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® Urea-Substituted Tetramethylcyclopentadienyl Ligands for

Supramolecularly Accelerated Rh"-Catalyzed ortho-C—H
Olefination of Benzoic Acid Derivatives

David Maurer and Bernhard Breit*®!

Abstract: The design and synthesis of air-stable and con-
veniently crystallizable Rh"-cyclopentadienyl catalysts sub-
stituted with a urea moiety, which are able to accelerate
the C—H olefination of benzoic acid derivatives, is report-
ed. Through kinetic studies and NMR titration experi-
ments, the catalysts’ substrate recognition ability mediat-
ed by hydrogen bonding was identified to be the reason
for this effect. Introduction of pyridone-phosphine ligands
capable of forming additional H-bond interactions in-
creased the catalytic performance even further. By unveil-
ing a proportionality between reaction rate and relative
complex formation enthalpy the hypothesis of a supra-
molecular catalyst preformation was supported. Its appli-
cation to a variety of substrates proved the catalyst sys-
tem’s advantages, generally increasing the yields when
compared to the results obtained with widely used
\[Rth*CIz]z.

/

Nature provides a sheer endless number of examples of cata-
lytic reactions accelerated by enzymes able to recognize their
respective substrates with the help of non-covalent interac-
tions such as hydrogen bonds, electrostatic interactions, or -
stacking."? Inspired chemists have been able to benefit from
this toolbox by designing artificial enzymes featuring biomim-
etic catalytic properties for several decades.”* Recent publica-
tions have successfully demonstrated that similar concepts can
also be applied to transition metal-catalyzed C—H activation:
bipyridine ligands designed for iridium-catalyzed C—H boryla-
tion of aromatic substrates have been studied intensively and
have provided access to regioselective meta-"¢ para-"" and
ortho-functionalization®® (Figure 1a). Our own group’s efforts
to develop supramolecular catalyst systems have been focused
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on reactions catalyzed by rhodium. Early examples include a li-
brary of monodentate phosphine ligands functioning as biden-
tate ligands through self-assembly via hydrogen bonding® or
a regioselective hydroformylation of o,3-unsaturated carboxylic
acids, which was achieved using phosphine ligands bearing an
acyl-guanidine moiety as the substrate recognition group.'”
Intrigued by the results obtained using side chain-functional-
ized cyclopentadienyl rhodium catalysts (examples: Figure 1b)
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Figure 1. a) Examples of previous work on Ir-catalyzed C—H borylation in-
volving H-bond interactions. b) Selection of previous examples of functional-
ized RhCp* catalysts. c) Rh-catalyzed C—H activation accelerated by H-bond
interactions between substrate and catalyst system.
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in C—H functionalization chemistry,""'? we were eager to in-
vestigate if this class of catalysts could be derivatized to in-
clude a substrate recognition group capable of establishing a
secondary interaction strong enough to have a significant
effect on rhodium-catalyzed C—H activation. To the best of our
knowledge, only iridium-catalyzed borylation reactions have
been successfully improved through this kind of supramolec-
ular approach so far.'¥

The synthesis of a Rh"Cp*-dimer bearing a pendant primary
amine group being reported in ref. [14], we chose a urea resi-
due as a conveniently accessible recognition group that would
serve as a hydrogen bond-donor towards an appropriate sub-
strate. Conceivably, the addition of a 6-DPPon [6-(diphenyl-
phosphaneyl)pyridin-2(1H)-one] ligand derivative to the result-
ing catalyst dimers would not only result in a significantly
greater catalyst variability, but also introduce an additional
flexible H-bond donor/acceptor system due to its versatile 2-
pyridone residue.

In order to evaluate our catalysts’ performance, we chose
the well-established Rh"-catalyzed C—H olefination of benzoic
acid derivatives 1 as our benchmark reaction, leading to lac-
tones 2 via subsequent Michael addition."*% Hypothetically, a
supramolecular preorganization between catalyst and sub-
strate might lead to an intermediate stabilized by hydrogen
bonds between the carboxylic acid and both the urea- and the
2-pyridone moiety (Figure 1c¢).

In an initial unpublished study, we had identified Rh"-dimer
3 bearing a 3,5-bis(trifluoromethyl)phenyl residue as a potent
catalyst for the ortho-C—H olefination of 1-naphthoic acid (for
condition screening: see Supporting Information, Tables S5-
S7). Catalyst derivatives bearing diverse other alkyl- or aryl-sub-
stituents at the urea moiety had proven to be less efficient in
this transformation. We therefore decided to lead our investi-
gation on the effects of 6-DPPon ligand derivatives starting
from compound 3. Introduction of all shown phosphine Ili-
gands led to air and temperature stable Rh"-monomers
(Figure 2), which could be conveniently purified by recrystal-
lization and which we were able to further characterize by
means of X-ray crystallography.

To our delight, crystallographic analysis of monomers 4b
and 4c confirmed our catalyst’s capability of forming intermo-
lecular H-bonds: in crystalline solid state two monomers were
found to form dimers via H-bonding between their urea-moie-
ties and the 2-pyridone’s carbonyl group (Figure 3). Further-
more, we were able to confirm dimer aggregation of com-
plex 4b via H-bonding interactions in solution by a '"H NMR di-
lution experiment (see Supporting Information, Figure S5).
Contrarily, no such interactions were observed in the crystal
structure of 3,5-bis(trifluoromethyl)phenyl derivative 4d, pre-
sumably for steric reasons. Methylation of the hydroxypyridine
moiety’s oxygen atom leading to control derivative 4e obvi-
ously also interfered with the catalyst’s ability to form intermo-
lecular hydrogen bonds resulting in a lack of dimerization in its
crystal structure (see Supporting Information for CIF-files and
render images).

In order to evaluate our catalyst’s performance in C—H acti-
vation, we chose to analyze the aforementioned Rh"-catalyzed
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Figure 2. Overview of urea-substituted Rh"Cp*-catalysts presented in this
work.

Figure 3. X-ray structure of ligand 4b showing dimerization via H-bonding
between urea and 2-pyridone moieties [d(NH--O)=2.00 and 2.21 Al. Carbon-
bound H-atoms and solvent molecules were omitted for clarity.

ortho-C—H olefination kinetically. 1-Naphthoic acid 1a was
chosen as the model substrate to simplify the process because
neither bis-functionalized product nor regioisomers were to be
expected. The primarily formed olefin product was observed
to be at nearly constant concentration over time. Expecting
the subsequent Michael addition leading to lactone 2a to be
significantly faster than the initial C—H-functionalization reac-
tion, we decided to assume the olefin’s concentration to be
quasi-stationary. In consideration of the constant excess of
ethyl acrylate during the reaction, we chose to calculate a
pseudo-first order rate constant with respect to the concentra-
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tion of 1-naphthoic acid 1a (see Supporting Information for
experimental details). As a result of our experiment, we were
able to observe an acceleration of about 50% when compar-
ing catalyst dimer 3 to commercially available [RhCp*Cl,],. To
our delight, the monomers deriving from 6-DPPon (4b) and 3-
DPICon  [3-(diphenylphosphaneyl)isoquinolin-1(2H)-one, 4c]
performed even more efficiently, showing an increase of the
relative rate constant by a factor of 2.2 and 1.8, respectively. A
variation of the phosphine ligand’s aryl substituents from
phenyl to 3,5-bis(trifluoromethyl)phenyl (4d) led to a less sig-
nificant acceleration (k=1.3). On the other hand, using tri-
phenylphosphine monomer 4a as the catalyst, a reaction rate
comparable to the parent compound [RhCp*Cl,], was observed
(Figure 4a). We therefore hypothesized a cooperative effect in-
cluding not only a non-covalent interaction between the cata-
lyst’'s urea moiety and the substrate but also involving the
phosphine ligand’s 2-pyridone residue. Variable-temperature
'H NMR experiments of catalyst 4b in the presence of 1-naph-
thoic acid 1a confirmed the presence of H-bonding interac-
tions at the reaction temperature (see Supporting Information,
Figure S6).

In an attempt to justify our assumption, we conducted sev-
eral control experiments (Figure 4b). Catalyst monomer 4e,

being similar to catalyst 4b with the exception of its hydroxy-
pyridine moiety being O-methylated, performed significantly
worse (k= 1.2) than its free 2-pyridone analogue. We there-
fore concluded that the 2-pyridone’s nitrogen-H-bond donor
functionality might play a key role in the catalyst’s activity. Fur-
thermore, we were able to rule out the possibility of the reac-
tion simply being accelerated by the presence of a free urea or
phosphine ligand: while the reaction rate was not affected by
the presence of urea 5a (10 mol%), the reaction was even
slowed down when either triphenyl phosphine (10 mol %, k.=
0.4) or 6-DPPon 5b (10 mol %, k.= 0.8) were used in combina-
tion with [RhCp*Cl],.

In order to support our hypothesis of the reaction being ac-
celerated by a supramolecular catalyst pre-assembly involving
the substrate’s carboxylic acid function as well as the catalyst’s
urea and presumably 2-pyridone moieties, we performed a
series of "H NMR titration experiments.?"! An increase of sub-
strate (1-naphthoic acid 1a) concentration relative to a con-
stant concentration of each given catalyst resulted in a signifi-
cant downfield shift of the respective urea residue’s nitrogen-
bound proton signals (Figure 5a). The data thereby obtained
was analyzed using the platform http://supramolecular.org
provided by Hibbert and Thordarson (see Supporting Informa-
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Figure 4. a) Kinetic evaluation of the ortho-C—H olefination of 1-naphthoic acid 1a catalyzed by the Rh"-complexes presented in this work; graphical repre-
sentation of the substrate’s conversion to lactone 2a plotted against the reaction time. b) Control experiments. c) Rate constants (k) were calculated assuming
the primarily formed olefin’s concentration to be quasi-stationary; rate constants (k) relative to the parent compound [RhCp*Cl,], are given for facilitated
comparability.
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Figure 5. a) "H NMR shifts of catalyst 3’s urea NH-signals relative to the
equivalents of 1-naphthoic acid (1a, substrate) added via titration.

b) "H NMR data (urea NH-signals) obtained from titration of catalyst 3 with
1-naphthoic acid 1a fitted for a guest/host stoichiometry of 1:1. c) Relative
Gibbs energies of complex formation (AG,.) and average complex associa-
tion constants (K) between each catalyst and 1-naphthoic acid 1a resulting
from NMR titration experiments.

tion for further details).”” Figure 5 illustrates this process on
the example of a solution of catalyst dimer 3 (0.0025wm) to
which increasing amounts of 1-naphthoic acid (0 to 50 equiv.)
were added. The experimentally obtained NMR shifts (triplet:
orange diamonds, singlet: blue triangles, Figure 5b) were
fitted assuming a 1:1 catalyst to substrate ratio for the newly
formed complex, thereby giving access to an association con-
stant. Similar experiments were conducted at least twice for
each catalyst shown in Figure 2. Relative Gibbs energies of
complex formation were calculated from the resulting average
binding constants defining the lowest value obtained for tri-
phenyl phosphine derivative 4a as a reference. (Figure 5¢, de-
tails in Supporting Information, Tables S3-54). The highest
value of 8.4 kJmol™' was obtained for catalyst 4b, whereas sig-
nificantly lower relative free binding energies were found for
its O-methylated analogue 4e (0.2 kJmol™"). These findings
seem to indicate that the presence of a 6-DPPon ligand deriva-
tive effectively strengthens the substrate recognition via the
catalysts’ urea moieties, thereby further supporting our hy-
pothesis of a cooperative effect.

Intriguingly, when plotting the aforementioned relative free
binding energies (Figure 5) against the rate constants resulting
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from our kinetic evaluations (Figure 4), an approximately linear
relationship can be observed (Figure 6a). In conclusion to the
observations described so far, we propose that a non-covalent
stabilization of the reaction intermediates seems to be induced
by H-bonding interactions involving the catalyst’s urea residue
and the substrate’s carboxylic acid moiety. The presence of a
6-DPPon ligand derivative seems to strengthen this supra-
molecular assembly. This cooperative effect might lower activa-
tion barriers during the catalytic cycle, thereby accelerating the
reaction rate of the studied C—H functionalization. A hypotheti-
cal intermediary ortho-metalated species is shown in Figure 6b,
demonstrating a supramolecular mode of stabilization in
agreement with our initial hypothesis: two H-bonds might be
formed between the urea residue’s nitrogen-bound hydrogen
atoms and the carboxylic acid, while a third H-bond to the 2-
pyridone’s N—H group is conceivable.

Having identified Rh"-species 4b as the most potent of our
catalysts, we decided to explore its activity towards a broader
substrate scope. In order to demonstrate its advantages, each
catalytic transformation was also performed using commercial-
ly available [RhCp*Cl,], and the dimeric derivative 3. The
model reaction of 1-naphthoic acid with several activated ole-
fins showed a clear tendency in favor of 6-DPPon-monomer
4b: in all examined examples, product yields increased signifi-
cantly when the reaction was carried out using catalyst 4b.
While in most cases an increase of about 20-30% was ob-
served, the yield could be doubled when using sterically more
demanding tert-butyl acrylate as the olefin (Table 1).

Aiming to explore functional group tolerance and the effect
of different substituents on the catalysts’ activity, we subjected
a variety of aromatic substrates to our initial reaction condi-
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Figure 6. a) Relative Gibbs free energies (AG,) resulting from complex for-
mation between catalyst and substrate plotted against the rate constants (k)
obtained for ortho-C—H functionalization of 1-naphthoic acid 1a catalyzed
by the respective Rh"-species. b) Proposed structure of ortho-metalated ben-
zoic acid stabilized by H-bonding (dotted lines) to the catalyst’s urea and 2-
pyridone residues via its carboxylic acid function, geometrically optimized
by DFT calculations (BP86/def2-SVP).
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tions, comparing again the yields obtained with catalyst 4b to  affected by the increased performance of our catalyst systems,
those resulting from dimer 3 and [RhCp*Cl,],. In the case of  showing only slight yield improvements. In stark contrast, pro-
electron-donating groups such as methyl- (2i) or methoxy-sub-  duct 2h, bearing a trifluoromethyl-group commonly found in
stituents (2j), ortho-functionalized substrates proved to be less  bio-active compounds, was obtained in 65% yield with cata-

Table 1. Olefin scope of ortho-C—H functionalization of 1-naphthoic acid (1a) comparing the yields resulting from catalysts 3 and 4b to [RhCp*Cl,],.”!

activated olefin (3 equiv.), o
OO Cu(CO,CFs), (1 equiv.), o

KOACc (1 equiv.), EWG
OO Rh(lll) catalyst (10 mol%), OO
AgSbFg (20 mol%)
toluene (0.05 M), 90 °C, 16 h
Catalyst Yield [%]
0, 0, 0, 0, o}
©§\/CO;E( O coMe (ﬁqcozgn O couBu Y0 N
N NN N
; o se ;
2a 2b 2c 2d 2e
4b 91 93 83 81 50
3 85 69 73 79 47
[RhCp*Cl,], 69 66 68 40 39

[a] All reactions were performed at a 0.1 mmol scale. All yields were determined by 'H NMR analysis of the crude reaction mixture relative to 1,3,5-trimeth-
oxybenzene as the internal standard.

Table 2. Aryl carboxylic acid derivative scope of ortho-C—H functionalization with ethyl acrylate comparing the yields resulting from catalysts 3 and 4b to
[RhCp*Cl,],.™

ethyl acrylate (3 equiv.), o

Ox-OH Cu(CO,CF3), (1 equiv.), N 5 o
KOAc (1 equiv.), COFEL e COEt
b~
R Rh(lll) catalyst (10 mol%), R R

AgSbFg (20 mol%)
toluene (0.05 M), 90 or 120 °C, 16 h

Catalyst Yield [%]
O, e} O, e} O,
{0} lo} Q Q Q
B0, /7: CO,Et . I\ CO,Et Fe CO,Et we_L_ CO,Et Veo CO,Et
[ [ @
2f 2g 2h 2i 2j
4b 47; 52 78 65 89" 82"
3 41; 49% 77 60 86" 75"
[RhCp*Cl,], 36; 34" 75 n 84! 70"
O, 0, O, 0,
O cost Q oot Q  coskt Q  Cost % o co.E
F. Et0,C._~ EtO,C._~ BOZCV/\&\/ ,Et
F Me NH; OH Br
2k 21 2m 2n 20
4b 70 38; 30" 38 54; 40 66'"; 27
3 69 12; 39" 38 40; 38 63'; 18
[RhCp*Cl,l, 67 13; 29" 30 43;27 46'; 12
CO,Et
o o CO,Et e
Q  Cokt Q  cost o Y ~
Et0,C._~ J o r} N
OMe H |
EtO,C CO,Ft
2p 2q 2r 2s
4b 701; 21® 30 49'9; 24 77; 8
3 49'9; 30" 22 47'9; 22 76;6
[RhCp*Cl,], 359; 330 14 209; 14 59; <5

[a] All reactions were performed at a 0.1 mmol scale and at 120°C if not mentioned otherwise. All yields were determined by 'H NMR analysis of the crude
reaction mixture relative to 1,3,5-trimethoxybenzene as the internal standard (first value: yields of mono-functionalized products; second value: yields of
bis-functionalized products). [b] Reactions were performed at 90 °C. [c] Combined yield of two regioisomers.
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lyst 4b (60% with catalyst 3), while only 11% yield were ob-
served when using the commercially available catalyst. As for
halogen atoms in ortho-position, only fluorine (2g) was tolerat-
ed under the reaction conditions; chlorine and bromine were
substituted leading to products identical to those derived from
unsubstituted benzoic acid (2 f). Substituents in para-position
were generally tolerated, resulting in mixtures of mono- and
bis-functionalized products. While the yields increased only
slightly for the para-amino (2m) and para-hydroxy (2n) substi-
tuted derivatives, a much more significant effect was observed
for para-methylated product 2l. We therefore presume that
the presence of other H-bond donors than the substrate’s car-
boxylic acid moiety obstructs the non-covalent interactions re-
sponsible for our catalyst system’s advantages. Contrarily to
the ortho-analogue, bromine was well tolerated as a substitu-
ent in meta-position (20). Significantly higher total yields were
obtained for meta-methoxy derivative 2p using catalyst 4b
(91%) and 3 (79 %) compared to [RhCp*Cl,], (68 %).

A major improvement was also observed for indole-carboxyl-
ic acid derivatives 2q and 2r, as Rh"-monomer 4b approxi-
mately doubled the total yields relative to the commercially
available catalyst. N-Methylbenzamide (leading to products 25s)
proved to be a viable substrate as well, demonstrating that di-
recting groups other than carboxylic acid interact with our cat-
alyst system in a presumably similar fashion (Table 2).

In summary, we report that Rh"Cp* complexes substituted
with a urea-moiety are able to accelerate the ortho-C—H-olefin-
ation of carboxylic acid derivatives when compared to the
widely used [RhCp*Cl,],. The introduction of a 6-DPPon-type
ligand to the system improves the catalyst’s efficiency even
further, resulting in significantly increased yields for less reac-
tive substrates. We were able to demonstrate that a non-cova-
lent secondary interaction between the substrate’s carboxylic
acid function and the catalyst’s urea residue is responsible for
the enhanced performance, revealing a proportionality be-
tween the reaction rate and the Gibbs free energy of complex
formation between substrate and catalyst. The catalyst sys-
tem’s applicability to other substrates and different chemical
transformations is currently under investigation.
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