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ABSTRACT: This manuscript describes a mild, functional group tolerant, and metal-free C-H carboxylation that enables direct
access to azole-2-carboxylic acids, followed by amide couplings in one pot. This sequence accesses a large variety of azole-2-amides,
demonstrating the significant expansion of the accessible chemical space, as compared to previously known methodologies. Key to
the described reactivity is the use of silyl triflate reagents, which serve as reaction mediators in C-H deprotonation and stabilizers of
(otherwise unstable) azole carboxylic acid intermediates. A diverse azole substrate scope designed via machine learning-guided anal-
ysis demonstrates the broad utility of the sequence. DFT calculations provide insights into the role of silyl triflates in the reaction
mechanism. Transferrable applications of the protocol are successfully established: (i) A low pressure (CO: balloon) option for syn-
thesizing azole-2-carboxylic acids without the need for high-pressure equipment; (ii) the use of *3CO; for the synthesis of labeled
compounds; and (iii) isocyanates as alternative electrophiles for direct C-H amidation. Fundamentally, the reported protocol expands
the use of heterocycle C-H functionalization from late-stage functionalization applications towards its use in library synthesis. It
provides general access to densely functionalized azole-2-carboxylic acid building blocks and demonstrates their one-pot use in di-
versifying amide couplings.

INTRODUCTION

C-H functionalization in drug development allows the use of
unfunctionalized building blocks, enabling atom economical
access to drug intermediates and active pharmaceutical ingredi-
ents (APIs).! With the prevalence of heterocyclic structures in
biologically active compounds,? direct C-H functionalizations
of heterocycles are of particular interest. However, as many bi-
oactive heterocycles contain basic nitrogens, the formation of
stable metal/heterocycle coordination complexes can inhibit
metal catalysis; thus, establishing metal-catalyzed C-H func-
tionalizations with broad functional group tolerance is often
challenging.® Similarly, C-H functionalizations via deprotona-
tion pathways applying strong bases and/or high reaction tem-
peratures exhibit limited functional group tolerance due to forc-
ing conditions.*> As a result, advancing the mild and functional
group tolerant C-H functionalizations of azoles®® remains an

This difference in commercial availability is likely due to the
limited stability of azole carboxylic acids, which suffer from
decomposition via decarboxylation (the microscopic reverse of
C-H carboxylation).'!? This issue could be addressed by devel-
oping mild and functional group tolerant conditions for C-H
carboxylation, followed by in-situ amide bond formation or
similar other functionalizations that produce stable compounds
of interest.
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Azole-2-carboxylic acids are useful building blocks that can in
principle be accessed via the C-H carboxylation of azoles;!*!!
amide couplings of such acids are a relatively straightforward
way to access a vast array of desired chemical structures. How-
ever, only limited numbers of azole-2-carboxylic acids are com-
mercially available, as illustrated in Scheme 1.!2 In contrast, the
number of available azole parent compounds that could serve
as substrates to access azole-2-carboxylic acids via C-H carbox-
ylation is vast.
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Scheme 1. Comparison of commercial availability of azole-
H vs. azole-COzH building blocks.

Direct C-H carboxylations of 1,3-azoles have been reported
previously (Scheme 2) in the presence of strong bases as addi-
tives. However, due to the above mentioned instability of azole
carboxylic acids and the corresponding isolation challenges, the



obtained azole-2-carboxylic acids are most often reacted to ob-
tain isolable esters.!®!! Nevertheless, the combination of strong
bases and/or high reaction temperatures limit the overall chem-
ical space of azole-H scaffolds that can be employed under the
reported conditions, thus not leveraging the full potential of az-
ole C-H carboxylations. Therefore, we set out to establish azole
C-H carboxylations under mild reaction conditions, to ulti-
mately access a larger portion of the chemical space through
expanding the use of amenable azole building blocks.
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Scheme 2. Reported C-H carboxylations of azoles and work
described herein. FGs = functional groups.

RESULTS AND DISCUSSION

We initially postulated that a recently reported, silyl-triflate me-
diated strategy for azole C-H aminoalkylation (Scheme 3)#
may be transferrable to using CO: as electrophile. Since this
strategy employs mild reaction conditions and bases, such a
strategy could enable equally mild and functional group tolerant
C-H carboxylations, allowing access of a broad range of azole
carboxylic acids as building blocks.
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Scheme 3. Inspiration for mild C-H carboxylation: Silyl-tri-
flate mediated C-H aminoalkylation.

HTE reaction optimization for C-H carboxylation. We be-
gan our investigations into establishing C-H carboxylations
with a series of high-throughput experiments in which the ef-
fects of solvent, silyl triflate, base, CO2 pressures, and reaction
temperature were evaluated (for details, see the SI). Benzothia-
zole (1) was chosen as substrate for this campaign, as the prod-
uct of C-H carboxylation (2) is commercially available; thus,
the identity of the product can be unequivocally confirmed by
comparison with the original material.

Excitingly, formation of the desired product 2 was observed in
many of these experiments. Key results are shown in Scheme 4:

(i) Successful reactions contain both the amine base (‘Pr.NEt)
and a silyl triflate. (ii) A significant solvent dependence is ob-
served, with ethereal solvents showing better reactivity. Among
ethereal solvents, 1,2-dimethoxyethane (DME) is superior. (iii)
TES-OTf results in slightly better reactivity than TBS-OTf or
TMS-OTf, with TIPS-OTf being the least effective silyl triflate
tested.

4.0 - 6.0 equiv R3SiOTf
base

N 450 psi CO: N O
> o —
s solvent [0.5 M], 24 h, 50 °C S OH

1 2
TMSOTf TESOTf TIPSOTf TBSOTf
None |__[equiv] [equiv] [equiv] [equiv]
4 6 4 6 4 6 4 6
DME 0 60 49 65 71 13 9 42 45
2-MeTHF 0 21 23 19 17 1 2 10 13
1,4-Dioxane| 0O 20 19 9 11 3 1 34 35
Toluene 0 26 22 11 15 7 6 2 2
MeCN 0 0 0 0 0 0 0 0
DMF 0 0 0 0 0 0 0 0 0
DCE 0 6 4 25 27 2 2 13 10
DMSO 0 0 6 0 0 0 2 1 2
None 2 equiv 'Pra2NEt

Scheme 4. Selected HTE (high throughput experimentation)
optimizations I: Influence of solvent, RsSiOTf identity, and
R3SiOTf loading on product yield. Yields are color coded and
shown as LCAP (Liquid Chromatography Area Percent) values.
TMS = MesSi; TES = EtsSi; TIPS = 'PrsSi; TBS = 'BuMe:Si.

In a next step, we decided to further evaluate the loadings of the
three successful silyl triflates, while also testing the influence
of another bulky amine base, NMeCy: in addition to 'Pr.NEt
(Scheme 5) at slightly lower CO2 pressure (350 psi). Under
these conditions, reactions with TMSOTf and TBSOTT perform
well even at low silyl triflate loadings in the presence of 2 equiv
of either NMeCy: or 'ProNEt as base. Reactions with TESOTf
show their highest performance (94 LCAP product) at 6 equiv
TESOTf and 2 equiv MeNCy..

In a next step, the concentration dependence (0.05 M to 2.0 M)
of the reaction performance was evaluated (Scheme 6) using
four high-yielding conditions identified previously (2 equiv
TMSOTf/1.0 equiv 'Pr.NEt; 5.0 equiv TESOTf/2.0 equiv
iPr.NEt; 5.0 equiv TESOTf/2.0 equiv MeNCy-; and 2.0 equiv
TBSOTf/2.0 equiv 'Pr:NEt). The results show that only one si-
lyl triflate (TESOTf) shows significant reactivity across all
tested concentrations. Notably, this is true regardless of the
amine base used (84 LCAP with Pr.NEt; 92 LCAP with
NMeCy: at 0.50 M). In contrast, TMSOTT/ ‘Pr.NEt generally
shows lower reactivity, while TBSOTf/ 'Pr.NEt only shows
high reactivity under very dilute conditions (0.05 M). This sug-
gests that TESOTT is the most reliable silyl triflate reagent for
this transformation.
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Scheme 5. Selected HTE optimizations I1: Influence of base
and silyl triflate. Data are shown as LCAP of product 2.
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Scheme 6. Selected HTE optimizations I11: Concentration
study. Data are shown as LCAP of product 2.

We suspected that the stability of the formed carboxylic acid (2)
product could vary with the different reagent combinations used
in screening. To test this hypothesis, the reaction mixtures ob-
tained from the screen at 0.5 M (Scheme 6) were stored in the
glovebox in vials with overpressure seals and the composition
of the mixtures was monitored over time by UPLC (Scheme 7).
Clearly, the LCAP (LC area percent) of 2 diminishes for some
reagent mixtures, while no change is observed over >100 h for
other reagent combinations. These data document stability dif-
ferences that depend on the reagent combinations employed for
C-H carboxylation: Reaction mixtures containing TESOTf (5
equiv) were stable, while reaction mixtures with TBSOTf (2
equiv) or TMSOTT (2 equiv) showed significant decomposition
of 2. These findings imply a correlation between silyl triflate
loading and/or identity and azole-2-carboxylic acid stability.

These data and the literature!"* document that azole carboxylic
acids often suffer from decomposition via decarboxylation.
Nevertheless, accessing these intermediates in a functional
group tolerant fashion is still impactful, if the follow-up cou-
pling reactivity with other building blocks can be realized in a
one-pot fashion. Since amide couplings are one of the key reac-
tions in drug discovery that allow access to vast chemical
space,'> we decided to assess the feasibility of developing a C-H
carboxylation-amide coupling reaction sequence in one pot.

HTE reaction optimization for amide coupling. When surveying
literature conditions for amide couplings,'® the use of polar
aprotic solvents such as MeCN or DMF was common. How-
ever, such solvents are not compatible with the developed C-H
carboxylation protocol (see Scheme 4 above). Therefore, we

targeted the development of a one-pot, two-step protocol: the
crude reaction mixture from C-H carboxylation would be di-
luted with a suitable solvent/reagent mixture for subsequent
amidation. For reaction optimization, we employed HTE
(Scheme 8) to evaluate 4 amide reagents (Figure 1), 6 solvents,
and 4 bases for their ability to transform a crude solution of in-
termediate 2 into the desired amide product 4; benzylamine (3)
was chosen as a coupling partner for initial experiments due to
its abundance and ease of detection by UPLC(MS) analysis. To
ensure an excess of polar aprotic solvent in the amide coupling
step, we chose a solvent ratio of 1 : 4 (DME to polar aprotic
solvent). Frequently used amide coupling reagents were evalu-
ated, including HATU, COMU, and 2 reagents from the phos-
phonium reagent class (PyCloP, PyBoP).
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Scheme 7: Stability of 2 in crude reaction mixtures contain-
ing different silyl triflate/amine additives.

Interestingly, all amide coupling reagents formed the desired
product 4 in all reactions, demonstrating the typical robustness
of amide couplings and that a one-pot, two-step protocol for
C-H carboxylation/amide coupling is feasible. The data also
show that PyCloP and PyBOP are superior to HATU and
COMU in this case: reactions containing NMeCy: as base and
EtOAC as reaction solvent afforded up to 78% AY (assay Yyield;
Scheme 8A).

A follow-up HTE experiment (for more reaction optimization,
see the Sl) evaluated PyCloP and PyBOP in combination with
different solvents and base loadings (Scheme 8B). The best
HTE results (1.0 equiv BnNH2 3, 1.1 equiv PyBOP, 4 equiv
MeNCy.) were verified at a reaction scale of 2.5 mmol, afford-
ing 4 in 86% AY (Scheme 9).
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Figure 1. Evaluated amine coupling reagents.



5.0 equiv TESOTf 1.0 equiv 3)
2.0 equiv NMeCy, Reagent

@N\> 350 psi CO, Base @[N\; /<O
S DME [0.5 M], DME/solvent, 24 h, 30 °C S

24 h,50°C
1 4

A. Parallel evaluation of base, solvent, and coupling reagent.

MeCN |2-MeTHF| EtOAc MeCN |2-MeTHF | EtOAc
PyCloP HATU
'PraNEt 34 32 50 27 36 24
NMM 36 24 61 17 48 48
NMeCy2 16 26 68 16 29 20
NEts 33 27 46 18 8 36
COMU PyBoP
'PraNEt 48 24 12 58 27 73
NMM 22 34 30 42 28 74
NMeCy2 4 23 15 45 30 78
NEts 15 22 9 41 19 60

B. Parallel evaluation of base loading, solvent, and coupling reagent.

'Pr2NEt [equiv] NMeCy:2 [equiv]

2.0 3.0 4.0 2.0 3.0 4.0

MeCN 42 47 35 46 36 34

EtOAC 24 57 61 39 58 65
PyCloP

IPAC 23 45 49 34 48 49

NMP 2 14 16 4 13 14

MeCN 27 49 51 26 48 47

EtOAc 7 53 86 40 75 87
PyBOP

IPAC 1 49 43 21 68 70

NMP 0 23 38 2 35 34

Scheme 8. AYs for selected amide coupling optimizations.
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N 2.0 equiv NMeCy, 1.1 equiv PyBOP N o
@[ \ _ 350psi cO, 4.0 equiv NMeCy, @[ N
S DME [0.5 M], DME/EtOAc, 24 h, 30 °C S
24 h,50°C

1

4
2.5 mmol 86 % AY

Scheme 9. Confirmation of HTE optimization results via
scale-up.

Azole substrate scope via machine-learning guided chemical
space analysis. With the optimized one-pot, two-step condi-
tions in hand, we next focused on exploring the azole substrate
scope. As shown in Scheme 1, the number of commercially
available 1,3-azole substrates is vast. Therefore, we decided to
employ unsupervised machine learning to analyze the structural
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diversity of available substrates. Specifically, over 16,000 azole
substrates were featurized into molecular descriptors available
on RDKit.!” Principal component analysis (PCA) was used to
extract important features and reconstruct the data into principal
components. t-distributed stochastic neighbor embedding (t-
SNE)'® was implemented to visualize the high-dimensional data
(Scheme 10). In contrast to the “classical” approach to substrate
scopes (use of simple substrates, systematic variation of elec-
tronic and steric parameters), this approach allows the choice of
substrates representative of the complete chemical space to be
surveyed.’® Clustering of similar chemical matter ensured that
substrates from each relevant area of the chemical space would
be chosen and tested.

For selection of azole substrates, several criteria were applied:
(i) Inclusion of substructures that would likely not undergo az-
ole C-H carboxylations under previously known conditions
(strong bases, high temperatures);'®!! (ii) Limited commercial
availability for the majority of the corresponding azole carbox-
ylic acid products: out of the chosen substrates, 17 carboxylic
acids are not commercially available; 9 scaffolds show less than
5 vendors in a SciFinder search. (iii) Evaluate similar numbers
of oxazoles (12), thiazoles (10), and imidazoles (17), even
though imidazoles take up a significantly larger portion of the
chemical space map than oxazoles and thiazoles. (iv) Ready
commercial availability on gram scale, i.e. more than 5 vendors
in SciFinder or gram-scale availability in our internal com-
pound collection.

With these guiding principles in mind, we used the chemical
space map in Scheme 10 to identify 39 representative azole
scaffolds. These substrates were subjected to the one-pot C-H
carboxylation/amide coupling conditions that had been opti-
mized for the synthesis of 4 (Scheme 11); all products were syn-
thesized in reaction arrays, using parallel synthesis workflows.
The obtained AYs (determined by quantitative NMR analysis
of crude reaction mixtures) and isolated yields are provided for
each substrate in Scheme 11 to reflect both the inherent reactiv-
ity of an azole and the ease of isolation.

Excitingly, 32 of the 39 chosen substrates were successfully re-
acted to obtain the corresponding azole-2-amides. These in-
clude (benz)oxazoles, (benzo)thiazoles, and (benz)imidazoles.
Various functionalities such as ethers (11), ketones (16, 21, 25),
amides (14, 24), esters (13, 15, 22), alkenes (10, 22, 32), alkynes
(23), nitriles (12) and additional heterocyclic substructures (7,
14,18, 30, 31, 33, 34) are well tolerated under the mild reaction
conditions.
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Scheme 10. Chemical space map of azole scaffolds. The scaffolds included in this analysis include building blocks in our internal
building block collection and from commercially available sources (e.g., Enamine).
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Scheme 11. Azole substrate scope. 1'Y=isolated yield. AY =
assay yield. Products were synthesized using parallel synthesis
workflows. ®Modification for substrates with acidic CH or NH
bonds: TESOTT (6.0 equiv), NMeCy: (3.0 equiv) in step 1vand
NMeCy: (5.0 equiv) in step 2. "Modification: TBSOTf (4.0
equiv), 'PraNEt (3.0 equiv) in step 1 and 'Pr.NEt (4.0 equiv) in
step 2. °Detosylative workup: pyridine/water (4:1), 50 °C, 5 h.

All tested oxazoles and thiazoles showed significant product
formation. In contrast, protection (and acidification) with a Ts
group is necessary for most imidazoles to enable sufficient C-H
functionalization reactivity: Both benzimidazole (39) and imid-
azole (40) do not show any reactivity, but their tosylated ana-
logues 26 and 27 readily undergo the desired reactivity to afford
51% and 54% AY, respectively. Interestingly, such activation
via acidification is not necessary for N-aryl (35) or annulated
imidazoles (33, 34). Imidazole scaffolds containing N-alkyl
substructures (41, 42) and 4-substituted N-tosyl imidazoles (36,
37, 38) did not form desired products.

Amine Scope. To evaluate the scope of amines, 12 amine sub-
strates were selected and reacted in parallel under the previously
optimized conditions. For all these reactions, thiazole (1) was
employed as azole coupling partner. As shown in Scheme 12,
11 of the 12 employed amine building blocks were successfully
reacted, with 53 being the only amine showing no formation of
desired product. Notably, the mild reaction sequence allows ac-
cess to Weinreb amides by employing 47 as coupling partner;
the obtained amide product can serve as a valuable building
block for further late-stage diversification.?

5.0 equiv TESOTf 1.0 equiv

N 2.0 equiv _NMeCyQ 1.1 equiv PyBOP N o
@[ \ 350 psi CO, 4.0 equiv NMeCy, @[ N4
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(91%AY)  (7T5%AY) (64%AY) (47 % AY) (95 % AY)

Scheme 12. Amine scope. Products were synthesized using
parallel synthesis workflows.

Mechanistic analysis and discussion. Having established az-
ole C-H carboxylations/amidations under mild reaction condi-
tions, we turned our attention towards understanding key ques-
tions regarding the reaction mechanism: What is the role of the
silyl triflate additive? How does CO: act with reaction interme-
diates to form a new C-C bond? Can the azole substrate scope
aid with predicting reactivity of diverse azoles? Both experi-
mental and computational tools were employed to gain insight
into these questions.

Role of RsSiOTf for C-H deprotonation. Based on our previous
work in C-H aminoalkylation,'* we hypothesized that one of the
roles of the silyl triflate would be to activate the azole for depro-
tonation via silylation. Indeed, silyl-adducts of azoles (55-58;
Scheme 13) can be identified by UPLC/MS in C-H carboxyla-
tion reaction mixtures (see Sl for detailed MS spectra), suggest-
ing that such adducts have significant stability.

DFT calculations support the intermediacy of N-silylated inter-
mediates as a likely pathway: Deprotonation of N-silylated thi-
azole 1-TMS (AG = +11.5 kcal/mol; Scheme 14) is significantly
lower in energy than the corresponding deprotonation of thia-
zole (1) without prior silylation (AG = +31.3 kcal/mol).

Another role of silyl triflates could be to activate CO2 and thus
increase its electrophilicity and/or availability in solution. To
test this hypothesis, DFT calculations on the equilibrium be-
tween CO2 and TMSOTT to the corresponding adduct were per-
formed. The results of these calculations (AG = +42.6 kcal/mol;
Scheme 15) indicate that CO, and TMSOTf are unlikely to form
an adduct under the conditions for C-H carboxylation.
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Scheme 13. Identification of azole-TBS adducts by
UPLC/MS analysis.
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Scheme 14. Comparison of deprotonation equilibria with
and without N-silylation. See Sl for details of computational
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Scheme 15. Free enthalpy of adduct formation between CO2
and TMSOTf. M06-2X/def2TZVPP/SMD(ether)//M06-2X/6-
31G(d)/SMD(ether)

CO: insertion. Having established that silyl triflates activate the
azole substrate for deprotonation via N-silylation, it seems log-
ical to assume that the electrophile CO2 would react with the
nucleophilic 1-TMS-carbene to form a new C-C bond. To test
if the carboxylation step may be rate-determining in the C-H
carboxylation of 1, we performed a series of rate studies at dif-
ferent temperatures and pressures (see Scheme 16). Interest-
ingly, both increased temperature (RT vs. 50 °C) and increased
CO:z pressure (350 psi vs. 14.6 psi) result in an increase in reac-
tion rate. These data suggest that COz is involved in the reaction
mechanism at or before the rate-determining step of C-H car-
boxylation.

DFT calculations were again employed to shed more light on
this possibility. The results of the calculations (Scheme 17)
show that CO: insertion is indeed the rate-determining step of
the reaction (AG* = 24.8 kcal/mol), while the deprotonation bar-
rier is only slight lower (AG* = +23.3 kcal/mol). Notably, the
silyl group helps to stabilize the transition state TS2 via electro-
static interactions with the developing negative electron density
at the oxygen of CO2.The silyl group also stabilizes the insertion
product 1-TMS-CO:. via formation of a pentavalent Si center.
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Scheme 16: C-H carboxylation reaction profile at varying
CO: pressure and temperature.
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for C-H carboxylation. MO06-
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Stabilization of azole carboxylic acid products. Based on the
previously documented stability differences of 2 in the presence
of different silyl triflates (see Scheme 7 above), we postulated
that another role of silyl triflates may be to stabilize the C-H
carboxylation product. In order to experimentally characterize
the species formed when reacting an azole-2-carboxylic acid
with silyl triflates, 2 was reacted with TESOTf in MeCN-Ds.
13C NMR analysis of this solution revealed a clear shift of the
two silyl triflate signals from 5.96 ppm to 6.62 ppm and from
5.36 ppm to 5.05 ppm, respectively (Scheme 18; for further de-
tails, see Sl). This suggests that silylation of 2 is rapid; this is
also supported by the observation that the initial suspension of
2 in MeCN-Ds transforms into a clear solution immediately



after addition of TESOTTf. The formation of a silyl ester as in-
termediate is further supported by DFT (see Scheme 19); inter-
estingly, silyl group migration (from 1-TMS-CO2 to 2-TMS)
through a penta-coordinated silicate transition state/intermedi-
ate is preferred over a silylation/desilylation pathway.

> /CH3 5.05 ppm

N  OH N O-Si-CH
@[ "\ \ 2 6.62 ppm
s; {o\ MeCN-D3, 25 °C s; \<o

2 57
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Scheme 18. Detection of silyl ester by **C NMR analysis. $*C
NMR shifts are depicted in red italic font.
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Scheme 19. Free energy landscape for silyl ester formation
after CH carboxylation. MO6-
2X/def2TZVPP/SMD(ether)//M06-2X/6-31G(d)/SMD(ether)

In summary, these data suggest three distinct roles for silyl tri-
flates in C-H carboxylation: (1) Silyl triflate coordination acid-
ifies the azole C>-H position, which makes the azole substrate
amenable to deprotonation by a mild amine base. (2) The silyl
triflate group aids in stabilizing the carboxylation transition
state (TS2) and the direct product of C-H carboxylation
(1-TMS-CO2). (3) Silyl triflates react with azole carboxylic ac-
ids to form a silyl ester, thus stabilizing carboxylic acid inter-
mediates that may otherwise decompose via decarboxylation.

Analysis of azole scope data. We then turned our attention to
documenting reactivity trends across the tested azoles sub-
strates. Since we had used a chemical space map to ensure the
selection of diverse substrates, we reasoned that the obtained
data set would allow us to assess trends across the relevant azole
space. First, to validate the use of AYs in our analysis, we cor-
related amidation AYs with 1'Ys (see Scheme 20A). This analy-
sis shows that AYs determined by quantitative *H NMR using
an internal standard and 1'Y's correlate well with only one signif-
icant outlier. This suggested that the use of AY data is useful
for further analysis, especially since AYs are typically a better
measure of reaction success than 1'Ys, which can depend on the
recovery during workup and isolation.

Considering the potential instability of carboxylic acid interme-
diates, we were curious if the C-H carboxylation reactivity
(noted in LCAP of the carboxylic acid intermediate) would also
correlate with the AY of amide product; those data are visual-
ized in Scheme 20B. Interestingly, for many azole substrates,
there seems to be a correlation; however, many substrates show
a lower LCAP of carboxylic acid intermediate than what would
be expected based on the obtained assay yield of amide product.

This suggests that a high LCAP of azole carboxylic acid is a
good predictor of high conversion to the amide product. The

opposite, however, is not true: A low LCAP of azole carboxylic
acid may not necessarily mean that the subsequent amide prod-
uct cannot be formed. These data may most easily be explained
by the consideration that azole carboxylic acids are not always
stable under UPLC/MS conditions; thus, low LCAPs may not
mean that azole carboxylic acids have not been formed effi-
ciently, but that the specific azole carboxylic acid is not very
stable under the conditions of UPLC/MS analysis.

For the next step of our analysis, the free energies of deproto-
nation for each azole substrate for deprotonation at C»-H with
Cy2NMe  (AGueprotonation) after N-silylation were calculated
(Scheme 20E); those values were then plotted again both the
LCAP of C-H carboxylation product (Scheme 20C) and the AY
of amide product (Scheme 20D). No correlation is observed be-
tween AGueprotonation and the LCAP of C-H carboxylation product
(Scheme 20C). Likely, this lack of a correlation reflects that
carboxylation has a higher barrier than C-H deprotonation and
occurs after deprotonation in the proposed reaction mechanism
(see Scheme 17 above). Another reason for the lack of correla-
tion could be the varying instability of azole-carboxylic acids
under UPLC/MS conditions (see discussion of Scheme 20B).
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Scheme 20. Azole scope data analysis. A. AY vs. IY. B. LCAP
of C-H carboxylation vs. AY of amidation. C. AGudeprotonation VS.
LCAP of C-H carboxylation. D. AGdeprotonation VS. AY. E. Depro-
tonation equilibrium used to determine AGueprotonation.
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Figure 2. Azole substrates that do not convert to desired C-H
amidation product.

When correlating AGueprotonation and the AY's of amide product
(Scheme 20D), the data split into two reactivity regimes: The



first set of substrates includes those that do not convert to the
desired products at all; those data points are clustered in the top
left corner of the plot. Those substrates are shown Figure 2 and
likely do not undergo C-H carboxylation under the reaction con-
ditions. The reasons for their unreactivity likely range from ste-
ric bulk preventing N-silylation/deprotonation to insufficient
C-H acidity.

The substrates in the second regime (right side of Scheme 20D)
show a loose correlation between AGudeprotonation and the AY of
the corresponding amide product: The more stable the N-si-
lylated carbene intermediate, the lower the obtained AYs. This
seems at first counterintuitive, since azole deprotonation is the
first step in the reaction mechanism, preceding C-C bond for-
mation. However, this correlation may point to the importance
of another step in the overall reaction: stable carbene interme-
diates are likely correlated with facile decarboxylation of azole-
2-carboxylic acids under the conditions of amide bond for-
mation. Therefore, the stability of azole carboxylic acids against
decarboxylation is a precondition for high yields of amide prod-
ucts. Scheme 21 illustrates this trend with 3 examples from the
substrate scope: more favorable decarboxylation of the N-si-
lylated intermediate (forming the N-silylated carbene) are cor-
related with lower AY's of amide product.
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Scheme  21. Decarboxylation  equilibria. MO06-
2X/def2TZVPP/SMD(ether)//M06-2X/6-31G(d)/SMD(ether)
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Scheme 22. Proposed mechanism. Energies are shown in
kcal/mol.

Conclusions from mechanistic studies & data analysis. Over-
all, the studies summarized in this section highlight the im-
portance of silyl triflate additives for all steps of the C-H car-
boxylation mechanism. Furthermore, the use of yield data ob-
tained across a broad spectrum of azole substrates highlights the
importance of considering the stability of the azole-2-carbox-
ylic acid intermediate for overall reaction success. This analysis

provides a loose correlation between the thermodynamics of de-
carboxylation and the stability of the silylated carbene interme-
diates. Scheme 22 summarizes the proposed mechanism for the
developed transformation and includes the free energies for
each elementary step in the reaction profile.

Transferrable applications. Having developed a thorough un-
derstanding of the one-pot C-H carboxylation/amidation se-
quence, we wanted to further expand the utility of the protocol.
We thus chose to demonstrate (i) that the reaction can be used
without the need for high-pressure equipment; (ii) that 3CO;
can be employed as electrophile to access labeled compounds;
and (iii) that other heterocumulenes than CO2 show analogous
reactivity.

Reactions under low CO: pressure. We considered that high-
pressure reactors are not always available; therefore, a “low
pressure option” of the protocol could be amenable for imple-
mentation outside of specialized facilities. We thus decided to
test if the reaction can be performed in commonly available re-
actors. To realize such conditions, we conducted the reaction
sequence in a microwave vial equipped with a CO: filled bal-
loon (14.6 psi CO: pressure; Scheme 23). Notably, 50 LCAP of
carboxylic acid 2 was observed after 24 h. The crude reaction
mixture was then reacted with the amide coupling solvent/rea-
gent mix developed above. To our delight, this setup afforded
39% AY of desired product 4, illustrating that the developed
one-pot, two-step reaction sequence can be executed without a
gas manifold, albeit with loss of product yield.

Incorporation of *3C using **CO: as reactant. Introducing iso-
topic labels (*3C and 1*C) into organic molecules with biological
activity is crucial to enable drug metabolism, drug deposition
and/or pharmacokinetic (DMPK) studies.2! 3CO; is a common
surrogate for *CO2 and *CO: and often utilized for the devel-
opment of isotopic exchange reactions.?? To illustrate that the
developed procedure would support such labeling studies, we
demonstrated the synthesis of 3C-4 on a 250 mg scale (Scheme
24); the desired compound was obtained in 34% IY.
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in situ
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Scheme 23. C-H carboxylation/amidation sequence in one-
pot with CO:2 balloon.
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Scheme 24. Synthesis of 1*C-labeled azole amide *C-4.
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Direct C-H amidation with isocyanates as electrophiles. In-
spired by our success using CO: as electrophile, we speculated
that other heterocumulenes such as isocyanates may show sim-
ilar reactivity due to their comparable electrophilicity.>?* In-
deed, a multidimensional reaction optimization via HTE (see Sl
for details) demonstrated that such one-step C-H amidation re-
activity can be established. The reactivity of isocyanates in this
reaction depends closely on their electronic nature: aromatic
isocyanates (59-61) show greater reactivity than aliphatic



isocyanates (62, 63) (Scheme 25). Those observations correlate
with observations in the literature, in which only aromatic iso-
cyanates illustrated reactivity.?%

2
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Scheme 25. Silyl triflate mediated C-H amidation with iso-
cyanate electrophiles.

SUMMARY AND CONCLUSIONS

Overall, this manuscript details the development of mild and
functional group tolerant azole C-H carboxylation/amidation
conditions. This transformation significantly expands the chem-
ical space of accessible azole-2-amides. The azole substrate
scope thus demonstrates the synthesis of diverse, previously in-
accessible products. Relying on a chemical space map estab-
lished by unsupervised machine learning enables the selection
of representative substrates. Detailed mechanistic investiga-
tions employing both experimental and computational methods
allow insights into the factors governing the success of the
transformation and provide information on the key steps of the
reaction mechanism. Importantly, these studies identify one key
predictor of success for C-H carboxylation/amidation: the sta-
bility of the azole carboxylic acid intermediate. Finally, trans-
ferrable applications of these learnings are successfully estab-
lished: a low pressure (CO2 balloon) option; the use of **COz;
and employing isocyanates as alternative electrophiles for di-
rect C-H amidation.

We expect that these developments will allow the broader ap-
plication of C-H functionalization methods for the synthesis of
biologically active molecules beyond applications in late-stage
functionalization settings. Particularly, the demonstrated meth-
odology allows the construction of key amide bonds in hetero-
cyclic structures. Furthermore, it enables the incorporation of a
novel set of commercially available, 1,3-azole building blocks
through providing highly functional group tolerant C-H func-
tionalization conditions, thus allowing access to diverse chemi-
cal matter.
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