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ABSTRACT:

The development of an operationally simple C—H oxidation protocol using an acid-stable, bis(bipyridine)Ru catalyst

is described. Electronic differences remote to the site of C—H functionalization are found to affect product selectivity. Site selectivity
is further influenced by the choice of reaction solvent, with highest levels of 2° methylene oxidation favored in aqueous dichloroa-
cetic acid. A statistical model is detailed that correlates product selectivity outcomes with computational parameters describing the

relative ‘electron-richness’ of C—H bonds
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One of the central challenges of modern organic chemistry is the
selective functionalization of inert C—H bonds. Selective oxida-
tion of sp® C—H bonds has historically been accomplished using
stoichiometric reagents such as dioxiranes,’ hypervalent io-
dine reagents (IBX, etc.),'* or catalytic chromium-based oxi-
dants.’>® These reagents are generally selective for the oxida-
tion of tertiary (3°) or benzylic sites, whereas relatively unacti-
vated secondary (2°) and primary (1°) C—H bonds are typically
unreactive. Methyl(trifluoromethyl)dioxirane (TFDO) has been
demonstrated to oxidize unactivated 2° C—H bonds;> however,
reactions with TFDO require low temperatures and extended re-
action times to achieve respectable levels of site-selectivity (Fig-
ure 1). More recent advancements have enabled site-selective
functionalization of 2° sites with distal deactivating groups. Uti-
lization of first row transition metal complexes derived from
Fel”2> or Mn?6-3%, which generate electrophilic metal-oxo inter-
mediates, have enabled discrimination between electronically
differentiated 2° C—H bonds. A recent resurgence of interest in
electrochemical oxidation has demonstrated the power of this
technology for functionalizing aliphatic C—H bonds.3%3? Since the
effective redox mediators (quinuclidine) operate through elec-
tron deficient radicals, these methods are similarly selective for
‘electron-rich” C-H bonds, giving comparable reaction out-
comes to metal-oxo based technologies (Figure 1).

Our labs have reported that bis(bipyridine)Ru complexes
catalyze the selective oxidation of 3° C—H bonds distal to ammo-
nium salts with high positional selectivity.3®*3** Analogous to
other C—H oxidation methods, which proceed through high-va-
lent metal-oxo intermediates, selective oxidation of distal 2° C—
H bonds was shown to be achievable (a single example was
demonstrated) in substrates absent 3° or benzylic C—H bonds.
Literature precedent® as well as our own mechanistic studies of

this process revealed that oxidation likely proceeds by way of
Ru(V) or Ru(lV) oxo— or dioxo— intermediates.3® Several poten-
tial mechanisms for catalyst deactivation were also identified,
including oxidation of the dissociated bipyridine ligand to yield
the corresponding bipyridine N-oxide and dimerization of in-
terme-
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Figure 1: (A) Stoichiometric TFDO for selective remote 2° C—H oxi-
dation (B) Modern approach to undirected C-H oxidation (C) Aug-
menting the inherent site-selectivity of Ru catalyzed C—H oxidation
catalysts.

diate Ru species. These decomposition pathways are responsi-
ble for low catalyst turnover numbers (TONs), a problem that



plagues many other C—H oxidation methods and is likely a con-
sequence of the highly reactive intermediate species necessary
to achieve undirected C—H functionalization. The identity of the
ligand(s) therefore has a significant impact on catalyst lifetime
and turnover numbers (TONs).

Another common limitation in these methods is that site-
selectivity of oxidation predominantly relies on the intrinsic dif-
ferences in reactivity of C—H bonds within a given substrate.
Thus, two hypotheses were formulated with the goal of improv-
ing reaction performance in terms of both site-selectivity and
reactivity: 1) higher selectivity could be achieved by judicious
selection of remote functional groups, which are designed to
deactivate the proximal C—H bonds. 2) TONs could be enhanced
using catalysts bearing electron-rich bipyridine ligands, thereby
limiting undesired ligand loss from the high-valent Ru species.
Herein, we describe the successful implementation of these
ideas, which have resulted in the development of a Ru complex
capable of achieving selective 2° C—H bond oxidation with gen-
erally higher TONs.

Table 1: Probing Changes to Remote Electronic Effects.?
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In revisiting our earlier work with insights garnered through
our mechanistic studies, we found cis-[4,4’-MeO-bpyRu(l1)COs]
as a pre-catalyst in combination with cerium (IV) ammonium ni-
trate (CAN) as a stoichiometric chemical oxidant to be effective
for functionalization of the distal 2° C—H bond in substrate A (Ta-
ble 1). However, as is observed with other C—H oxidation meth-
ods, only a modest selectivity of 2.8:1 was obtained between
the C3 and C4 positions of pentylbenzoate (entry 1). To further
probe how distal electronic effects influence regioselectivity,
the identity of the remote functional group was varied wherein

a more electron-withdrawing protecting group was found to im-
prove selectivity for the C4 product (Table 1 entries 2-4). Nota-
bly, selectivity for the 4-position was improved from 2.8:1 to
4.3:1 in switching from the benzoate (Bz) to 4—nitrobenzoate
(4-NBz) group. Considering that bis(bipyridine)Ru complexes
are stable under highly acidic conditions, we hypothesized that
a Brgnsted acid could be used to further deactivate C—H bonds
in close proximity to Lewis basic electron-withdrawing groups
(EWGs). Ultimately, we discovered that changing from acetic
acid to a more acidic solvent such as dichloroacetic acid (DCAA,
pKa. = 1.4)%, with water as a co-solvent, led to improvement in
site-selectivity (entry 5). The more acidic trifluoroacetic acid
(TFA) proved ineffective likely due to the insolubility of CAN un-
der these conditions. Several other potential acidic solvents
were found to be reactive with the Ru complex (e.g., formic
acid) (See Supporting information for details). The cooperative
effect of having an electron-withdrawing functional group in the
presence of a strong Brgnsted acid was found to markedly im-
prove site-selectivity from ~3:1 to 8:1 (entry 6). Further deacti-
vation of proximal C—H bonds was accomplished using 3,5-dini-
trobenzoyl (DNBz) as a protecting group, improving site-selec-
tivity to 9.2:1 (entry 7).

Our results with substrate A extend to other esters (entries
9-12). Typically, 3° C—H bonds are more prone to oxidation as
evidenced by entry 9 in which 3° C—H oxidation (C2) is slightly
favored regardless of the ester group. However, the combina-
tion of 4-nitrobenzoate and DCAA cosolvent led to a reversal of
site selectivity (entry 12). The need for a longer reaction time (6
vs 2h) with this starting material is consistent with the strong
deactivating effect that DCAA imparts on all C—H bonds in the

substrate.
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Figure 2: Comparison of L1 and L2, and the synthetic route to L2. 2
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As a final improvement to this method, we sought to iden-
tify a substituted bipyridine ligand that would enable lower cat-
alyst loadings. Since high TONs are often difficult to attain for



highly reactive C—H oxidation catalysts, high loadings of catalyst
are often utilized. We hypothesized that more electron rich bi-
pyridine ligands would extend catalyst lifetimes, as stronger o-
donation would disfavor ligand dissociation from high-valent Ru
intermediates where ligand loss is likely to occur.3® Reports of
multi-substituted bipyridines are sparse in the literature and
thus synthesis of 4 and 5 substituted bipyridines remains chal-
lenging. Accordingly, we developed a new synthetic route to

substituted bipyridine ligands, enabled by recent disclosures by
McNally and coworkers (Figure 2).383° This chemistry provided
access to L2 in only three steps from commercial materials. Us-
ing this new ligand, the bis(bipyridine),RuCOs3 loading could be
reduced to 2.5 mol% 2 without significant loss of product yield,
albeit with moderately reduced regioselectivity, when com-
pared to 5 mol%
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Figure 3: MLR model relating (Eoc-ndist - Ec c-Hprox)®" Of various ester containing substrates, with the observed site-selectivity (ex-
pressed as AAG*). The pK, of the acid solvent used in the reaction (AcOH or DCAA) functions as a binary classification parameter.

Selectivity was obtained via analysis of crude 'H NMR spectra.

RuL,COs5 using L1. While it is currently not clear how L2 improves
TONs, it is plausible that a slightly more electron rich bipyridine
ligands could prevent loss of ligand in situ or promote oxidation
to the higher Ru-oxidation states. Alternatively, it is feasible that
the added steric bulk at the 5-position could disfavor formation
of a crowded catalyst dimer.

To better understand the origin of selectivity in this Ru-cat-
alyzed oxidation reaction, we pursued the development of sta-
tistical models that correlate site-selectivity to computationally
(or experimentally) derived descriptors.?? Developing a more ro-
bust understanding of how substrate and reaction conditions
conspire to bias site selectivity could allow for more quantitative
prediction of reaction outcomes.’®*! While it has been sug-
gested that electron-rich C—H bonds are often preferentially ox-
idized, it can be difficult to predict which C—H bonds qualify as
such.?®?2 A modest set of primarily ester-containing substrates
was synthesized to examine how different substrate structural
changes impact selectivity (Figure 3). As these substrates have
a somewhat large degree of conformational flexibility, confor-
mational analysis of all of the substrates shown in Figure 2 was
carried out using the OPLS3e forcefield in Macromodel,*?3 us-
ing a 2.5 kcal/mol energy cutoff. The computed conformers
were then optimized using DFT at the B3LYP/6-31+G(d,p) level
of theory with single points taken at M06-2X/def2-TZVP.444>
Various substrate parameters were collected, and multivariate
linear regression (MLR) analysis was performed using a forward

stepwise linear regression algorithm.*! A statistical model com-
prised of two terms was identified, which showed good correla-
tion with the experimental data (R?=0.94). A single term describ-
ing substrate electronic properties was necessary. The differ-
ence in energies of the 0-C—H bonding orbitals (E,c-4°"%) at the
two competing sites of oxidation was found to have the strong-
est correlation with the observed site selectivity. Additionally,
the other important parameter, pK, of the co-solvent, was used
as a binary classifier. Essentially, this parameter provides a
means to unite the two data sets into a single predictive corre-
lation. However, it does not necessarily allow for extrapolation
to include other carboxylic acid solvents or conditions (See Sup-
porting Information). It was found to be crucial to capture the
conformational effects on relative C—H bond energy through
Boltzmann averaging of the property from the representative
set of conformers. Effectively, Ec_n allows for quantification of
the relative ‘electron-richness’ of a given C—H bond.

The utility of our statistical method was evaluated against a
number of structurally disparate substrates. We elected to eval-
uate the majority of the substrate scope utilizing [4,4’-MeO-
bpyRu(Il)COs] as the ligand is accessed commercially. As de-
picted in Table 2, selective 2° C—H oxidation occurs in moderate
to high yields. In most cases, the mass balance consisted of re-
maining starting material. Varying the identity of the electron-
withdrawing group (EWG) has a profound effect on regioselec-
tivity (2a=2g). The ratio observed in the formation of 2h high-
lights that the difference in Esc_n affected by EWGs is diminished



drastically by increased chain length when compared with 2a.
Reactions with substrates containing extended chains (2i) dis-
play improved 2°:3° selectivity; highlighting the increased reac-
tivity of 2° sites located more distal to EWGs. This conclusion is
further evidenced by the increased reaction times necessary for
strongly deactivated substrates under the DCAA conditions (2j).
Nitrile and malononitrile groups are among the most deactivat-
ing, as the corresponding substrates were oxidized selectively at

Table 2: Scope of Ru Catalyzed 2° C—H Bond Oxidation.?
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Throughout the course of our studies, we recognized that
not all reactions benefit from using DCAA as co-solvent. Gener-
ally, for reactions with strongly deactivated substrates, which
tend to give a single oxidation product, the use of DCAA was not

necessary. In addition, substrates that lack sufficiently Lewis
basic functional groups show little improvement under DCAA
conditions (2r and 2s). In these cases, the use of AcOH/H,0 as
solvent was found to give similar or better yields to the DCAA



conditions. Finally, as previously demonstrated by our labs and
others,333* oxidatively labile amines can be protected through
in situ protonation while simultaneously deactivating nearby C—
H bonds. In these cases, a strong acid such as triflic acid (TfOH)
was used to prevent unwanted amine oxidation products (2aa-
2ae).

After evaluating a wider array of substrates (including ester
substrates from Figure 3 and substrates in Table 2), the correla-
tion of the data with our multivariate model, (Eoc-ndist - Eo c-
norox) 29 is less clear (Figure 4). We hypothesized that H-bond-
ing interactions between substrate and solvent underlie the dis-
parate influence of both functional group and solvent acidity on
site selectivity, and thus reasoned that it would be important to
describe this feature in our model. For example, halogenated
substrates 2r and 2s (Table 2) have comparatively weak H-bond
acceptor capability relative to more Lewis basic substrates such
as esters or nitriles. Ultimately, we found that model functional
groups could be used to simulate H-bonding interactions be-
tween the substrate and the respective acid solvent at the M06-
2X/def2-TZVP level of theory with the SMD solvation model for
acetic acid.* Additionally, incorporating a parameter that de-
scribes the number of bonds between the EWG and the minor
oxidation site provided a better fit for our model (Locationminor);
this parameter describes the reduction in the ability of the EWG
and H-bonding interactions to deactivate C—H bonds that are
located multiple bonds away. Altogether a three-parameter
model was obtained (R? = 0.85), which demonstrates that (Esc-
hdist - E c—Hprox) ' @s the most important component for deter-
mining selectivity. Interestingly, we found that the selectivity of
amine substrates is not well described by this model, presuma-
bly due to the fact that amines undergo complete protonation
under the reaction conditions rather than engaging in H-bond-
ing interactions.

AE;,¢. = interaction energy between H-bond acceptor
model and H-bond donor acid

s
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Figure 4: MLR model relating substrates parameters with the ob-
served site-selectivity of oxidation. Selectivity was obtained via
analysis of crude IH NMR spectra prior to isolation.

In summary, we have developed an operationally simple
protocol for the direct oxidation of 2° C—H bonds catalyzed by a
Ru-catalyst. We have demonstrated that judicious selection of
protecting group for alcohols enhances product selectivity. A
strongly acidic reaction medium, which results in strong H-
bonding between substrate and solvent, further boosts site-se-
lectivity. Evaluating the properties of the substrate (H-bonding
capability, number of potential oxidation sites, etc.) is necessary
prior to selecting reaction/solvent conditions. A statistical
model to gain insight into factors controlling product distribu-
tions highlights that differences in C—H bond energies (Esc-n)
serve as a useful predictor of site selectivity. Finally, we have
demonstrated that relatively minor changes to ligand structure
can provide more efficient catalysis.
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