ml) and solvent evaporation. *C NMR (CDCl;): J 18.8,
27.9,30.2, 59.9 (br s, Thr C,), 69.4 (br s, Thr C;), 80.2 (br s, Bzl
CH.,), 124.7, 126.7, 127.0, 127.6, 127.9, 128.1, 128.4, 128.5, 135.7
(d, Jpc 6.5 Hz, Bzl C1), 139.2, 140.9, 145.9, 155.7, 176.0 ppm. *'P
NMR (85% H;PO,): 6 —2.1 ppm.

Preparation of MAP Kinase ERK2 [178-184; Thr(P)'*];
H-His-Thr-Gly-Phe-Leu-Thr(P)-Glu-OH (4)

Fmoc-Glu(O'Bu)-Wang (1) (36 mg, 0.02 mmol) was suspended
in 25% piperidine—-DMF (1 ml) for 20 min and rinsed with DCM
(5 x 1 ml). Subsequent amino acid couplings were performed by
addition of Bpoc-amino acid (3 eq.)-HBTU (3 eq.)-NMM (9 eq.)
in DCM-DMF (1 : 1, v/v) (1 h) with deprotection of the Bpoc
Ne-protecting group achieved by suspension of the peptide-resin
in 1% TFA-DCM (1 ml) for 20 min (N.B. the phosphothreonyl
residue was coupled as the Bpoc—Thr(PO;Bzl,)-OH acid). The N-
terminal amino acid was incorporated as the Boc—His(Trt)-OH
derivative. The resultant peptide-resin [Boc—His(Trt)-Thr(‘Bu)—
Gly-Phe-Leu-Thr(PO;Bzl,)-Glu(O'Bu)-Wang] (2) was treated
with TFA-TES-H,O (95 : 2.5 : 2.5, v/v/v; 1 ml) for 6 h and
the crude peptide (3) (18 mg) isolated as described under General
procedure (above). Analytical RP-HPLC [gradient: 0-50% MeCN
in 50 min] gave one major peak (~90%) at 29.4 min. MALDI-MS
(negative mode): m/z 882.7 [M—H]~ (4).
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Preparation of MAP Kinase ERK2 [182-184];
H-Leu-Thr-Glu—OH (9)

Fmoc-Glu(O'Bu)-Wang (1) (144 mg, 0.08 mmol) was suspended
in 25% piperidine-DMF (1 ml) for 20 min and rinsed with DCM
(5 x 1 ml). A mixture containing Bpoc-Thr-OH (3 eq.)-HBTU
(3 eq.) and NMM (9 eq.) in DCM-DMF (1 : 1, v/v) was added
to the H-Glu(O'Bu)-Wang peptide-resin for 1 h. The resultant
Bpoc-Thr-Glu(O'Bu)-Wang peptide-resin (5) was divided into
four equal portions (0.02 mmol each), and one of four solutions
containing formic acid-DCM (5%, 10%, 15% or 20%, v/v; 1 ml)
was added to each for 20 min. Each peptide-resin was rinsed
with DCM (3 x 1 ml) and Boc-Leu-OH coupled as above. The
resultant peptide-resins (6)1 were suspended in a TFA-TES-H,0
(95:2.5:2.5,v/v/v, 1 ml) solution (1 h) and the corresponding
crude peptides (7)1 isolated according to the general procedure
(above). Analytical RP-HPLC gave peaks for H-Leu-Thr-Glu-
OH (9) at 19.3 min and H-Thr-Glu-OH (8) at 8.6 min. MALDI-
MS (negative mode): m/z 360.6, [M-H]~ (9), m/z 247.3 [M-H]~
8).

Synthesis of Fmoc-Tyr(PO;Bzl,)-OH

Triethylamine (203 mg, 2.0 mmol) in anhydrous THF (3 ml)
and phenacyl bromide (398 mg, 2.0 mmol) in THF (3 ml) were
added successively to a solution containing Fmoc-Tyr(‘Bu)-OH
(965 mg, 2.1 mmol) in THF (3 ml) and the mixture stirred for
8 h. The solvent was evaporated, the resultant foam redissolved
in EtOAc (20 ml) and the organic phase washed with NaCl (sat)
(2 x 20 ml), 10% citric acid (2 x 20 ml) and 0.1 M NaOH (2 x
20 ml). The organic phase was collected, filtered and evaporated
under reduced pressure to give Fmoc-Tyr(‘Bu)-OPac as a white
powder (930 mg, 80.5% yield). Fmoc-Tyr('Bu)-OPac (930 mg,
1.61 mmol) was then treated with TFA-H,O (95 : 5, 3 ml) at 20 °C
for 1 h. Following evaporation of TFA, the resultant residue was
triturated with EtOEt—petroleum spirits (1 : 1, 50 ml) and the
Fmoc-Tyr—OPac powder filtered and dried (8 h) under reduced
pressure. Fmoc-Tyr—OPac (800 mg, 1.53 mmol) was dissolved in
anhydrous THF (2 ml) and (BzlO),PN'Pr, (795 mg, 2.3 mmol)
in THF (2 ml) and 1H-tetrazole (193 mg, 2.76 mmol) added
successively. After 1 h, the reaction mixture was cooled to 0 °C
and mCPBA (609 mg, 3.0 mmol) added for 30 min. The mixture
was then transferred to a separation funnel with the addition of
EtOAc (40 ml) and water (35 ml), the aqueous phase discarded
and the organic layer washed with 10% citric acid (2 x 30 ml),
0.1M NaOH (30 ml) and 5% NaHCO; (2 x 30 ml). The EtOAc
layer was collected and the solvent evaporated under reduced
pressure to give Fmoc-Tyr(PO;Bzl,)-OPac as a white crispy solid.
A mixture containing zinc dust (690 mg) in EtOAc-CH,COOH-
H,O2:5:1,v/v/v;19.2 ml) was added to Fmoc-Tyr(PO;Bzl,)-
OPac and the suspension stirred vigorously for 2 h. The mixture
was then transferred to a separation funnel with the addition of
EtOEt (70 ml) and H,O (80 ml), the aqueous phase discarded and
the organic layer washed with 10% citric acid (2 x 20 ml) and
extracted with 5% NaHCO; (pH 8.5, 3 x 15 ml). The combined
aqueous extracts were acidified to pH 2.5 with solid citric acid,
extracted with DCM (3 x 25 ml) and the solvent evaporated
under reduced pressure to give Fmoc—Tyr(PO;Bzl,)-OH as a white
crispy foam (776 mg, 72.6% yield). *C NMR (CDCl;): 6 47.0, 54.4,

66.9, 70.2 (d, Jpc 6.0 Hz, Bzl CH,), 119.9 (d, Jpc 5.0 Hz, Tyr Ar
C3), 125.0, 127.0, 127.6, 127.9, 128.0, 128.5, 128.6, 130.7, 133.1,
135.0 (d, Jpe 7.1 Hz, Bzl C1), 141.2, 143.6, 143.7, 149.2 (d, Jpc
7.0 Hz, Tyr Ar C4), 155.7, 173.2 ppm. *'P NMR (85% H;PO,):
0 —7.6 ppm.

Preparation of MAP Kinase ERK2 [178-188; Thr(P)'*,
Tyr(P)"*]; H-His—Thr—Gly—Phe—Leu—Thr(P)-Glu-Tyr(P)-Val-
Ala-Thr—-OH (14)

Peptide-resin  [Boc—His(Trt)-Thr(‘Bu)-Gly—Phe-Leu-Thr(PO;-
Bzl,)-Glu(O'Bu)-Tyr(PO;Bzl,)-Val-Ala-Thr(‘Bu)-Wang]  (12)
was assembled by (a) standard Fmoc—'Bu protocols for
residues 184-188 from Fmoc-Thr('Bu)-Wang resin (10) (38 mg,
0.025 mmol) including incorporation of Fmoc-Tyr(PO,Bzl,)-OH
and (b) the procedure outlined for the synthesis of peptide (4) for
residues 178-183 including incorporation of Bpoc-Thr(PO;Bzl,)—
OH and Boc-His(Trt)-OH as the N-terminal residue. All
couplings were effected as described under General procedure
(above); Fmoc deprotection was performed by addition of 25%
piperidine-DMF (1 ml) to the peptide-resin, while Bpoc removal
was achieved by suspension in 20% formic acid-DCM (1 ml).
Following completion of peptide assembly, the peptide-resin (12)
was suspended in TFA-TES (95 : 5, v/v; 1 ml) for 6.5 h and
the crude peptide (13) (32 mg) isolated according to general
procedure (above). Semi-preparative RP-HPLC purification
(gradient: 0-50% MeCN in 50 min) of crude peptide (13) (10 x
2 mg) and lyophilization of the major eluting fraction gave MAP
Kinase ERK2 [178-188; Thr(P)"®, Tyr(P)"*’]; H-His-Thr-Gly—
Phe-Leu-Thr(P)-Glu-Tyr(P)-Val-Ala-Thr-OH (14) as a fluffy
white powder (13 mg, 60% yield). MALDI-MS: (negative mode)
(m/z1397.4 [M-H]").
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