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C-H activation and functionalization of pyridinoid azines is a key transformation for
the synthesis of many natural products, pharmaceuticals, and materials. Reflecting
the azinyl nitrogen lone-pair steric repulsion, tendency to irreversibly bind to metal
ion catalysts, and the electron-deficient nature of pyridine, C-H functionalization at
the important a-position remains challenging. Thus, the development of earth-
abundant catalysts for the a-selective mono-functionalization of azines is a crucial
hurdle for modern chemical synthesis. Here, the selective organolanthanide-
catalyzed a-mono-borylation of a diverse series of pyridines is reported, affording
a valuable precursor for cross-coupling reactions. Experimental and theoretical
mechanistic evidence support the formation of a C-H activated n2-lanthanide-azine
complex, followed by intermolecular a-mono-borylation via o-bond metathesis.
Notably, varying the lanthanide identity and substrate electronics promotes
chemodivergence of the catalytic selectivity: smaller/more electrophilic

lanthanide®* ions and electron-rich substrates favor selective «-C-H
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functionalization, whereas larger/less electrophilic lanthanide®* ions and electron-
poor substrates favor selective B-N bond-forming 1,2-dearomatization. Such
organolanthanide series catalytic chemodivergence is, to our knowledge,

unprecedented.

Developing new catalytic routes to C-H functionalized molecules with high regio- and
chemoselectivity for the efficient generation of high-value products is an ongoing “grand
challenge” in chemical science, owing both to the ubiquity and relative inertness of
molecular C-H bonds." A catalyst that can selectively functionalize these moieties in fewer
steps would accelerate the creation of numerous complex molecules and materials.
Moreover, if such catalysts could be easily and rationally altered to afford chemodivergent
reactivity patterns, it would be an even more valuable tool for imparting structural
diversity.? Regarding specific target families, pyridines are pervasive as ligands and
directing groups, ubiquitous moieties in pharmaceuticals and natural products, and are
the second most common aromatics in pharmaceuticals, with monosubstituted pyridines
having functionality at the difficultly accessed a-position predominant.® Therefore,
developing more efficient and selective ways of functionalizing pyridines would be

important for advancing synthetic methodology towards essential compounds.

Currently, the principal methods of functionalizing pyridine and related azines are via N-
activated azines, deprotonative metalation, SnAr, radical, and transition metal-based
catalysis.*® Despite significant advances, many of these useful reactions require

activated substrates or cannot achieve high selectivity without steric-blocking or directing
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groups.®8 Note that powerful heteroaromatic functionalization reactions such as Minisci-
and Chichibabin-type radical substitutions utilize precious metals, in catalytic and/or
stoichiometric amounts, and often require electron-poor substrates.®'? There have been
impressive strides in the C-H functionalizations of pyridine, specifically the o-position;
however, a major drawback is the necessity to substitute and/or block the other skeletal
positions to prevent catalyst poisoning and/or improve regioselectivity, which limits the
potential impact (Fig. 1a).*'® These obstacles highlight the need to develop catalytic
processes which selectively functionalize various positions on pyridine-related substrates

with earth-abundant metals.'®

In regard to modifying pyridinoids, many prominent synthetic precursors/intermediates
utilize reactive boron moieties (e.g., -Bpin) which, once introduced, can be readily
exchanged for diverse target functional groups in transformations such as Suzuki-Miyuara
cross-coupling.'”” These precursors have been shown to be essential for the late-stage
functionalization of many natural products and pharmaceuticals,'®'® and are useful for
cross-coupling reactions.?%-?° Pyridine borylation at the p— and y—positions can now be
achieved with efficiency, 2630 but C-H borylation of the a-position remains challenging.?'
This reflects the inherent electron deficiency of pyridines which depresses reactivity, the
susceptibility of C-H a-borylated products to rapid protodeboronation over a range of pHs,
the nitrogen lone pair steric impediment, and irreversible binding to many catalytic metal
centers.232 In contrast, the high coordination numbers, kinetic lability, and very polar
metal-ligand bonding of electrophilic lanthanide-organic complexes have proven effective

in diverse heteroatom hydroelementation and polymerization processes.’* These
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characteristics and the evidence that lanthanide catalysts frequently operate by entirely
different reaction mechanisms than d-block catalysts®® raise the intriguing question of
whether they might activate pyridines via unusual and potentially useful reactivity

modalities.

To date, the only documented organolanthanide-mediated a-pyridine activation has come
at the expense of restrictive blocking groups and/or additives to assist turnover (Fig.
1a).36-3% This Laboratory recently reported highly 1,2 -selective B-N bond-forming pyridine
dearomatization using an organolanthanum (La) catalyst with high atom-efficiency (Fig.
1b).#° Considering the large, multiple ligands accommodating La3* (ionic radius = 1.250
A), we hypothesized that a smaller lanthanide such as Lu®* (ionic radius = 0.995 A) with
demonstrated C-H activation capacity,*'#?> might force pyridine activation along with an
alternative and useful pathway. Here we report the organolanthanide-catalyzed a-mono-
borylation of a diverse series of pyridines (Fig. 1b) using medium to small ionic radii
(1.175—0.995 A) organolanthanide catalysts. It will be seen that this process is regio-
and chemo-selective and can tolerate a variety of functional groups. To elucidate the
fundamental origin of the selectivity of these catalysts, we report detailed
kinetic/mechanistic studies supported by solid-state structures and DFT computation. In
clarifying the reaction mechanism, we reveal what is, to our knowledge, the first example

of chemodivergent reactivity within lanthanide catalytic science.

The present organolanthanide-catalyzed C-H functionalization of pyridines with

pinacolborane (HBpin) was examined under anhydrous/anaerobic conditions using a
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series of Cp*2LNnCH(TMS). precatalysts where Ln = La, Nd, Sm, Lu, and Y. The reaction
conditions are mild and straightforward (see Supporting Information for experimental
details). Strikingly, while surveying the lanthanide series, contracting the Ln3* size was
found to incrementally shift the selectivity as shown in Figure 2c: La®* selectively produces
1,2-dearomatization, Nd®* affords equal amounts of dearomatized and borylated product,
Sm?3* primarily creates the borylated product and, finally, Y3*and Lu®* effect exclusive a-
C-H borylation. Lu was selected going forward and, with optimized conditions in hand,
substituent effects and mechanism were next examined. Figure 2a summarizes results
for a series of variously substituted pyridines, substituent effects, catalyst:substrate ratio,
and reaction temperature, revealing that selective a-mono-borylation is readily achieved
with a 1:1 pyridine:HBpin ratio and 1-6 mol% Cp*2LUCH(TMS). precatalyst at 80°C-100°C
in toluene solution. Products were characterized by 'H, "B, '3*C NMR spectroscopy, high-

resolution mass spectrometry (HRMS), and in some cases, X-ray crystallography.

Within this pyridine series, both steric and electronic factors significantly influence
reaction rates (Fig. 2a). Thus, dimethylaminopyridine (DMAP) undergoes borylation using
1 mol% catalyst loading yielding the borylated product 4a exclusively in the form of a
dimer, which was confirmed by NMR, HRMS, and X-ray crystallography (Fig. 2b).
Similarly, several more heterocyclic Lewis base-substituted pyridines undergo borylation
in high vyields, with rapid rates, without the need for protecting groups yielding the
corresponding borylated products, 4b, 4c, 4d, and afford negligible 1,2-dearomatization
side product. The structure of 4d was also confirmed by X-ray crystallography (Fig. 2b).

Note that the N-H moiety of a secondary amine substituent is well-tolerated without
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protection, affording 4e in good yield. Pyridines with other oxygen-containing substituents
afford borylated products 4f and 4g in satisfactory yields despite the oxophilic nature of
lanthanides. Pyridine and various alkylated pyridines generate mono-functionalized
products 4h - 4m in acceptable yields and with negligible functional group borylation.
Electron-deficient functional groups such as 4,4’-bipyridine (4n) and 4-CF3 (40) are
tolerated and produce the borylated product. In all cases, when both pyridine a-positions
are vacant, only monoborylation products are observed. While electroneutral/donating
substituents at the y-position are effective, electron-withdrawing and bulky groups

suppress activity for reasons which are discussed in the theory section below.

Detailed '"H NMR spectroscopic kinetic studies (Fig. S1) indicate a rate law which is first-
order in Lu concentration, half-order in pyridine concentration, and inverse half-order in
HBpin concentration (eq. 1). Here NMR reveals a DMAP-HBpin adduct formation,*3 which
is confirmed by X-ray crystallography, and suggests that HBpin acts as an inhibitor,**
competing with pyridine in binding to the electrophilic Lu center. The C-H activation of
pyridine proceeds with an experimental KIE of 2.8 + 0.2, and variable-temperature kinetic
measurements and standard Eyring kinetic analyses yield activation parameters AH* =
13.0(0.2) kcal mol', AS* = -41.1(0.7) cal mol”', and Ea = 13.7(0.2) kcal mol* (Fig. S3), in
good agreement with theory (vide infra). The large negative AS* implies a highly
organized transition state which is a hallmark of many d°, f" — centered catalytic processes
involving Lewis basic heteroatom substrates.*® Additional DFT mechanistic analysis is

presented below.

1 1/2
rate — ' [DMAP] (1)

[HBpin]1/2
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To further probe the reaction mechanism, DFT calculations were undertaken to
quantitatively investigate the C-H borylation pathway using DMAP (4a) as a model
substrate (Figs. 3 and 4a). In the first step, DMAP coordinates to the Cp*2LUCH(TMS)2
precatalyst, which is slightly exergonic (AG = -0.9 kcal mol") (Fig. 3). Here and beyond,
the half-order likely reflects a dissociative equilibration of the azine-HBpin adduct to the
reactive precursors, which by DFT is slightly endergonic and strongly exothermic (AGudissoc
= 2.3 kcal mol”', AH = -9.4 kcal mol"') (Fig. 3).** Next, a concerted 4-center s-bond
metathesis H transfer from the DMAP a-position cleaves the Lu-CH(TMS). bond to yield
n?-complex lll, which is structurally confirmed by NMR and X-ray crystallography (Fig. 3),
in a highly exergonic AG = -20.5 kcal mol" step with a barrier of AG* = 28.5 kcal mol™
(TS1) (see Sl). Note that a stoichiometric Cp*2LUCH(TMS). + DMAP 6h/80°C reaction
quantitatively yields complex Ill, supporting the proposed step. Once complex lll is
formed, HBpin associates and undergoes s-bond metathesis, forming a new B-C bond at
the DMAP a-position (IV). This step is computed to be exergonic by -11.9 kcal mol! with
a barrier of AG* = 12.1 kcal mol! (TS2) to yield the lowest energy intermediate on the
reaction coordinate and is the TOF-determining intermediate (TDI).4% Similar structures
have been reported before and are likely stabilized in part by the p»-M-H-B bonding.*¢
Next an equilibrium is established between complexes IV and V with an additional DMAP
coordinating to the catalytic center (AG = 3.3 kcal mol™'). This triggers the slightly
endergonic (AG = 4.6 kcal mol') release of the C-H borylated product from V via H™
transfer to the Lu center, yielding intermediate VI. From there the catalytic transformation

is driven by product dimerization that is both exothermic and exergonic, AH = -30.3 kcal
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mol'; AG = -8.4 kcal mol, respectively, affording complex (VI). Note that the greater
DMAP electron density within the borylated product is favored more than the
corresponding pyridine dimer by AAH = -6.6 kcal mol"' and AAG = -5.0 kcal mol' and the
corresponding 4-(trifluoromethyl)pyridine dimer by AAH = -9.1 kcal mol"' and AAG = -6.7
kcal mol!, consistent with the yield trends in Figures 2a and S80. From Figure 3, note
that complex VI undergoes H; elimination, detectable by '"H NMR, to restore lll for a new
cycle. This step is slightly exergonic with a barrier of AG* = 24.5 kcal mol' (TS3) and is
the TOF-determining transition state (TDTS)* with a calculated KIE of 2.8, in good
agreement with the experimental KIE of 2.8 + 0.2. Separately, the hydride analogue
[Cp2*LuH]2 was surveyed and found to catalyze similar reactivity patterns, further
supporting this mechanism. The overall energetic span is 28.2 kcal mol"' when

considering IV as the TDI species and TS3 as the TDTS species.

The origin of the intriguing selectivity sensitivity to Ln identity was next analyzed by DFT,
noting that C-H functionalization and 1,2-dearomatization share a common entry point (I
in Fig. 4a). It is found that Lu has the greatest barrier for the 1,2 -dearomatization, AG* =
33.4 kcal mol', which is 1.6 kcal mol' greater than La (Fig. S81) and in good agreement
with the experiment. Furthermore, AAG#1 2dearo-CHboryl = +5.2 and -4.5 kcal mol™ for Lu and
La, respectively, again in agreement with experiment (Fig. 2c). Itis likely that ligand-ligand
and ligand-substrate non-bonded repulsions play a significant role as the Ln3* ionic radius
contracts from La%* (1.250 A) to Lu®* (0.995 A). Note that the 1,2—dearomatization
pathway (Fig. 4a, left) requires binding of a second pyridine molecule which should be

less favorable as the ligand sphere contracts. This is also supported by the crystal
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structures of the complexes and the sterics quantified in free volume maps*’ (Figs. 4b and
c). C-H borylation may also be promoted by the more electrophilic Lu®* and less hydridic
hydride (Table S12). Additionally, DFT examination of the chemodivergence in
substituent effects (Table S13) reveals that AAG*1 2dearo-cHboryl falls from the most electron-
rich substrate, DMAP (+5.2 kcal mol'), to pyridine, (+2.6 kcal mol'), and to 4-
(trifluoromethyl)pyridine (+0.3 kcal mol'). Moreover, substituent n—donation creates a
more electron-rich azine which stabilizes dimers (Fig. S80). Finally, electron-poor
pyridines should be susceptible to a-position nucleophilic attack by Ln-H moieties, in view

of their close proximity (I in Fig. 4a), yielding 1,2 — dearomatized product.

In conclusion we report marked chemodivergence in an organolanathanide-mediated
catalytic reaction involving a broad class of pyridinoid substrates: the crossover with
lanthanide identity from highly selective HBpin-delivering B-N bond-forming
dearomatization to highly a-C-H functionalization/borylation with HBpin. Regarding the
latter pathway, experimental and theoretical mechanistic data support the formation of a
C-H activated n?-lanthanide-azine complex, followed by intermolecular o-mono-borylation
via o-bond metathesis. Varying the lanthanide identity and substrate electronics promotes
chemodivergence of the catalytic selectivity: smaller/more electrophilic lanthide®* ions
and electron-rich substrates favor selective a-C-H functionalization, whereas larger/less
electrophilic lanthanide®* ions and electron-poor substrates favor selective B-N bond-
forming 1,2-dearomatization. Such organolanthanide series catalytic chemodivergence
is, to our knowledge, unprecedented and relevant to the placement of early lanthanides

in the Periodic Table.48:4°
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Figure 1. Recent progress towards a-borylated pyridinoid substrates via catalytic
C-H functionalization. a. Early transition metal, lanthanide, and late transition metal
catalyzed C-H functionalization and borylation of the pyridine a-positions b. This report of
chemodivergent organolanthanide-catalyzed regioselective 1,2 —dearomatization or a-C-

H functionalization of pyridine

14



a - *No excess reagents
' R H . ) «Chemoselective
(Iﬁ\ Bl x mol% Cp*,LuCH(TMS); (1) N )d{ ™S *Monofunctionalization
o _ _ u=! *Regioselective
l N H >|\$ Hz.r I dCHZ(TMS)Z | N . Y ™S sLow catalyst loadings; abundant metal
of- 8 Bpin 1 *Good functional group tolerance
1.0 equiv. 1.0 equiv. 6 h, 100°C 4 «Mild reaction conditions
(o)
() ®) () e,
SN N N N NH OPh OMe
ST T > W > W > W o W o N o
N” “Bpin N Bpin N” “Bpin N Bpin N” “Bpin N Bpin N “Bpin N Bpin
4a 4b 4c 4d de af 4g 4h
1,38 x =3t x =38 x =38 x =6t x =6t x =38 x = 6%
80% 84%b ¢ 90%0¢ 81% 71%° 52%d 50% 43% 38%
Bpin.__N
|
Me By Ph We Ph Z CF;
BN X B S S S B
® ® ® ® ® ® f\,L
N” "Bpin N~ "Bpin N” "Bpin N” "Bpin N~ "Bpin N” "Bpin N” "Bpin
4i 4 4k 4 4m 4n 4o
x = 6% =6+ x = 6% x = 6% x = 6% x = 6% x = 6t
32% 45%b 32% 32% 33% 24% 37%

Reaction conditions: Pyridine (30.165 mmol, ¥0.083 mmol, or T 0.065 mmol), HBpin (30.165 mmol or ¥0.083 mmol),mesitylene internal standard, 0.036 mmol, in
0.5 mL tol-dg. Yields determined by "H NMR with mesitylene as internal standard.
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Figure 2. a. Substrate scope and yields for the Cp*;Lu-catalyzed a-C-H borylation of

variously substituted pyridines. b. Solid-state structures of products 4a and 4d. c.

Experimental yields for 1,2—dearomatization (blue lines) vs C-H borylation (orange lines)

for the indicated Cp2*Ln- complexes.
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Figure 3. DFT-derived energetic profile for the C-H borylation of dimethylamino-
pyridine (DMAP). Gibbs free energy profile (kcal mol') associated with DMAP «-C-H
borylation with HBpin mediated by precatalyst Cp*2LUCH(TMS)2 and the diffraction-

derived molecular structure of n2-pyridine complex Ill.
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Figure 4. Mechanistic chemodivergence in pyridine HBpin functionalization
mediated by Cp*.Ln- catalysts as a function of Periodic Table location. a. Dual
catalytic cycles for 1,2—dearomatization with Ln = La (left) vs C-H borylation with Ln = Lu
(right). Key elements on the left side first proposed in ref. 40. X-ray crystal structures and
computed percent free volume (%Viee) contours for Cp*oLNCH(TMS)2 complexes where

Ln =b. La and c. Lu.
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