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Abstract
Human immunodeficiency virus type 1 reverse transcriptase (HIV-1 RT) is a major target for
currently approved anti-HIV drugs. These drugs are divided into two classes: nucleoside and non-
nucleoside reverse transcriptase inhibitors (NRTIs and NNRTIs). This study illustrates the
synthesis and biochemical evaluation of a novel bifunctional RT inhibitor utilizing d4T (NRTI)
and a TMC-derivative (a diarylpyrimidine NNRTI) linked via a poly(ethylene glycol) (PEG)
linker. HIV-1 RT successfully incorporates the triphosphate of d4T-4PEG-TMC bifunctional
inhibitor in a base-specific manner. Moreover, this inhibitor demonstrates low nanomolar potency
that has 4.3-fold and 4300-fold enhancement of polymerization inhibition in vitro relative to the
parent TMC-derivative and d4T, respectively. This study serves as a proof-of-concept for the
development and optimization of bifunctional RT inhibitors as potent inhibitors of HIV-1 viral
replication.
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INTRODUCTION
The human immunodeficiency virus (HIV) epidemic still remains a major public health
concern since more than 30 million people around the world continue to live with HIV and
2.7 million people become newly infected with HIV each year.1 There have been
fundamental improvements in the treatment of HIV infection through highly active
antiretroviral therapy (HAART), leading to significant reductions in HIV-1 related
morbidity and mortality.2 HAART is a combination of several antiretroviral drugs from
different drug classes, yet eradication of HIV has not been possible due to the rapid
emergence of drug-resistant HIV variants.3 The majority of Food and Drug Administration
(FDA) approved antiretroviral drugs target HIV-1 reverse transcriptase (RT), the viral
polymerase essential for HIV-1 replication, and these drugs are classified into two distinct
classes: nucleoside reverse transcriptase inhibitors (NRTIs) and non-nucleoside reverse
transcriptase inhibitors (NNRTIs). HIV-1 RT possesses a high mutation rate due to its low
fidelity caused by the lack of an intrinsic exonucleolytic proofreading activity, therefore
influencing the development of rapid drug resistance against these inhibitors.4 In addition to
high mutation rate, multiple other factors may also give rise to the high level of drug
resistance, including the enormous replication and recombination rates of HIV-1.5–9 As a
result, there is a continued need for novel anti-HIV drugs.

NRTIs are nucleoside analogue prodrugs that are converted intracellularly into their
respective triphosphate forms and incorporated into the growing viral DNA chain by HIV-1
RT. Consequently, these nucleotide analogues cause chain termination due to the lack of a
3′-hydroxyl (3′-OH) group in the sugar moiety that is necessary for incorporation of the
next incoming nucleotide by RT.10 During this process, NRTIs compete with their natural
counterparts, deoxyribonucleoside triphosphates (dNTPs), for binding to the polymerase
active site of RT in order to be incorporated into viral DNA. Unfortunately, these
competitive inhibitors could also act as substrates for host polymerases like human
mitochondrial DNA polymerase γ (pol γ), which is responsible for replication and repair of
mitochondrial DNA,11,12 as well as DNA polymerase β (pol β) that is responsible for
nuclear DNA repair in vivo.13 Previous studies illustrate NRTI-induced mitochondrial
toxicity that causes serious adverse effects ranging from lactic acidosis to hepatic steatosis
during long-term HAART treatment.14,15 On the other hand, NNRTIs bind to an allosteric
hydrophobic site, approximately 10 Å away from the polymerase active site, which is unique
to HIV-1 RT and absent in host cell polymerases.16 Therefore, unlike NRTIs, NNRTIs
specifically target RT while excluding any binding interaction with other polymerases. In
this paper, we utilized the high specificity of NNRTIs as an anchor to design bifunctional
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inhibitors consisting of an NRTI unit that is joined to an NNRTI moiety via a noncleavable
linker with the goal of achieving complementary action at each distinct target site.

The concept of joining the two drugs via a linker was originally proposed by Smerdon et
al.,17 based on observation of the close proximity of the respective NRTI and NNRTI
binding sites. Further rationale includes mechanistic studies establishing that the two sites
could be simultaneously occupied18,19 and studies on the mechanism of synergistic
inhibition of RT by NRTIs and NNRTIs.20–22 Earlier work on developing chimeric NRTI/
NNRTI inhibitors with a non-cleavable linker showed limited success where there has been
no evidence for a pronounced synergistic antiviral effect in cell-based assays.23–25 For
interpretation of these results, one important factor to be considered is the prerequisite
phosphorylation of the nucleoside portion of the bifunctional inhibitor into the
pharmacologically active triphosphate form. Therefore, it is unclear whether the observed
lack of activity enhancement compared to the NNRTI alone in previous reports was due to
lack of phosphorylation by cellular kinases or lack of binding affinity to RT. In the present
study, we test this issue directly by preparing the triphosphate form of bifunctional chimeric
NRTI/NNRTI and examining the interaction with HIV-1 RT at the biochemical level.

Among the key issues in the design of a chimeric NRTI/ NNRTI joined by a flexible tether
are (1) selection of optimal NRTI and NNRTIs, (2) linkage points for the NRTI and NNRTI,
and (3) linker length and composition. We have designed chimeric NRTI-linker-NNRTI
bifunctional inhibitors aided by computer modeling and the available structural
information.26,27

In the design of the bifunctional NRTI-linker-NNRTI, 2′,3′-didehydrothymidine (d4T,
Figure 1) was chosen as the NRTI, on the basis of our mechanistic studies showing that d4T
triphosphate (d4TTP) binds to HIV-1 RT with comparable binding affinity to the natural
substrate.28 More importantly, d4T continues to play a major role especially in resource-
limited settings, although d4T-induced mitochondrial toxicity may cause serious health risks
for HIV-positive patients after chronic administration.29 In selecting a point of attachment
for the linker on the d4T, substitution at the C5 position of the thymine ring was chosen due
to an anticipated low interference with base pairing, in addition to the established evidence
showing that addition of various linker entities at this position does not interfere with
antiviral activity.24,30–32 In previous work, we described our initial efforts toward the design
and synthesis of novel bifunctional RT inhibitors utilizing
tetrahydroimidazobenzodiazepinone (TIBO), an early-generation NNRTI with nanomolar
antiviral potency, as the NNRTI portion attached to d4T via a PEG linker.33 Although we
demonstrated the incorporation of the triphosphate form of an N3-substituted d4T-6PEG-
TIBO bifunctional compound, the use of 8-Cl-TIBO as a pharmacophore for our
bifunctional inhibitor was less than ideal since the addition of a 6PEG alcohol at the 8-
position substantially diminished the antiviral activity.33

Our results from functionalizing 8-Cl-TIBO lead us toward utilizing new flexible NNRTIs
for the bifunctional inhibitor, concomitant with the paradigm shift in NNRTI design. Not
only is the concept of flexibility important for overcoming antiviral resistance mutations, but
also one would anticipate that this would allow the inhibitor to better accommodate the
addition of a linker moiety. Therefore, we selected the diarylpyrimidine (DAPY) series
because of their conformational flexibility and high potency against wild type (WT) and
various NNRTI-resistant HIV-1 viruses that resulted in two FDA-approved drugs (Figure 1);
TMC125 and TMC278.34 DAPY compounds present a common binding mode termed as
“butterfly-like” conformation, with the structural components defined as wing I, wing II, and
a body/linker.27 To ease synthetic complexity for our bifunctional inhibitor, the bromine and
amino functionalities on the pyrimidine ring of TMC125 were omitted, rendering a
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TMC120-like compound that incorporates several aspects of TMC125. Our TMC-derivative
includes an ether linkage from the central pyrimidine ring to wing II and a cyano group at
the para position as shown in Figure 1. With the aid of computer modeling, we have used the
available three-dimensional structures of the catalytic RT/ DNA/dNTP complex along with
the RT/TMC inhibitor complexes to guide our selection of the most feasible NRTI and
NNRTI linker positions as well as to estimate the optimal linker length between the two
binding sites (Figure 2).27 Selection of the NNRTI attachment point to the linker and the
route from the NNRTI-binding pocket (NBP) to the polymerization site poses a challenge,
since the opening of the NBP points away from the nucleotide-binding site.

Modeling and structural information of RT/TMC inhibitor complexes have demonstrated the
importance of the two aryl substituents on the pyrimidine ring, often referred to as wings I
and II, and their contact with key hydrophobic residues in the NBP.26,27,35 Especially, the
cyanodimethylphenoxy ring (wing I) of TMC125 interacts with Y181, Y188, and the
conserved W229 residues. The recently approved TMC278 demonstrates that the long
cyanovinyl functionality at the para position of wing I maintains low nanomolar potency and
even improves the antiviral activity against mutant strains.36 Therefore, a plausible
possibility for NNRTI linker attachment would involve a linker attached to the para position
of the dimethylphenoxy ring of TMC125 leading out of the pocket via alkynyl attachment in
the region of the W229 and F227 interactions. The flexibility of the residues lining the NBP
is an important feature in regard to linker attachment. Upon NNRTI binding, the side chains
of Y181 and Y188 flip from being pointed toward the entrance of the putative binding
pocket nearly 180° from their initial position, to point toward the polymerization active site,
forming the NBP.37 The pocket itself is formed upon NNRTI binding, and the pocket is not
seen in structures of RT without NNRTI bound. We predicted, on the basis of our molecular
model and aforementioned literature, that this flexibility of Y181, Y188, and W229 could
accommodate a long linker and allow an NRTI-linker-NNRTI bifunctional inhibitor to span
the NBP and the active site (Figure 3A,B). The feasibility of this position on the TMC
scaffold was further validated by the crystal structure of the HIV-1 RT/TMC278 complex,
which demonstrates that the pcyanovinyl arm of wing I of TMC278 protrudes into a
hydrophobic tunnel in the pocket that opens to the active site (Figure 3C).35 This study
focuses on the development of novel bifunctional compounds utilizing a TMC scaffold as
the NNRTI portion, which is coupled to a d4T moiety with a PEG linker (Figure 2). We
have utilized an integrated approach combining organic synthesis, molecular modeling, and
in vitro enzyme inhibition assays in order to realize our goal of identifying a bifunctional
inhibitor that demonstrates binding at both sites simultaneously with a concomitant increase
in potency.

RESULTS AND DISCUSSION
A PEG linker was chosen for the bifunctional inhibitor design, in view of optimal water
solubility while retaining significant organic lipophilicity and flexibility. Molecular
modeling using the X-ray structures of RT/TMC12027 and the ternary structure of RT38

together suggested a four-PEG spacer was optimal to bridge both binding sites and allow
proper base pairing at the active site (Figure 3B). In addition, we recognize the importance
of linker addition and the attachment point to the NNRTI entity from our previous study
with the TIBO bifunctional series with decreased antiviral activities compare to 8-Cl-
TIBO.33 Alignment of the RT/8-Cl-TIBO structure39 with the RT/TMC278 structure35

shows that the chlorine atom on the benzene ring of 8-Cl-TIBO projects into the base of the
hydrophobic tunnel to some extent, where the cyanovinyl substituent of wing I of TMC278
binds in a subpocket generated by residues F227 and W229. Although the functionalization
at the 8-Cl position could point toward the active site of the enzyme, our results
demonstrated that placing a PEG tether at this position severely impairs potency by 2000-
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fold.33 This result implies that either the 8-Cl-TIBO lacks flexibility or the neighboring
residues in this region are perhaps less flexible than the residues lining the hydrophobic
tunnel accepting the cyanovinyl substituent of TMC278. Therefore, the present study
focused on utilizing d4T-4PEG-TMC as our bifunctional prototype. Previous studies on
C-5-substituted d4T derivatives yielded mixed results but mostly resulted in inactive
analogues.24,25,40–43 Moreover, earlier attempts to show efficient HIV replication inhibition
of bifunctional compounds all failed.44,45 We hypothesized that one of the possible reasons
for these unsuccessful attempts could be impaired phosphorylation of the nucleoside end of
bifunctional analogues catalyzed by cellular kinases. Consequently, the synthesis of a
metabolically active triphosphate form of our d4T-4PEG-TMC bifunctional nucleoside was
conducted to directly address the phosphorylation requirement for in vitro incorporation
assays catalyzed by HIV-1 RT.

The synthesis of 5′-benzoyl-d4T-4PEG-TMC (1a, Figure 2) began with targeting quantities
of the known pyrimidine derivative 2,46 which underwent nucleophilic substitution in high
yield to 3 with 4-iodo-2,6-dimethylphenol by use of cesium carbonate as base (Scheme 1).
Subsequent Sonogashira coupling with the monopropargyl ether of 4-PEG-diol47 gave
tethered TMC-derivative 4, followed by hydroxyl group propargylation to give 5, which was
subjected to a further Sonogashira coupling with 5′-benzoyl-5-iodo-d4U48 to afford
bifunctional benzoate (1a) in around 60% isolated yield. Deprotection of 1a with sodium
methoxide, quenching with acetic acid, and direct silica-gel flash chromatography without a
workup afforded bifunctional nucleoside, d4T-4PEG-TMC (1b). Transformation to its
triphosphate derivative (1c) proved to be problematic in that direct phosphorylation by
Yoshikawa’s procedure49 with POCl3 and trimethyl phosphate failed to give the desired
product. Convergent cross-coupling of the 5’-triphosphate of 5-iodo-d4U as a
tetra(triethylammonium) salt with alkyne 5 via a homogeneous50 Sonogashira reaction in
N,N-dimethylformamids (DMF) appeared to produce the product by thin-layer
chromatography (TLC), but separation from the copper reagent proved to be problematic.
Finally, the bifunctional nucleoside (1b) was successfully converted into d4TTP-4PEG-
TMC (1c) via the procedure of Ludwig and Eckstein.51 The product was purified by
Sephadex (diethylaminoethyl, DEAE) ion-exchange chromatography with aqueous
triethylammonium bicarbonate (TEAB, 1 M)/H2O as the mobile phase to afford 1c as a film.
All final compounds for in vitro testing—TMC-derivative (Figure 1), the propargyl-4PEG-
TMC-derivative (5), and d4TTP-4PEG-TMC (1c)— were obtained in moderate yields, and
conformation of structure and purity were provided by NMR spectroscopy (1H, 13C,
and 31P) as well as HPLC and high-resolution mass spectrometry (HRMS), in preparation
for the inhibition assays.

Initially, we examined the ability of d4TTP-4PEG-TMC to serve as a substrate for
incorporation by HIV-1 RT. Incorporation assays under single-turnover conditions
demonstrated 100% conversion of the D23 substrate to an elongated primer chain terminated
with the bifunctional monophosphate, indicated as a D23-d4TMP-4PEG-TMC product band
that migrates significantly higher than the D23 primer substrate or a D24-mer elongated by
one dNTP in Figure 4A. Control experiments lacking magnesium chloride were also
performed, demonstrating that formation of the elongated product required divalent metal
ions. We next sought to address whether the linker location at the C-5 position on d4TTP
would affect base paring. In other words, was incorporation of d4TTP-4PEG-TMC base-
specific? For this purpose, another primer/template (P/T) for G incorporation (D24/D36)
was utilized, which failed to produce an elongated primer opposite a template dCMP as
shown in lane 3 (Figure 4B). The negative control experiment lacking magnesium chloride
was repeated for D24/D36 P/T (lane 2), and no elongation was observed as well. These
findings illustrate the requirement of Mg2+ as a divalent metal ion and, more importantly,
the base-specific incorporation of the bifunctional molecule possessing a thymine
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nucleobase when utilizing D23/D36 but not D24/ D36 primer/template containing a guanine
nucleobase. Moreover, as mentioned above, the altered mobility of the D23-d4TMP-4PEG-
TMC band that is higher in distance compared to a standard mobility distance of a single
nucleotide elongated product band strongly supports the incorporation of the large
bifunctional compound.

After illustrating that d4TTP-4PEG-TMC bound to the active site and served as a substrate
for incorporation by HIV-1 RT, we evaluated the inhibition activity of the bifunctional
inhibitor at the biochemical level via a steady-state competition assay to determine its
potency (Figure 4C). The IC50 values were determined in triplicate and averaged for in vitro
inhibition of RT for TMC-derivative, TMC-4PEG-propargyl, and triphosphate of the
bifunctional nucleoside. The parent TMC-derivative had an IC50 value of 13 ± 3 nM.
Elaboration of the TMC-derivative with a 4-PEG linker, to give the NNRTI tether
propargyl-4PEG-TMC, results in a 10-fold decrease in potency (122 ± 14 nM). Analysis of
the metabolically active d4TTP-4PEG-TMC exhibited a low nanomolar inhibition (3 ± 1
nM). This enhancement is approximately 4.3-fold improvement relative to the TMC-
derivative, a 40-fold improvement over propargyl-4PEG-TMC, and a 4300-fold
improvement relative to d4TTP (13 000 ± 2000 nM). True binding affinity may in fact be
higher, as this value may represent stoichiometric binding to the enzyme (as our
experimental setup utilized 6 nM active sites of HIV-1 RT). Additional experiments
demonstrated that 1:1 mixtures of d4TTP/TMC-derivative (9 ± 1.5 nM) and d4TTP/
propargyl-4PEG-TMC (114 ± 30 nM) showed no significant change in inhibition compared
to the NNRTI or NNRTI tether component alone (Figure 4C), implying that having both
components physically attached as one molecule is essential for the increase in potency.

After demonstrating that proper base pairing is essential for incorporation of the NRTI
component of our bifunctional triphosphate, we hypothesized that the increased potency of
d4TTP-4PEG-TMC was linked to proper base pairing at the active site. Therefore, we
performed a similar set of biochemical experiments to explore this by simply changing the
nucleotide and primer/template used in the assay. We would predict that since the
bifunctional nucleoside triphosphate was not incorporated opposite a templating C, it would
be less potent in inhibiting dGTP incorporation due to the diminished binding interactions at
the active site. Under these conditions, the IC50 values of the TMC-derivative (9 ± 3 nM)
and propargyl-4PEG-TMC (64 ± 7 nM) were similar to results for inhibition of dTTP
incorporation, as expected since these inhibitors are not predicted to interact with the active
site (Figure 4D). However, when the bifunctional triphosphate would not be properly base-
paired for incorporation at the active site, the polymerase inhibition potency of
d4TTP-4PEG-TMC was significantly reduced (42 ± 10 nM), indicating that the potent
inhibition seen during dTTP incorporation is linked to the proper base pairing of the NRTI
moiety. Our findings suggest that simultaneous occupation of the NNRTI binding pocket
and the active site is occurring to yield the high level of potency with d4TTP-4PEG-TMC
bifunctional inhibitor.

CONCLUSIONS AND FUTURE DIRECTIONS
Although we have shown that the nucleoside triphosphate moiety of the bifunctional can
bind at the active site and be incorporated, further work is required to prove simultaneous
binding at both sites. One potential avenue to establish the binding of the inhibitor will be
through obtaining an X-ray crystal structure of the bifunctional triphosphate bound to HIV-1
RT. Crystallization trials are currently underway in an attempt to determine structures of
d4TTP-4PEG-TMC bound to HIV-1 RT in the presence and absence of primer/template.
Further evidence suggesting interaction at both the active site and the NNRTI binding
pocket could be obtained by determining the effect of NRTI resistance mutations (Q151M)
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or NNRTI resistance mutations (Y181C) on the activity of d4TTP-4PEG-TMC in a steady-
state inhibition assay.

We believe this study offers a major advance toward establishing proof-of-concept and the
feasibility of designing bifunctional RT inhibitors with a binding mode that confirms that the
NRTI (d4T) moiety is binding in the dNTP pocket in a base-specific manner and with
improved potency relative to the parent NRTI and NNRTI moieties. Building on these
results, further optimization studies are in progress to more fully exploit the potential
additive binding energies of the NRTI and NNRTI. Additional work is in progress to prepare
various lengths of PEG linker for the bifunctional compounds in nucleoside form, as well as
their prodrug versions to obtain optimal potency at the cellular level utilizing HIV-1 infected
human T-cells. The triphosphates of these derivatives will also be synthesized and evaluated
via similar biochemical experiments. Since intracellular phosphorylation may be a potential
barrier for these bifunctional RT inhibitors, we are currently exploring an alternative
approach for delivery involving the encapsulation of the bifunctional inhibitor triphosphates
in biodegradable nanogels. These nanogel formulations have been successfully used in
cancer chemotherapy as drug delivery systems for cytotoxic nucleoside analogues.52,53

Another avenue that we are exploring is using nucleotide-competing RT inhibitors
(NcRTIs)54 instead of NRTIs in our bifunctional inhibitor designs, since NcRTIs are distinct
from the chain-terminator NRTIs and do not require any phosphorylation by cellular
kinases.

EXPERIMENTAL SECTION
Chemistry

Unless stated otherwise, reactions were performed in oven-dried glassware under a nitrogen
atmosphere (house nitrogen, dried with Drierite and KOH) with dry, deoxygenated solvents
(distilled or passed over a column of activated alumina). 2-Thiouracil and 4-
aminobenzonitrile were purchased from Sigma-Aldrich Chemical Co. and used as received.
The key starting material, 4-(4-chloropyrimidin-2-ylamino)benzonitrile (2), and the TMC-
derivative, 4-[4-(4-iodo-2,6-dimethylphenoxy)pyrimidin-2-ylamino]benzonitrile, that we
used in our bifunctional compounds were synthesized according to literature
procedures.46,55,56 Sephadex ion-exchange (DEAE) adsorbent was purchased from Sigma,
while 4-iodo-2,6-dimethylphenol,57 2-(2-{2-[2-(prop-2-ynyloxy)ethoxy]ethoxy}-
ethoxy)ethanol,47 and 5-iodo-5′-benzoyl-d4U48,58 were also prepared according to literature
procedures. All reactions were magnetically stirred and monitored by thin-layer
chromatography. TLC was performed on E. Merck silica-gel 60 F254 precoated plates (0.25
mm) or RediSep amine-functionalized silica gel containing a 254 nm fluorescent indicator
for triphosphate synthesis and visualized by UV fluorescence quenching or Hanessian
staining. Except for triphosphate synthesis, traditional flash chromatography and a
CombiFlash Companion system were used for all of the separations with normal-phase silica
gel utilizing repackable columns with 35–60 µm average particle size (230–400 mesh). The
triphosphate synthesis purification was carried out on DEAE-Sephadex with increasing
percentages of aqueous TEAB (1 M, triethylammonium bicarbonate)/H2O mixtures as the
mobile phase. TLC for the latter utilized TEAB/MeOH = 6:4 on RediSep amine-
functionalized plates. All synthesized final compounds were determined to be ≥95% pure by
LC-MS. Each compound identity was verified by 1H NMR, 13C NMR, and HRMS, and
additionally by 31P NMR for 1c. 1H and 13C NMR spectra were recorded on a Bruker
Avance DPX (at 500 and 400 MHz, respectively) in solvents CDCl3 and MeOH-d4, with the
resonances for CDCl3 taken as δ 7.24 ppm for 1H and δ 77.0 ppm for 13C, and for MeOH-d4
as δ 3.30 ppm for 1H and δ 49.0 ppm for 13C to serve as internal references (Cambridge
Isotope Laboratories, Inc.). The data for 1H NMR spectra are reported as follows: chemical
shift in parts per million, ppm (multiplicity, coupling constant in hertz, integration). Those
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for 13C NMR spectra are reported in terms of chemical shifts to one significant figure
relative to the solvent references as described above. High-resolution mass spectra (ESI/MS)
were obtained from the Keck Biotechnology Resource Laboratory, Yale University.

4-[4-(4-Iodo-2,6-dimethylphenoxy(pyrimidin-2-ylamino]-benzonitrile (3)—A
mixture of 4-(4-chloropyrimidin-2-ylamino)-benzonitrile46 (2) (600.0 mg, 2.60 mmol), 4-
iodo-2,6-dimethylphenol57 (838.0 mg, 3.38 mmol), and cesium carbonate (2.20 g, 6.76
mmol) in dry DMF (12 mL) was heated to 90 °C.59 After 3 h, TLC (EtOAc/hexane = 50:50)
revealed a more polar product and consumption of compound 2. The mixture was poured
into water (100 mL) and the product was extracted into EtOAc (3 × 50 mL). The combined
extracts were washed with brine (50 mL), followed by water (2 × 50 mL), and then dried
over Na2SO4. The solvent was evaporated in vacuo to furnish a residue that was subjected to
silica-gel column chromatography with EtOAc/hexane (50:50) as eluent to produce 3 as a
white solid (982.0 mg, 2.22 mmol, 85%). 1H NMR (CDCl3, 500 MHz) δ (ppm) 8.31 (d, J =
6.0 Hz, 1H), 7.48 (s, 2H), 7.42 (d, J = 8.5 Hz, 1H), 7.36 (d, J = 8.5 Hz, 1H), 7.31 (s, 1H,
NH), 6.47 (d, J = 6.0 Hz, 1H), 2.06 (s, 6H). 13C NMR (CDCl3, 500 MHz) δ (ppm) 168.9,
159.7, 159.1, 149.9, 143.3, 137.5, 133.4, 133.1, 119.3, 118.1, 104.7, 99.5, 89.9, 16.0. HRMS
(EI+) m/z calcd for C19H15IN4O [M + H]+ 443.0363, found 443.0357.

4-(4-{4-[3-(2-{2-[2-(2-Hydroxyethoxy(ethoxy]ethoxy}ethoxy(prop-1-ynyl]-2,6-
dimethylphenoxy}pyrimidin-2-ylamino(benzonitrile (4)—To a deoxygenated
solution of iodopyrimidine (3) (494 mg, 1.12 mmol) and 2-(2-{2-[2-(prop-2-
ynyloxy)ethoxy]ethoxy}ethoxy)-ethanol47 (780 mg, 3.36 mmol) in dry DMF (1.5 mL) and
dry THF (3.0 mL) were added successively dry triethylamine (562.0 mg, 5.55 mmol, 0.80
mL), copper(I) iodide (105.7 mg, 0.56 mmol), and tetrakis(triphenylphosphine)palladium(0)
(128.3 mg, 0.11 mmol). The reaction mixture was stirred at 25 °C under a nitrogen
atmosphere for 3 h, after which TLC (DCM/MeOH = 3:97) revealed a more polar product
and consumption of starting material 3. The mixture was poured into
ethylenediaminetetraacetic acid (EDTA) solution (20 mL, 5%) and the organic product was
extracted into EtOAc (3 × 50 mL). The combined organic extracts were washed with brine
(20 mL) and dried over Na2SO4. The solvent was evaporated in vacuo to furnish a residue
that was subjected to silica-gel column chromatography with DCM/MeOH (95:5) as eluent
to produce 4 as a light-brown oil (522.0 mg, 0.956 mmol, 85%). 1H NMR (CD3OD, 400
MHz) δ (ppm) 8.37 (d, J = 5.6 Hz, 1H), 7.44 (d, J = 9.2 Hz, 2H), 7.35 (d, J = 9.2 Hz, 2H),
7.27 (s, 2H), 6.60 (d, J = 5.6 Hz, 1H), 4.46 (s, 2H), 3.71-3.79 (m, 4H), 3.53–3.66 (m, 12H),
2.08 (s, 6H). 13C NMR (CDCl3, 500 MHz) δ (ppm) 169.1, 159.6, 159.3, 150.0, 143.4, 133.0,
132.1, 131.2, 120.3, 119.3, 118.1, 104.6, 99.5, 85.6, 85.1, 72.5, 70.7, 70.6, 70.6, 70.5, 70.4,
69.2, 61.8, 59.2, 16.3. HRMS (EI+) m/z calcd for C30H34N4O6 [M + H]+ 547.2551, found
547.2528.

4-[4-(4-{3-[2-(2-{2-[2-(Prop-2-ynyloxy)ethoxy]ethoxy}ethoxy)-ethoxy]prop-1-
ynyl}-2,6-dimethylphenoxy)pyrimidin-2-ylamino]-benzonitrile (5)—Dry
triethylamine (278 mg, 2.75 mmol, 0.4 mL) followed by p-toluenesulfonyl chloride (349.0
mg, 1.83 mmol) and 4-dimethylaminopyridine (11.2 mg, 0.009 mmol) were added to alcohol
4 (500.0 mg, 0.92 mmol) dissolved in dry dichloromethane (5 mL). The reaction was left
stirring for 3 h at room temperature, after which time TLC (DCM/MeOH = 5:95) revealed a
less polar product and consumption of starting material 4. The mixture was poured into
saturated aqueous sodium bicarbonate (20 mL) and extracted with dichloromethane (3 × 50
mL). The combined organic extracts were washed with brine (20 mL) and then dried
(Na2SO4). Evaporation of the solvent in vacuo gave a light brown oil (658.0 mg), which was
taken to the next step directly by adding it to a solution of propargyl alcohol (526 mg, 9.39
mmol, 0.54 mL) dissolved in dry THF (5 mL) to which sodium hydride (375 mg, 60%, 9.39
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mmol) had been added. The reaction mixture was heated to 60 °C for 3 h, after which time
TLC (DCM/MeOH = 5:95) indicated the formation of a more polar product and
consumption of the intermediate. The mixture was poured into saturated aqueous sodium
bicarbonate (20 mL) and extracted with EtOAc (3 × 50 mL), and the combined organic
extracts were washed with brine (20 mL) and then dried (Na2SO4). Evaporation of the
solvent in vacuo gave a residue that was subjected to column chromatography on silica gel
with DCM/MeOH mixtures to furnish 5 as a light-yellow oil (493.0 mg, 0.84 mmol, 92% for
two steps). 1H NMR (CDCl3, 500 MHz) δ (ppm) 8.28 (d, J = 6.0 Hz, 1H), 8.05 (s, 1H, NH),
7.35 (m, 4H), 7.18 (s, 2H), 6.44 (d, J = 6.0 Hz, 1H), 4.38 (s, 2H), 4.11 (d, J = 2.5 Hz, 2H),
3.72-3.67 (m, 4H), 3.66-3.58 (m, 12H), 2.37 (t, J = 2.5 Hz, 1H), 2.03 (s, 6H). 13C NMR
(CDCl3, 500 MHz) δ (ppm), 168.9, 159.4, 159.1, 149.9, 143.5, 132.8, 131.9, 131.1, 120.0,
119.2, 118.1, 104.2, 99.2, 85.5, 84.9, 79.5, 74.4, 70.5, 70.4, 70.4, 70.4, 70.3, 70.2, 69.1,
68.9, 59.0, 58.2, 16.1. HRMS (EI+) m/z calcd for C33H36N4O6Na [M + Na]+ 607.2527,
found 607.2500.

Benzoyl-d4U-propynyl-4-PEG-propynyl-TMC (1a)—(For simplicity, we refer to this
structure as 5′-benzoyl-d4T-4PEG-TMC in text, while formally it might best be considered
as a uridine rather than thymidine derivative.) A mixture of
(tetrakis)triphenylphosphinepalladium(0) (30.0 mg, 0.026 mmol) and copper(I) iodide (30.0
mg, 0.16 mmol) was added rapidly to a solution of 5-iodo-5′-benzoyl-d4U58 (110 mg, 0.25
mmol) and alkyne 5 (99.0 mg, 0.17 mmol) in a degassed mixture of THF and DMF (6 mL,
2:1) at room temperature under nitrogen. TLC indicated reaction to a more polar product to
be complete after 3 h with complete consumption of alkyne. Workup involved adding
EDTA solution (20 mL, 5%) and extracting the product into EtOAc (3 × 50 mL). Drying
(Na2SO4) and evaporation of solvent, followed by column chromatography of the residue on
silica gel with EtOAc/ hexane mixtures as eluent, furnished the bifunctional compound 1a
(91.0 mg, 59%). 1H NMR (CDCl3, 500 MHz) δ (ppm) 11.82 (1H, s), 8.95 (1H, s), 8.42 (1H,
d, J = 5.7 Hz), 7.99 (2H, m), 7.67 (1H, s), 7.56 (1H, m), 7.43 (m, 2H), 7.32 (m, 4H), 7.22 (s,
2H), 6.94 (m, 1H), 6.47 (d, J = 5.7 Hz, 1H), 6.39 (m, 1H), 5.96 (m, 1H), 5.19 (m, 1H), 4.67
(dd, J = 4.5, 10.0 Hz, 1H), 4.49 (dd, J = 3.0, 10.0 Hz, 1H), 4.43 (s, 2H), 4.20 (s, 2H),
3.58-3.80 (m, 16H), 2.06 (s, 6H). 13C NMR (CDCl3, 500 MHz) δ (ppm) 169.2, 166.2, 162.2,
159.0, 158.9, 150.3, 150.1, 143.6, 142.5, 133.7, 133.4, 132.8, 132.1, 131.2, 129.7, 129.1,
128.7, 126.8, 120.2, 119.5, 118.2, 104.2, 100.2, 99.0, 90.6, 90.1, 85.6, 85.2, 85.1, 77.0, 70.6,
70.5, 70.5, 70.5, 70.4, 70.3, 69.2, 69.2, 65.0, 59.2, 59.0, 16.2. HRMS (EI+) m/z calcd for
C49H48N6O11 [M + H]+ 897.3453, found 897.3464.

d4U-Propynyl-4-PEG-propynyl-TMC (1b)—(For simplicity, we refer to this structure
as d4T-4PEG-TMC in text; see note above.) To a solution of benzoate 1a (38.0 mg, 0.042
mmol) dissolved in methanol (3 mL) at 0 °C was added a solution of sodium methoxide in
methanol (0.5 M, 0.1 mL). After 2 h, the solution was allowed to warm to room temperature.
Once TLC indicated the complete consumption of starting material, acetic acid was added
(3.0 mg, 0.05 mmol) and methanol was removed on the rotoevaporator. The residue was
immediately chromatographed on silica gel with EtOAc/MeOH mixtures to obtain
nucleoside 1b (31.5 mg, 94%) as a colorless oil. 1H NMR (CDCl3, 500 MHz), δ (ppm)
11.54 (br s, 1H), 8.88 (br s, 1H), 8.38 (d, J = 5.2 Hz, 1H), 8.34 (s, 1H), 7.33 (m, 4H), 7.22 (s,
2H), 6.98 (m, 1H), 6.47 (d, J = 5.2 Hz, 1H), 6.34 (d, J = 5.8 Hz, 1H), 5.82 (d, J = 5.8 Hz,
1H), 4.94 (m, 1H), 4.44 (s, 2H), 4.32 (s, 2H), 3.94 (dd, J = 3.0, 11.2 Hz, 1H), 3.84 (dd, J =
2.0, 11.2 Hz, 1H), 3.60–3.80 (m, 16H), 3.48 (br s, 1H, OH), 2.06 (s, 6H). 13C NMR (CDCl3,
500 MHz) δ (ppm) 169.2, 162.4, 159.1, 158.9, 150.5, 150.2, 145.2, 143.6, 135.0, 132.8,
132.1, 131.3, 126.0, 120.1, 119.5, 118.3, 104.2, 99.4, 99.0, 90.1, 89.1, 87.7, 85.7, 85.0, 77.9,
70.5, 70.5, 70.5, 70.4, 70.4, 70.3, 69.2, 69.0, 62.7, 59.2, 59.2, 16.3. HRMS (EI+) m/z calcd
for C42H44N6O10 [M + H]+ 793.3191, found 793.3204.
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d4U-Propynyl-4-PEG-propynyl-TMC-triphosphate (1c)—(For simplicity, we refer to
this structure as d4TTP-4PEG-TMC in text.) The bifunctional nucleoside 1b (95.0 mg,
0.120 mmol) was dissolved in a 1:1 mixture of DMF/pyridine (1.0 mL) and the flask was
cooled to −20 °C. 2-Chloro-1,3,2-benzodioxaphosphorin-4-one51 (30.0 mg, 0.148 mmol)
dissolved in THF (0.5 mL) was added slowly, and the reaction was left to warm to room
temperature. After 60 min, bis(tributylammonium) pyrophosphate (92.0 mg, 0.168 mmol) in
DMF (0.5 mL) was added, followed by triethylamine (0.5 mL), and the solution was left
stirring for 1 h. I2 (43.0 mg, 0.170 mmol) dissolved in pyridine/water (2 mL, 98:2) was then
added, and the solution was left stirring for 15 min before being quenched by aqueous
Na2S2O3 (0.5 M, 0.5 mL). TEAB (1 M, 3.0 mL) was immediately added and the solution
was left stirring for 2 h at room temperature. The solution was then evaporated to dryness
before being chromatographed on a Sephadex ion-exchange (DEAE) column (3.0 g) with
aqueous TEAB as the mobile phase. The bifunctional triphosphate eluted at around 0.6 M.
Fractions identified from TLC (on amine-impregnated silica gel plates with TEAB/MeOH =
3.5/6.5) were combined and the solvent was evaporated. Following several additions of
methanol with pumping, tris(tiethylammonium) triphosphate 1c (60.0 mg, 0.045 mmol,
37%) was obtained as a colorless oil. 1H NMR (CD3OD, 500 MHz) δ (ppm) 8.32 (m, 1H),
7.78 (s, 1H), 7.43 (m, 2H), 7.33 (m, 2H), 7.23 (s, 2H), 6.85 (m, 1H), 6.55 (m, 2H), 5.88 (m,
1H), 5.02 (m, 1H), 4.42 (s, 2H), 4.32 (s, 2H), 4.12 (m, 2H), 3.54– 3.74 (m, 16H), 3.13 (br s,
18H), 2.04 (s, 6H), 1.25 (br s, 27H). 13C NMR (CD3OD, 75 MHz) δ (ppm) 170. 4, 164.1,
161.2, 160.8, 151.8, 151.6, 145.9, 145.4, 136.6, 133.7, 133.1, 132.8, 126.5, 121.5, 120.4,
119.6, 104.6, 100.5, 100.1, 91.8, 90.9, 87.5, 86.6, 86.0, 78.4, 71.5, 71.5, 71.5, 71.5, 71.5,
71.4, 70.2, 70.2, 68.4, 59.8, 59.7, 47.2, 16.4, 9.1. 31P NMR (CD3OD, 202.4 MHz) δ (ppm)
−8.9 (d, J = 20.2 Hz), −9.8 (d, J = 20.2 Hz), −22.1 (t, J = 20.2 Hz). HRMS (EI+) m/z calcd
for tetraphosphoric acid C42H46N6O19P3 [M − H]+ 1031.2036, found 1031.2035.

High-Pressure Liquid Chromatography of d4TTP-4PEG-TMC (1c)—
d4TTP-4PEG-TMC was further analyzed by HPLC on a DNA Pac PA-100 analytical
column (Dionex, Sunnyvale, CA) under the following conditions: mobile phase A, 0.05 M
triethylammonium bicarbonate (TEAB), pH 8.0; mobile phase B, 0.5 M TEAB, pH 8.0.
Mobile phase flow rate was 1 mL/min with a gradient of 100% A to 50% A/50% B for 10
min and then to 100% B for 5 min, followed by 100% B for 10 min. One Gaussian peak was
seen with a retention time of 20 min (Figure S1, Supporting Information). Absorbance was
measured at 260 nm.

Biology
Expression and Purification of HIV-1 RT—C-Terminal histidine-tagged heterodimeric
p66/p51 wild-type HIV-1 RT was expressed and purified as described previously60 from a
clone generously provided by Stephen Hughes, Paul Boyer, and Andrea Ferris (Frederick
Cancer Research and Development Center, Frederick, MD).

Nucleoside Triphosphates—dTTP and dGTP were purchased from GE Biosciences.
d4TTP was purchased from Moravek Biochemicals (Brea, CA). Concentrated stocks were
diluted and concentrations were verified spectrophotometrically by determining absorbance
at 260 nM by use of known extinction coefficients for each nucleotide.

Labeling and Annealing of Oligonucleotides—Primers and templates used for
incorporation and removal studies were synthesized at the Keck Facility at Yale University
and purified by 20% polyacrylamide denaturing gel electrophoresis. The sequences of
primers and templates used in this study are as follows: D23 (5′-TCA GGT CCC TGT TCG
GGC GCC AC-3′), D24 (5′-TCA GGT CCC TGT TCG GGC GCC ACT-3′), and D36 (5′-
TCT CTA GCA GTG GCG CCC GAA CAG GGA CCT GAA AGC-3′). The primers D23
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and D24 were 5′-32P-labeled with T4 polynucleotide kinase (New England Biolabs) as
previously described.61 [γ-32P]ATP was purchased from GE Healthcare. Bio-Spin columns
for the removal of excess [γ-32P]ATP were purchased from Bio-Rad. Annealing of the
primers, D23 and D24, and template D36 were carried out by mixing a 1:1.4 molar ratio of
purified primer/template at 90 °C for 5 min, 50 °C for 10 min, and 0 °C for 10 min. The
annealed primer and template were then analyzed by 15% nondenaturing polyacrylamide gel
electrophoresis to ensure complete annealing. Concentrations of the oligonucleotides were
determined by UV absorbance at 260 nm by use of calculated extinction coefficients.

Incorporation Assays—Incorporation experiments were performed under single-
turnover conditions: 50 µM d4TTP-4PEG-TMC and 10 mM MgCl2 were mixed with 250
nM RT (active sites) and 50 nM 5′-labeled primer/template to initiate the reaction. Negative
controls were performed under identical conditions without MgCl2. The reaction was
allowed to proceed for 30 min at 37 °C, after which the reaction was quenched with 0.3 M
EDTA. Reaction products were subjected to 20% denaturing polyacrylamide gel
electrophoresis and analyzed on a Bio-Rad Molecular Imager FX.

IC50 Determination—RT (6 nM active sites, based on pre-steady-state active-site
determination) was preincubated for at least 15 min with 1 µM 5′-labeled primer/template
prior to mixing with appropriate concentrations of inhibitor and allowed to incubate for a
minimum of 15 additional minutes on ice. DMSO concentrations were kept constant at less
than 2%. DMSO alone was added as a no-inhibitor control for each set of experiments.
Reactions were initiated with the addition of 5 µM dNTP and 10 mM MgCl2 and were
quenched after 15 min at 37 °C with 0.3 M EDTA. All concentrations represent final
concentrations after mixing. Reaction products were subjected to 20% denaturing
polyacrylamide gel electrophoresis and quantitated on a Bio-Rad Molecular Imager FX.
Product formation was plotted as a function of inhibitor concentration and fitted to a
hyperbola to generate IC50 curves. IC50 values are defined as the concentration of inhibitor
that inhibits steady-state single nucleotide incorporation by 50%.

Molecular Modeling of [d4T-4PEG-TMC] Bound to HIV-1 RT/Template/Primer—
Creation of the molecular model of the bifunctional nucleoside bound to the binary complex
of RT/template/primer was based on a composite of structural data. Since there is no crystal
structure of RT complexed with both a NRTI and a NNRTI, a model was created by starting
from the crystal structures of the RT template/ primer complex from Huang et al. (PDB
entry 1rtd) and the Das et al. complex of TMC120-R147681 NNRTI (PDB entry 1s6q).
First, both of these files were read into the UCSF Chimera program62 and superimposed by
use of the Matchmaker utility. A composite protein was then created by combining residues
1a−92a, 108a−178a, 241a− 554a, and 3b−249b, template, primer, and four Mg2+ ions from
1rtd and residues 93a−107a and 179a−240a and the ligand from 1s6q.

The initial 3D structure of the bifunctional ligand bf4 was created by drawing it in
ChemDraw (version 6.0, CambridgeSoft Corp., Cambridge, MA, 2000), followed by energy
minimization using the MM2 force field in Chem3D (version 5.0, CambridgeSoft Corp.,
Cambridge, MA, 2000) and writing as a PDB file. After reading this structure in Chimera,
the nucleotide end of this molecule was superimposed on the dNTP of the composite protein
created above, and a few of the dihedrals on the poly(ethylene glycol) linker were manually
changed to g+ or g− to superimpose as best as possible the NNRTI end on the TMC120
crystallographic ligand. The side-chain torsions χ1 and χ2 of Y188a were adjusted by −30°
and +30°, respectively, to avoid a severe steric clash. Finally, the crystallographic dNTP and
TMC120 were then removed and the resulting complex was exported as a PDB file.
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The creation of the model was completed by reading the PDB files created by Chimera in
Schrödinger’s Maestro 7.5 (version 7.5, Schrödinger, LLC, New York, NY, 2006) and
adding the hydrogen atoms needed at protonation states appropriate to pH = 7. The
following set of energy minimizations were sequentially run with the Impact program
(version 4.0, Schrödinger LLC, New York, 2006) using the OPLS_2001 force field with a
distance-dependent dielectric ε = 4r, a 12 Å cutoff for nonbonded interactions, and the
steepest-descent algorithm. First, the newly created ligand and the segments of the protein
chains originally from the 1s6q structure (93a−107a and 179a−240a) as well as all the
residues within 4 Å of those were allowed to move, while the rest were kept fixed at their
original positions during a 100-step optimization during which the total energy of the system
decreased from 6.1 × 1014 to 927.0 kcal/mol. The resulting structure was checked for
consistency, and a second run of 300 steps was restarted form this point using the same
degrees of freedom, during which the energy decreased further to −187.2 kcal/ mol. The
entire system was then allowed to relax for successive optimizations of 100 and 300 steps,
which reduced the total energy from 8490.5 to −3398.0 kcal/mol. The Cα rms deviation of
the final structure to the initial 1rtd is only 0.27 Å, which shows that there was relatively
little distortion created by the process.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

HIV-1 human immunodeficiency virus type 1

RT reverse transcriptase

NRTIs nucleoside reverse transcriptase inhibitors

NNRTIs non-nucleoside reverse transcriptase inhibitors

HAART highly active antiretroviral therapy

dNTP deoxynucleoside triphosphate

d4T β-D-(+)−2′,3′-didehydro-3′-deox-ythymidine

8-Cl-TIBO 8-chlorotetrahydroimidazobenzodiaze-pinone

WT wild type

TEAB triethylammonium bicarbonate

DMSO dimethyl sulfoxide

PEG poly(ethylene glycol)

TBDMS tert-butyldimethylsilyl

MW molecular weight

Tris tris(hydroxymethyl)aminomethane
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Figure 1.
Structures of d4T and various TMC-derivatives.1 For simplicity, we refer to [TMC-
derivative] as TMC in text.

Bailey et al. Page 17

J Med Chem. Author manuscript; available in PMC 2014 May 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Structures of [d4T-4PEG-TMC] bifunctional inhibitor derivatives.
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Figure 3.
Molecular modeling predicts binding of d4T-4PEG-TMC. (A) Molecular modeling suggests
a 4PEG linker would be long enough to span the NNRTI binding pocket and the active site.
(B) The PEG linker is predicted to extend from the NNRTI binding pocket toward the active
site through a hydrophobic tunnel, similar to the tunnel identified in the TMC278 bound
structure (pdb ID 2ZD1).35 This would allow proper base-pairing of the NRTI portion with
the templating A. (C) TMC278 bound structure.
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Figure 4.
Incorporation and potent HIV-1 RT inhibition of d4TTP-4PEG-TMC is base-specific. (A)
Sequence of D23/D36 P/T for correct base pairing used in biochemical assays.
d4TTP-4PEG-TMC serves as a substrate for HIV-1 RT-catalyzed polymerization when it is
used as a primer for dTTP incorporation. Lane 1 represents the 0 time point, and lane 2
serves as a negative control lacking Mg2+. Lane 3 represents the incorporated bifunctional
triphosphate (indicated as *D23-d4TMP-4PEG-TMC) product band by HIV-1 RT. (B)
Sequence of D24/D36 P/T for incorrect base pairing used in biochemical assays.
d4TTP-4PEG-TMC does not serve as a substrate for HIV-1 RT when it is used as a primer
for dGTP incorporation. Lane 1 represents the 0 time point, and lane 2 serves as a negative
control lacking Mg2+. Lane 3 shows the lack of an incorporated bifunctional triphosphate
product band. (C) Inhibition of dTTP incorporation is shown in bar graphs for d4TTP (13
000 nM), TMC-derivative (13 nM), propargyl-4PEG-TMC (122 nM), and d4TTP-4PEG-
TMC (3 nM). Additionally, the calculated IC50 values for 1:1 mixtures of d4TTP/TMC-
derivative and d4TTP/propargyl-4PEG-TMC are 9 nM and 114 nM, respectively. IC50
values were determined in triplicate and averaged. (D) Inhibition of dTTP incorporation
(correct base pairing) is shown in blue; inhibition of dGTP incorporation (incorrect base
pairing) is shown in red. Whereas d4TTP-4PEG-TMC is very potent with proper base
pairing (3 nM), its ability to inhibit dGTP incorporation is only slightly more potent (42 nM)
than the propargyl-4PEG-TMC (64 nM). Results for TMC-derivative and propargyl-4PEG-
TMC are similar for inhibition of dTTP incorporation or dGTP incorporation. Potent RT
inhibition of d4TTP-4PEG-TMC is therefore base-specific.
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Scheme 1. Synthesis of d4TTP-4PEG-TMC Bifunctional Derivativea
aReagents and conditions: (a) 4-Iodo-2,6-dimethylphenol, Cs2CO3, DMF, Δ, 85%. (b)
Monopropargyl ether of 4-PEG diol (or n-PEG diol), Pd(PPh3)4 (10 mol %), CuI (50 mol
%), THF, DMF, 85%. (c) (i) TsCl, NEt3, CH2Cl2; (ii) propargyl alcohol, NaH, THF, Δ,
92%. (d) 5′-Benzoyl-5-iodo-d4U, Pd(PPh3)4 (10 mol %), CuI (50 mol %), THF, DMF,
59%. (e) NaOMe, MeOH, 94%. (f) (i) 2-Chloro-1,3,2-benzodioxaphosphorin-4-one, pyr,
DMF, 0 °C to rt; (ii) bis(tributylammonium) pyrophosphate; (iii) I2; (iv) 1 M Et3NH+

HCO2
−, 37%.
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