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Abstract

We outline a strategy to enable non-directed Pd(I1)-catalyzed C-H functionalization in the
presence of Lewis basic heterocycles. In a high-throughput screen of two Pd-catalyzed C-H
acetoxylation reactions, addition of a variety of N-containing heterocycles is found to cause low
product conversion. A pyridine-containing test substrate is selected as representative of
heterocyclic scaffolds that are hypothesized to cause catalyst arrest. We pursue two approaches in
parallel that allow product conversion in this representative system: Lewis acids are found to be
effective in situ blocking groups for the Lewis basic site, and a pre-formed pyridine N-oxide is
shown to enable high yield of allylic C—H acetoxylation. Computational studies with density
functional theory (M06) of binding affinities of selected heterocycles to PA(OAc), provide an
inverse correlation of the computed heterocycle—-Pd(OAc), binding affinities with the
experimental conversions to products. Additionally, *H NMR binding studies provide
experimental support for theoretical calculations.

Introduction

The ability to selectively convert abundant and otherwise inert C—H bonds to C-X
substituent groups has widespread potential for applications in the synthesis of
pharmaceuticals, natural products, agrochemicals, polymers, and feedstock commodity
chemicals.1~13 Among emerging methods, Pd(I1)-catalyzed allylic C-H functionalization
reactions are a particularly versatile means to generate chemical diversity,14-23 exploiting
the ubiquitous olefin functionality that is readily installed and differentiated using a wide
array of chemical reactions.?4 Despite these technological advances, a major unmet
challenge associated with C—H functionalization methods is the lack of reactivity and/or
chemoselectivity in systems where Lewis basic moieties are present. The lack of Lewis
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basic functional group compatibility in Pd-catalyzed allylic C-H functionalization severely
limits the generality and applicability of these transition metal-catalyzed methodologies in
pharmaceutical research, where heterocyclic moieties are routinely encountered.2>-28 |n
order to address this problem, we have explored allylic C—H oxidation in the context of
heterocycle-containing compounds typical of pharmaceutical agents. While Lewis basic
functionalities have been employed for directed C—H activation,®11 they generally impede
alternate non-directed C—H functionalization reactivity (Figure 1).27-35 These issues have
been addressed in the context of transition metal-catalyzed olefin metathesis,3® but they
have yet to be investigated within the framework of C—H activation. Herein, we describe
two strategies to block the Lewis basic sites that would otherwise have a deleterious effect
on the desired C-H activation process. These findings should expand the scope of Pd-
catalyzed allylic C—H oxidation and provide a high-throughput method of analysis for
determining functional group compatibility in other transition metal-mediated reaction
processes.

High-throughput heterocycle screen for chemical robustness

We wished to establish a rigorous and high-throughput method to evaluate functional group
compatibility in non-directed allylic C—H bond functionalization reactions. Initial
experiments were performed to determine levels of conversion for representative allylic C-
H acetoxylation reactions on a control substrate 1 using methods disclosed by the groups of
White and Stahl (reactions A and B, respectively, Figure 2).18:23 |nterestingly, catalyst
choice enables access to either allylic acetate regioisomer 2 or 3 with high levels of
regiocontrol with the Pd(OACc),/PhS(0)C,H4S(O)Ph/p-benzoquinone-combination favoring
the branched product and the Pd(OAc),/4,5-diazafluorenone-catalyst favoring the linear
product. As postulated in Figure 3, the divergence of this observed regioselectivity resulting
from ligand selection is likely a consequence of mechanistically distinct reductive
elimination pathways. In reaction A, the sulfoxide ligand is proposed to be initially
displaced by acetate, and subsequently the Pd-catalyst is coordinated with p-benzoquinone.
From this complex the terminus of the olefin is sterically blocked by the benzoquinone
ligand, thus causing inner-sphere attack of the acetate to form the branched product.1®
However, the possibility of a non-obvious participation of the bissulfoxide ligand in the
reductive elimination step cannot be entirely excluded. In reaction B, the bis-ligated 4,5-
diazafluorenone may occupy a coordinatively saturated Pd-complex, favoring outer-sphere
attack of the acetate to form the preferred linear product.2® Alternatively, a mono-N-ligated
Pd-complex may give rise to an inner-sphere reductive elimination mechanism to form the
linear product. There are ongoing efforts to study these mechanistic possibilities, the results
of which will be reported in due course.

We then attempted the same transformations in the presence of a variety of heterocyclic
fragment additives in an array format in a high-throughput robustness screen (Figure 4).
While in the process of conducting this research, Collins and Glorius disclosed an elegant
and similar account utilizing such a high-throughput robustness screen in a quantitative
fashion for the Buchwald-Hartwig C-N cross-coupling reaction,28:3% among others.39b-¢

Chem Sci. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Malik et al.

Page 3

Such screens allow for the rapid evaluation of functional group compatibility as well as the
generality of the selected reaction conditions. Buchwald and coworkers recently disclosed a
related account describing coordination-mediated catalyst arrest in the Suzuki-Miyaura
cross-coupling reaction.#? For our purposes, both starting material and products are readily
identifiable via LC-MS analysis, enabling an accurate estimation of product conversion. We
observed that the heterocycle fragments that we expected to strongly coordinate to the
Pd(Il)-catalyst resulted in deleterious reaction outcome, specifically low conversion to
product under both sets of reaction conditions. Generally, a higher level of product
formation was observed using the Pd(OAc),/4,5-diazafluorenone-catalyst system (reaction
B).

It was observed that heterocycles 4-10 had the least degree of adverse impact on reaction
outcome. Empirically, these heterocycle fragments may be the least strongly coordinating
(to Pd-catalyst) of the set, thereby being the most compatible with desired product
formation. Holding true to prediction, the inclusion of highly coordinating fragments 11-14
and 16-22 impeded reactivity in both reaction systems A and B. While fragment 15 did not
greatly effect reaction outcome in reaction B, it was detrimental in reaction A.

Validating the high-throughput screen’s predictive potential

Corroborating the predictive potential of the high-throughput screen, in our case identifying
the heterocyclic motifs that are or are not amenable to enabling a particular chemical
transformation, is of considerable significance to discovery and process chemists as well as
the synthetic community as a whole.28 Discerning the applicability of a particular chemical
transformation towards both target-oriented synthesis and diversification endeavors prior to
synthetic efforts would be valuable. Thus, having completed our high-throughput
heterocycle screen, we were keen to validate our findings with substrates incorporating
representative heterocyclic fragments. We selected a distribution of heterocycles (5, 8, 11,
13, and 17) that fall within all of the general categories defined by the levels of conversion
using the two allylic C-H functionalization methods screened.

In the high-throughput screen (Figure 4), the carbazole fragment 5 had little negative
influence on product conversion in either set of reaction conditions. When a carbazole-
containing olefin substrate 23 was subjected to either reaction A or B, 67% (80:20 b:l) and
72% (16:84 b:l) of the desired product was formed, respectively (Figure 5). We also
observed moderate and high levels of conversion for the benzotriazole fragment 8 in the
high-throughput screen in reaction A and B, respectively. As predicted by these results,
substrate 24 afforded the desired product in 49% (13:87 b:l) and 75% (10:90 b:1) yield
(reaction A and B, respectively). The lack of regiodivergence observed for 24 in both
reaction conditions is unusual and there may be a substrate-specific steric or electronic basis
for this observed regiochemical outcome. Interestingly, addition of fragment 8 does not
result in reversal of regiocontrol in the formation of 2 in reaction A (78:22 b:l) (Figure 4).
Similarly, addition of fragment 5 does not attenuate regiocontrol of 2 in reaction A (77:23
b:1). As anticipated, piperidine-, imidazole-, and pyridine-containing scaffolds (25, 26, and
27) were poor substrates in both reactions. It has yet to be determined how broadly
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applicable such an analysis would be for other classes of chemical transformations in which
steric and electronic considerations may play an important role.

Blocking strategies for Lewis basic heterocycles

As previously alluded to, the pyridine functionality has been demonstrated to be an
especially effective directing group in chelation-mediated Pd-catalyzed C—H activation
methodology.84142 As such, we correctly anticipated that the influence of this functionality,
typical of the effects exerted by some of the more strongly Lewis basic moieties, would be
among the more difficult to circumvent in non-directed C—H activation protocols.*! The
high-throughput screen with pyridine as an additive (Figure 4), as well as a reaction screen
employing a pyridine-containing substrate (entries 1 and 2, Table 1), arrested catalyst
activity in both of the allylic C-H functionalization methods attempted.

However, pyridine is a structural motif prevalent in pharmaceutically-relevant compounds,
and consequently there exists a need for developing blocking strategies to enable its use in
C-H functionalization synthetic methods. Therefore, pyridine was selected as an ideal model
for evaluation of blocking strategies. As previously mentioned, no desired allylic C-H
acetoxylation product was observed when a pyridine moiety was present within the substrate
(entries 1 and 2, Table 1). However, as exemplified in Figure 2, when this pendant Lewis
basic nitrogen-containing functionality was replaced with a simple phenyl ring, both allylic
C-H functionalization reaction conditions furnished the desired allylic acetoxylation product
with high levels of regioselectivity for either the branched (29) or linear (30) allylic acetate
regioisomer (entries 3 and 4). Interestingly, the terminal oxidant employed using a
Pd(OACc),/4,5-diazafluorenone-catalyst system could be changed to O, from p-
benzoquinone with comparable yield without loss of regiocontrol (entry 4 vs. 5). The ability
to interchange terminal oxidants has potential mechanistic implications that will be
addressed in due course. Additionally, employing p-benzoquinone in place of O, is more
practical from a technical standpoint in parallel synthesis efforts.

We hoped to block pyridine coordination of the Pd(I1)-catalyst by adding a sacrificial Lewis
or Bransted acid and thereby circumvent catalyst arrest. In an automated screen of Lewis
and Brgnsted acids, it was discovered that only Sc(OTf)3 and BF3*OEt, among a long list
were moderately effective as in situ pyridine-blocking groups (entries 6-8). BF3*OEt, was
identified as the most effective in situ blocking reagent so far, allowing 38% isolated yield
of desired product. In comparison, the “control” substrate (lacking the pyridine nitrogen) for
this reaction afforded product in comparable 51% isolated yield (entry 3), albeit with higher
regioselectivity. The lower regiocontrol observed in these reactions employing Lewis acid
additives is postulated to result from a Lewis acid-assisted Pd-catalyzed allylic transposition
rather than from a change in reaction mechanism.*3 Additionally, the use of Lewis acid
additives presumably affects reduced catalyst turnover, evident from the lower overall yield
of desired product. No product formation was observed under reaction conditions B or C
using the Pd(OAc)»/4,5-diazafluorenone-catalyst system when Sc(OTf)3 or BF3*OEt, were
added (entries 9-11).

Pre-forming a pyridine N-oxide proved to be a far more effective and generally applicable
covalent blocking strategy, permitting both sets of reaction conditions employed to furnish
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the desired product in good yields (entries 12 and 13, Table 1). Alternate covalent blocking
strategies such as pyridinium N-acyl, N-silyl, or N-alkyl may ultimately prove similarly
useful in this or related systems.

Computational studies of binding affinities of heterocycles to Pd(ll)L,

Within the set of heterocycles screened in Figure 4, there may be three major pathways
associated with catalyst arrest: (i) a 1:1 coordination of heterocycle:Pd(II)Ly, (i) a 2:1
coordination of heterocycle:Pd(I1)L,, or alternatively, (iii) sp2 C-H insertion of a
heterocycle by the Pd(11)L,, catalyst.#4-49 Empirically, it is observed that heterocycles with
higher expected Lewis basicities lead to lower overall product conversion in both C-H
oxidation methods, which may be related to coordination-related reduction of reaction rates.
Efforts are currently underway to elucidate the heterocycle—Pd(l1) speciation as well as to
study rates of reaction.

Eager to understand the theoretical basis for the trends observed in our high-throughput
heterocycle screen (Figure 4), we hypothesized that the discrete binding affinities of the
Lewis basic fragments to the Pd(I1)L,, catalysts may have inverse correlations with the levels
of product conversion observed in both reaction screens. It should be noted that there are
limited data in the literature evaluating the binding affinity of heterocycles to transition
metal catalysts, with most reports focused rather on the binding affinity of ligands (such as
phosphines, N-heterocyclic carbenes, etc.) to transition metals.>%-5° To the best of our
knowledge, a study linking the experimental efficacy of an active transition metal catalyst to
its putative coordination-mediated arrest has not been previously described.

We calculated the binding affinity of the heterocycles illustrated in Figure 4 to a Pd(OAc),-
system using density functional theory (DFT). DFT methods, such as M06, that better
account for dispersion interactions have been shown to give relatively accurate metal-ligand
bond energies.>4°% The Pd(OAc), catalyst system served as a simple model, providing
theoretical heterocycle—Pd(OAcC), binding affinities without the influence of either the
PhS(O)C,H4S(0)Ph or the 4,5-diazafluorenone ligand. Coordination of Pd with either of
these ligands will influence the binding affinity of a heterocyclic Lewis base to the Pd(II)Lp,
species to varying magnitudes. It was calculated that the Pd(OACc)2/PhS(O)C,H4S(O)Ph
complex is endergonic by 1.9 kcal/mol with respect to an unbound Pd(OAcC),-species, which
is the putative resting state of the catalyst. The predominance of unbound Pd(OAc); in the
presence of PhS(O)C,H,S(0)Ph has also been observed experimentally.56:57 In contrast, the
Pd(OACc),/4,5-diazafluorenone complex is exergonic by 4.2 kcal/mol with respect to
unbound Pd(OAc),, indicating that the latter is not the resting state in this catalytic system
(see the Supplementary Information for details). We also considered the involvement of a
Lewis base-coordinated Pd--allyl species in these studies of theoretical binding affinities
(see the Supplementary Information for further details).

Based on the above analysis, for reaction A, Pd(OAc), served as an ideal candidate for
studying theoretical binding affinities to the heterocycles illustrated in Figure 4. A
reasonable correlation is observed between the theoretical heterocycle—Pd(OAcC), binding
affinities and product conversion for reaction A (a, Figure 6). The binding affinity of
propene to Pd(OAc), was also computed as a model for the terminal alkene substrate (red
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line in Figure 6); the majority of heterocycles that inhibit reactivity in reaction A have
theoretical binding affinities greater than that of propene. A poorer correlation is observed
between the theoretical heterocycle-Pd(OAc), binding affinities and product conversion for
reaction B (b). Catalyst inactivation is clearly more complex in the presence of the 4,5-
diazafluorenone ligand, possibly due to steric effects and multiple coordination modes (see
the Supplementary Information for more details). However, a full examination of
heterocycle-binding to the relevant catalytic intermediates will require a thorough
exploration of the reaction mechanism, which is planned for future studies. When a 2:1
coordination of heterocycle-Pd(OAc), is computed, the correlation observed between the
theoretical binding affinities and product conversion is slightly improved for reaction A (c).
However, 2:1 heterocycle—Pd(OAc), interactions do not significantly alter the poor
correlation observed for reaction B (d). As indicated previously, while many heterocycles
may be coordinating with the Pd and detrimentally effecting reaction outcome, there may be
other pathways leading to catalyst arrest. As a general trend, however, the heterocycles with
lower relative theoretical binding affinities with respect to a propene moiety allowed for the
highest product conversions observed.

As our understanding of the active Pd(l1)-catalyst species as well as the exact nature of
catalyst arrest expands, de novo design of a heterocycle-containing substrate may be
possible where a structure is computationally conceived to have a lower theoretical binding
affinity than the desired olefin functionality. Such analysis could provide a theoretical model
to estimate the ability of the transition metal catalyst to perform efficaciously in the presence
of a desired Lewis basic moiety. Additionally, as we further understand the fundamental
nature of the active catalyst, these results could help inform next generation ligand synthesis,
where ligands may be designed so that the theoretical heterocycle-ML, binding affinities
are minimized. This could result in the synthesis of a ML, species that may be more robust
to the presence of Lewis basic heteroaromatics. Efforts to realize these concepts are ongoing
and will be reported in due course. Overall, the theoretical investigation of these systems has
implications not only in the class of reactions studied herein, but in a wide array of transition
metal-catalyzed transformations where there may be similar ML—Lewis base interactions.

NMR binding studies of heterocycles to Pd(OAc),

In order to bridge the understanding between the theoretical binding affinities and the
experimental results, we measured the binding of the heterocycles illustrated in Figure 4 to
Pd(OAC), by TH NMR analysis (binding data for each ligand is included in the
Supplementary Information). Binding to Pd was quantitated by the disappearance of the
parent ligand with 1:1 ligand:Pd(OAc),. Interestingly, the majority of ligands displayed
either complete binding to Pd, or none at all, with only a handful exhibiting intermediate
binding. There is a clear trend that ligands which tightly bind Pd (as evidenced by 1H NMR
analysis) also allow little to no reaction conversion in the high-throughput ligand screen for
reaction A (a, Figure 7). Conversely, the less tightly bound ligands enable reaction
conversion. These experimental 1H NMR data aid in corroborating the trends observed in
the theoretical binding studies in reaction A (a and c, Figure 6). When comparing the 1H
NMR binding of the heterocycles to the experimental results from reaction B (b, Figure 7), a
trend for the less tightly bound ligands enabling a higher degree of reaction conversion is
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also observed. However, multiple ligands that display 100% Pd-binding permit reasonable
reaction conversions in the high-throughput screen, which may be due to kinetic parameters
governing exchange of these ligands and olefin substrate when bound to Pd. These data help
corroborate the observed trends in the theoretical binding studies for reaction B (b and d,
Figure 6), mimicking the higher degree of scatter, presumably resulting from a more
complex experimental system.

Conclusions

We have demonstrated that Lewis basic sites within reaction substrates cause the attenuation
of catalyst activity in Pd(I1)-catalyzed allylic C—H functionalization methods. A high-
throughput robustness screen was utilized to rapidly estimate the impact of heterocycles on
catalyst performance under the selected reaction conditions. We performed a broad Lewis
and Brgnsted acid screen, from which it was determined that BF3*OEt, enabled desired C-H
oxidation, which we propose is due to in situ blocking of the pyridine basic nitrogen. An
alternate and higher yielding strategy was realized through covalent blocking of the Lewis
basic site. Pre-forming the corresponding pyridine N-oxide prior to the C-H
functionalization step afforded the desired oxidation product in synthetically useful yields.
Theoretical studies were undertaken to determine the binding affinities of selected
heterocycles to a simple Pd(OAc), model system. An inverse correlation was observed
between the binding affinity to the level of product conversion. Corroborating *H NMR
binding studies between ligand and Pd(OAc), were also performed, showing a trend
between a high-throughput ligand screen, theoretical binding studies, and 1H NMR binding
studies. These combined results are expected to have implications not limited to the methods
demonstrated herein, but to a variety of chemical synthesis protocols that suffer from
deleterious effects when attempted on substrates containing Lewis basic moieties.
Additional studies are underway to explore the mechanistic and theoretical implications of
our present results, to further optimize in situ blocking strategies, and to explore other
transformations that could benefit from similar analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 4.

Regaction conditions A: Pd(OACc),/PhS(O)C,H4S(O)Ph (10 mol %), p-benzoquinone (2
equiv), AcOH (10 equiv), 1,4-dioxane (0.3 M), 45 °C, 48 h; B: Pd(OAc), (10 mol %), 4,5-
diazafluorenone (10 mol %), p-benzoquinone (2 equiv), NaOAc (40 mol %), AcOH (16
equiv), 1,4-dioxane (0.3 M), 60 °C, 48 h. Compiled results of the high-throughput
heterocycle screen. Heterocycles are separated into three tiers for both reaction A and B; the
colors represent the following for each reaction: green (50% to 100% product conversion),
yellow (16% to 49% conversion), and red (<£15% product conversion). Conversion is
defined as % product formation by HPLC relative to remaining starting material.
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Figure 5.
Validation of the potential predictive qualities of the high-throughput heterocycle screen

employed (see Figure 4). Five representative heterocycles from the high-throughput screen
were incorporated within substrates that were subjected to Pd(I1)-catalyzed allylic C-H
acetoxylation. Reaction conditions A: Pd(OACc),/PhS(O)C,H4S(O)Ph (10 mol %), p-
benzoquinone (2 equiv), AcOH (10 equiv), 1,4-dioxane (0.3 M), 45 °C, 48 h; B: Pd(OAc),
(10 mol %), 4,5-diazafluorenone (10 mol %), p-benzoquinone (2 equiv), NaOAc (40 mol
%), AcOH (16 equiv), 1,4-dioxane (0.3 M), 60 °C, 48 h. Isolated yields reported.
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Figure 6.

Theoretical binding affinities of heterocycles to Pd(OAc), vs. product conversion (%)
observed in reaction A (a) and reaction B (b); Theoretical binding affinities of heterocycles
to Pd(OAC), to form a 2:1 complex vs. product conversion (%) observed in reaction A (c)
and reaction B (d). Binding affinity is defined as —AH for the reaction L + Pd(OAc); —
LPd(OAC), (aand b) or 2 L + Pd(OAc), — LoPd(OAC), (c and d). The horizontal red line
indicates the binding affinity of propene. Geometries were optimized at the B3LYP/SDD-6-
31G(d,p) level with single-point energies computed at the M06/SDD(f)-6-311++G(2d,p)
level with SMD solvation model (1,4-dioxane); see the Supplementary Information for data
with acetic acid. Product conversions and corresponding reaction conditions A and B are
based on the high-throughput heterocycle screen (Figure 4). Each data point represents a
specific heterocycle fragment from Figure 4.
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Figure 7.
1H NMR binding values of heterocycles to Pd(OAc), vs. product conversion (%) observed

in reaction A (@) and reaction B (b). Binding values were determined by quantitating
disappearance of parent ligand by H NMR with 1:1 ligand/Pd(OAc),. Product conversions
and corresponding reaction conditions A and B are based on the high-throughput
heterocycle screen (Figure 4). Each data point represents a specific heterocycle fragment
from Figure 4.
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