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Abstract

Converting C-H bonds directly into carbon-carbon and carbon-heteroatom bonds can significantly
improve step-economy in synthesis by providing alternative disconnections to traditional
functional group manipulations. In this context, directed C—H activation reactions have been
extensively explored for regioselective functionalizationl5. Though applicability can be severely
curtailed by distance from the directing group and the shape of the molecule, a number of
approaches have been developed to overcome this limitation8-12, For instance, recognition of the
distal and geometric relationship between an existing functional group and multiple C-H bonds
has recently been exploited to achieve meta-selective C—H activation by use of a covalently
attached U-shaped template3-17. However, stoichiometric installation of the template is not
feasible in the absence of an appropriate functional group handle. Here we report the design of a
catalytic, bifunctional template that binds heterocyclic substrate v7a reversible coordination instead
of covalent linkage, allowing remote site-selective C—H olefination of heterocycles. The two metal
centers coordinated to this template play different roles; anchoring substrates to the proximity of
catalyst and cleaving the remote C—H bonds respectively. Using this strategy, we demonstrate
remote site-selective C—H olefination of heterocyclic substrates which do not have functional
group handles for covalently attaching templates.

We recently developed U-shaped templates that accommodate a macrocyclic cyclophane
transition state3, thereby allowing the activation of meta-C—H bonds (Fig. 1). Despite
substantial improvements in the scope and efficiency of this approach, the need for an
appropriate functional group handle to covalently attach the stoichiometric template is a
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limitation. A large number of medicinally important heterocycles are not compatible with
our template approach because there are no methods to covalently tether the template to the
heterocycle. A prominent example is 3-phenylpyridine motif 1a which is found in more than
6,600 bioactive compounds including a number of pharmaceutical agents according to the
PubChem database (Fig. 1a). Coordination of a metal catalyst with the pyridyl nitrogen in
these heterocycles typically prohibits transition metal catalysts from reaching distal C-H
bonds in these substrates. We wondered whether such reliable non-productive coordination
can be harnessed to assemble pre-transition state for C—H activation in supramolecular
fashion. A reversible hydrogen bond has recently been employed to anchor an iridium
catalyst with appropriate distance and geometry to significantly improve the meta-selectivity
in the C—H borylation of benzamides from 66:34 to 96:4 (/7. p ratio)!8. The high reactivity of
the Ir-catalyzed C—H borylation in the absence of directing effect was crucial for this
success. Thus far, the exploitation of the hydrogen bonding approach to achieve Pd-
catalyzed remote meta-selective C—H activation has not been successful due to lack of
reactivity.

To achieve both the reactivity and meta-selectivity observed using the covalent template
approach!3, we envision the covalent linkage could be replaced by a reversible metal
coordination as shown in Figure 1b. In essence, the often undesired coordination of
heterocycles with metal centers is utilized to anchor the substrates to the template reversibly.
Following this key design principle, a bifunctional template coordinated with two metal
centers19-22 simultaneously is devised to play dual roles: (A) the bis-amide backbone
chelates with a metal center that can recruit the substrate v/a binding to the heterocycles; (B)
directing groups on the side arm will direct the palladium catalyst to the specific remote C—
H bonds (Fig. 1d). We chose a bis-amide T1 as the backbone for attaching the U-shaped
templates due to their ability to chelate with Pd(I1) or Cu(Il) centers23-24 which will be
present in our reaction. Since we have recently demonstrated that a properly positioned C-3
pyridyl group could also function as a U-shaped template in a meta-selective iodination
reaction13-17, we choose C-3 pyridine over the nitrile directing group to enhance the
coordination with the small amount of Pd(I1) catalyst. With these considerations in mind, we
synthesized various templates based on the bis-sulfonamide and bis-amide scaffolds
containing the directing C-3 pyridine group as pendant side arms. The pyridyl nitrogen atom
is positioned at C-3 instead of C-2 to avoid the formation of bisdendate chelation with the
sulfonamide or amide. We evaluated these templates using olefination of 1a as the model
reaction (Fig. 2). Under the optimized conditions (see Supplementary Information for
optimization), olefination of 1a in the presence of 20 mol% template and 30 mol%
Pd(OACc), gave olefinated products in 75% total yield. Importantly, synthetically useful
remote /meta-selectivity was obtained (/meta.(orthot+para) = 89:11). Replacement of the
sulfonamide moieties in T1 with carboxamides (T2) resulted in dramatic decrease in both
yield (9%) and m7:.(o+p) ratio (61:39). Switching from a #ransto c/s-cyclohexane backbone
(T3) also reduced the yield significantly (52%). Although the less rigid acyclic
ethylenediamine backbones were not effective (T4-T7), template T8 derived from the
sterically hindered 2,3-dimethyl-2,3-butanediamine was found to be the most effective,
affording the olefination products in 77% yield and excellent meta-selectivity (95:5). These
experimental results indicate the importance of the conformational constrain of the backbone
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which is consistent with the notion that reactivity and selectivity in remote C-H activation is
based on precise recognition of distance and geometry. Notably, mono-selectivity obtained
using this bimetallic approach is significantly higher than the previously reported meta-C—H
olefinations using covalently attached templates3-15. Presumably, the mono-olefinated
product is significantly less reactive due to steric hindrance as the bimetallic assembly is
highly sensitive to conformational changes. Replacing T8 with a simplified scaffold (T9) led
to loss of reactivity. Template T10 bearing tolyl substituents instead of the C-3 pyridyl
groups on the side arm gave 2% of the mono-olefinated products with poor meta-selectivity
(m:(o+p) = 57:43), confirming the remote directing effect of this bifunctional template.

To elucidate the roles of the key components of this reaction, a number of control
experiments have been carried out (Fig. 2b). In the absence of T8, the olefination reaction
gave less than 5% of the mono-olefinated products with low m7:(o+p) ratio (61:39) indicating
the essential directing effect from the template. Notably, this remote directing effect controls
the site-selectivity based on distance and geometry, which is fundamentally different from
previously observed C-2 or C-4 selectivity of pyridines that are governed by electronic and
steric effects amplified by the presence of a Lewis acidic metal?®26. The nearly complete
loss of reactivity and meta-selectivity by removing the silver salts from the reaction is
intriguing, although the formation of a Pd-Ag heterodimer in the transition state could
potentially account for this phenomenon2’. Notably, other silver salts are less effective (see
Supplementary Information). We anticipate both Cu(ll) and Pd(Il) could coordinate with the
bis-amide scaffold and impact this reaction. Indeed, both the yield and meta-selectivity
decreased significantly in the absence of Cu(OAc),. Removal of N-acetyl-protected glycine
(Ac-Gly-OH) ligand from the standard conditions only decreased the mono-selectivity,
presumably due the steric effect.

Next, we applied template T8 to the remote meta-selective C-H olefination of 3-
phenylpyridine derivatives (Fig. 3). The mono-meta-olefinated 3-phenylpyridine 3a was
obtained in 65% isolated yield. Methyl substituents on the ortho, meta and para positions of
the phenyl ring were tolerated providing similar yields and mono-selectivity (3b-d).
Substrates containing fluorine, chlorine and bromine substituents on the para position of the
phenyl ring are olefinated to give the meta-product in 50-66% yields with excellent meta-
selectivity and good mono-selectivity (3e-g). An ortho-methoxy group was also tolerated,
providing 61% yield and excellent meta-selectivity and mono-selectivity (3h). A meta-
methoxy group reduced the yield of isolated meta-olefination product to 10% with a
complete loss of meta-selectivity (3i). In general, the meta-substitution in substrates
interfered with the optimum conformational orientation due to steric effects, consistent with
the observed excellent mono-selectivity in contrast to previous meta-selective C-H activation
reactions3-15. Para-methoxy substituted substrate gave excellent yield, meta-selectivity and
mono-selectivity. Various substituents on the pyridine ring were also examined. Both C-2
and C-3 fluorine on the pyridine ring were well tolerated, providing 65% and 70% yield of
the desired products respectively with excellent meta- mono-selectivity (3k, 3lI). Electron-
donating methyl and methoxy groups on the 3-position of the pyridine ring afforded the
desired meta-products in 63-85% yields with excellent meta-selectivity (3m-p). To further
explore the scope of this methodology, substrates containing quinoline and isoquinoline
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were also olefinated to give the meta-products in moderate to good yields (52-83%) and
good selectivity (3g-t). 5-phenylpyrimidine substrates, another pharmaceutically important
heterocycle family28:29, was also tolerated (3u, 3v). In expanding the scope of the olefin
coupling partners, a,B-unsaturated sulfone and phosphonate are reactive, giving good to
excellent yields with excellent meta- and mono-selectivity (3w, 3x). Meta-olefination with
electron-deficient styrene was also demonstrated (3y, 3z). To investigate whether the
template can be recovered, olefination of 10 was also performed on 1 gram scale to give 30
in 70% yield (m.0=99:1, mono:di = 98:2). The template is readily recovered in 96% by
chromatography (see Supplementary Information).

To test the feasibility of extending the design principle of this bimetallic catalysis to
different classes of heterocycles, we embarked on site-selective C—H olefination of
quinolines which are ubiquitous in drug molecules and natural products?8.29. Not
surprisingly, the use of T8 gave only trace amount of olefinated products (<2%). Achieving
site-selectivity with quinoline, a drastically different molecular scaffold, will require
optimization of the templates for precise recognition based on distance and geometry.
Considering the broad scope of the covalent nitrile templates for remote C—H activation and
ease of synthesis'3-16 we prepared various nitrile-based templates capable of anchoring the
first metal through tridendate coordination. While the use of catalytic amount of free
templates was not effective, pre-assembled complexes T11-18 directed remote C-H
activation of quinoline with various degrees of efficiency (Fig. 4). Thus, in the presence of
catalytic amount of Pd(OAc), and mono-protected amino acid ligand (Ac-Gly-OH),
olefination of 4a with the optimized complex T18 gave the olefination product 5a in 75%
yield with excellent site-selectivity (C5:others = 92:8). Notably, the complex T18 was
recovered in 96% yield by a simple work-up with 4-dimethylaminopyridine (DMAP)
followed by the treatment with methanesulfonic acid in acetonitrile (see Supplementary
Information), thus rendering T18 as a recyclable reagent for remote C—H activation. A range
of quinolines containing both electron-donating (5b-e) and - withdrawing groups (5f-i, 5k)
gave the desired olefination product in good yields and selectivity. The 8-chloro retarded the
reaction by weakening the coordination of the nitrogen of quinoline ring (5j). This
recyclable non-covalent template T18 is also compatible with other heterocycles including
quinoxaline, benzoxazole and benzothiazole (51-0). The potential utility of this template
approach is also demonstrated in a late-stage modification of an antileukemic and antitumor
alkaloid (+)-camptothecin3? (5p).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Design of a cooperative bimetallic approach for remote site-selective C-H activation
a, Model substrate 1a and structurally related pharmaceutical agents. b, Previously

developed covalently attached U-shaped template strategy for meta-C-H activation. c, The
bimetallic strategy for remote site-selective C—H activation. d, Remote site-selective C-H
olefination. DG, directing group; M, metal ion; L, coordinating moieties. HFIP:
hexafluoroisopropanol.
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Figure 2. Discovery of a template that enables site-selective remote C—H activation
a, Template evaluation. b, Control experiments with T8 as template. The yield (percentage

under each structure) of the olefinated products, the meta.(ortho + para) ratio of mono-
olefinated products and ratio of mono- and di-olefinated products (mono:di) were
determined by 1H NMR analysis of the unpurified reaction mixture using CH,Br, as the
internal standard (assisted with GC-MS analysis), the variance is estimated to be within 5%.
Ac-Gly-OH: A-acetyl-glycine.
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Figure 3. Remote site-selective C—H olefination of heterocycle-containing substrates using a
catalytic template

The percentages under each structure indicate isolated yields of the mono-olefinated meta
product. The meta-selectivity of mono-olefinated products and ratio of mono- and di-
olefinated products were determined by TH NMR analysis of the unpurified reaction mixture
(assisted with GC-MS analysis), the variance is estimated to be within 5%. Reaction
conditions (unless otherwise noted): 1a-v (0.1 mmol), T8 (20 mol%), Pd(OAc), (30 mol%),
Ac-Gly-OH (20 mol%), AgBF4 (1.0 equiv.), Cu(OAc), (2.0 equiv.), 2a-e (3.0 equiv.), HFIP
(2.0 mL), 110 °C, 48 h. For 3h-m, 30, 3q, 3s, 3u, 3w and 3z: T8 (15 mol%), Pd(OAc), (20
mol%), Ac-Gly-OH (5 mol%). For 3p, 3t, 3v and 3y: 130 °C. For 3h-j and 3x: 72 h. For 3K,
3gand 3s: 24 h.
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Figure 4. Remote site-selective C—H olefination of heterocycles using a non-covalent template
a, Template evaluation. b, Substrate scope. The percentages under each structure indicate the

yields of the isolated olefinated products (unless otherwise noted). The ratio of the major
product to other isomers (Cs:others, unless otherwise noted) were determined by *H NMR
analysis of the unpurified reaction mixture (assisted with GC-MS analysis), the variance is
estimated to be within 5%. For template evaluation (a): The yields were determined by 1H
NMR analysis of the unpurified reaction mixture using 1,3,5-trimethoxybenzene as the
internal standard. Reaction conditions for template evaluation (a): 4a (0.1 mmol), template
(1.0 equiv.), Pd(OAC), (15 mol%), Ac-Gly-OH (20 mol%), AgOAc (2.0 equiv.), 2a (3.0
equiv.), HFIP (1.0 mL), 100 °C, 12 h. Reaction conditions for substrate scope (b), (unless
otherwise noted): substrates (0.1 mmol), T18 (1.0 equiv.), Pd(OAc), (10 mol%), Ac-Gly-OH
(20 mol%), AgOAC (2.5 equiv.), 2a (3.0 equiv.), HFIP (1.0 mL), 80 °C, 43 h. For 5b, 5d, 5h
and 5p: T14 was used as template. For 5k and 5I: 22 h. For 5m: 20 h. For 5p: 48 h, AgOAc
(5.0 equiv.).
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