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Abstract. Silver complexes with 5-(4-(tert-butyl)-1H-
imidazol-1-yl)-imidazo[1,5-a]pyridin-3-ylidene
ligands were synthesized as metal-imidazole acid-base
cooperative catalysts. Single crystal XRD analysis
revealed that the silver atom was located in the vicinity
of the imidazole ring and that cationic silver complexes
formed dimers through coordination between the silver
metal and the imidazole pendant. These cationic silver
complexes served as catalysts for cyclization of
alkyne-tethered carboxylic acids. NMR experiments
indicated that the dimeric cationic silver complex
dissociated to a monomer upon protonation of the
imidazole moiety, resulting in coordination of an
acetonitrile to the silver atom. DFT calculations
supported the acid-base cooperative action of the
silver-imidazole for the efficient alkyne-carboxylic
acid cyclization.

Keywords: Silver catalyst; Cooperative catalysis; N-
Heterocyclic carbene; Cyclization

N-Heterocyclic carbenes (NHCs) are strong o-

donating ligands, and their transition metal complexes

have been widely investigated as catalysts for reaction
development due to their robustness and tunability. [
To date, a broad spectrum of NHC ligands with
different electronic and steric properties have been
synthesized and evaluated. Imidazo[1,5-a]pyridin-3-
ylidene (Figure 1a) is an NHC scaffold with a rigid
bicyclic framework, introduced independently by
Lassaletta™™ and Glorius. ¥ Since the substituent at the
C5 position of the imidazo[1,5-a]pyridin-3-ylidene
projects into the catalytic environment around the
NHC-bound metal center, it is expected that ligand
modification at this position would have great impact
on the nature of the catalyst not only through steric
effect but also through a coordinative interaction. In
fact, imidazo[1,5-a]pyridin-3-ylidene ligands have
been modified at the C5 position with sterically bulky

aromatic rings, ¥ coordinative substltuents 51 chiral
auxiliaries, [ and other substituents. I/

Therefore, we envisioned that imidazo[1,5-
a]pyridin-3-ylidene could be used as a robust template
for producing acid-base cooperative catalysts’® by
locating a Lewis acidic transition metal center and a
basic functional group such as imidazole at the C3
carbene carbon and the C5 position, respectively
(Figure 1b). More specifically, we chose the 4-(tert-
butyl)-1H-imidazol-1-yl group as the rigid basic
substituent at the C5 position so as to spatially separate
the Lewis acidic center and the basic center in the
catalytic region. Here, we report the synthesis of
protonated precursors for such imidazo[1,5-a]pyridin-
3-ylidene ligands, their conversion to the
corresponding  silver(I) complexes, and their
application to the silver-catalyzed cyclization of
alkyne-tethered carboxylic acids (Figure 1c). 1%
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Figure 1. General chemical diagrams for a) imidazo[1,5-
a]pyridin-3-ylidene metal complexes and b) Lewis acid-
base cooperative catalysts with an imidazo[ 1,5-a]pyridin-3-
ylidene platform. c) Cyclization of alkyne-tethered
carboxylic acids through Lewis acid-base cooperative
catalysis.



The synthesis of 5-(4-(fert-butyl)-1H-imidazol-1-
yl)-imidazo[1,5-a|pyridinium salt as an NHC
precursor is outlined in Scheme 1. Acetal protection of
commercially available 6-bromo-2-
pyridinecarboxaldehyde (1) gave 2-bromo-6-
(diethoxymethyl)pyridine (2) in 96% yield. The 4-
(tert-butyl)-1H-imidazolyl substituent was introduced
through copper-catalyzed coupling between 2 and 4-
(tert-butyl)-1H-imidazole to give 2—(4—(tert—buty1)—
1H-imidazol-1-yl)-6- (dlethoxyrnethyl)pyrldme (3) in
79% yield. In this coupling, using benzotriazole!'!! as
a ligand for the copper catalyst was crucial for
obtaining 3 in a reasonable yield. After removing the
acetal protection under acidic conditions, reductive
amination with 2,4,6-trimethylphenylmethylamine or
2,6-diisopropylphenylmethylamine followed by N-
formylation'?! produced the corresponding N-aryl
formamides (4a: R = 2,4,6-trimethylphenyl; 4b: R =
2,6-diisopropylphenyl). Next, dehydrative
cyclization!®! of 4a and 4b furnished 5-(4-(tert-butyl)-
1 H-imidazol-1-yl)-imidazo[1,5-a]pyridinium salts 5a
(69%) and Sb (66%), respectively. The chloride anions
on the imidazolium salts 5a and 5b were replaced with
a weakly coordinating PFs anion through salt
metathesis with KPFs, yielding 6a and 6b in 86% and
85% yields, respectively.

CH(OE),
CHO a CH(OEt), b | ~
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a: R =2,4,6-Me;CgH, X =Cl b5a (66%, 4 steps)
b: R = 2,6-iPr,-CgH3 g I_: 5b (69%, 4 steps)
X =PF¢ 6a (86%)
6b (85%)

Scheme 1. Synthesis of NHC precursors 5 and 6. (a)
TsOH-H,0 (7 mol%), HC(OEt)3 (1.2 equiv), EtOH, r.t., 3 h;
(b) Cul (10 mol%), benzotriazole (20 mol%), 4-(tert-butyl)-
1 H-imidazole (1 equiv), KO'Bu (1.4 equiv), DMSO, 110 °C,
14 h; (¢) 1 M HCI aq., acetone, 60 °C, 3 h; (d) RNH; (1.2
equiv), AcOH (1 equiv), NaBH(OAc); (1.5 equiv), DCM,
r.t., 14 h; (e) HCOOH (excess), Ac,O (excess), THF, 0 °C,
3 h; (f) POCIs (1.3 equiv), toluene, 100 °C, 38 h; (g) KPFs
(2 equiv), H>O, r.t., 18 h.

Silver(I) chloride complexes 7a and 7b bearing the
5-(4-(tert-butyl)-1H-imidazol-1-yl)-imidazo[ 1,5-
alpyridin-3-ylidene framework were synthesized
through the reaction of Ag;O and imidazolium salts Sa
or 5b in 84% and 82% yields, respectively (Scheme 2).
Single crystals of 7a and 7b suitable for XRD analysis
were grown from DCM/Et,0 and DCE/Et,O solutions,
respectively. XRD analysis gave the mononuclear
structures of complexes 7a and 7b. An ORTEP
drawing of 7a is shown in Scheme 2 (see Supporting
Information for ORTEP drawing of 7b). As expected,

the silver atom is located in the vicinity of the
imidazole ring uncoordinated to the N(4) atom.
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Scheme 2. Synthesis of neutral silver complexes 7a and 7b.
ORTEP drawing of 7a is described with 50% probability
thermal ellipsoids. Hydrogen atoms are omitted for clarity.

Cationic silver(I) complexes 8a and 8b were
prepared from imidazolium salts 6a and 6b,
respectively. Specifically, the reaction between Ag,O
and the imidazolium salts (6a or 6b) in acetonitrile at
50 °C for 38 hours gave the desired complexes 8a and
8b in 69% and 68% yields, respectively (Scheme 3).
XRD analysis of single crystals of 8a and 8b obtained
through recrystallization from a DCM/Et,O solution
indicated that both complexes existed as dimers with
intermolecular coordination between the pendant
imidazole and the silver atom (see Supporting
Information for ORTEP drawings for 8a and 8b). The
average Ceabenc—Ag interatomic distance was 2.08 A
for both 8a and 8b, which is comparable to those for
known silver NHC complexes. ¥ In the “C{'H}
NMR spectra of 8a and 8b in CD,Cl,, resonances for
the carbene carbon bound to the silver metal were
observed as a pair of doublets at 167.3 ppm {J(**C—
107Ag) = 287.1 Hz, 'J(BC-'®Ag) = 248.5 Hz} for 8a
and at 167.3 ppm {!J(C-'"Ag) = 289.0 Hz, 'J(**C-
1¥Ag) = 249.5 Hz} for 8b. The appearance of C-Ag
coupling indicated that dissociation of the silver metal
from the carbene is much slower than the NMR time

scale. [1415]
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Scheme 3. Synthesis of silver complexes 8a and 8b.

Next, we evaluated the neutral and cationic silver
complexes 7a, 7b, 8a, and 8b (2 mol% Ag) for
catalytic activity in the cyclization of 6-phenylhex-5-
ynoic acid (9a) in acetonitrile at 80 °C for 15 hours.
When we applied the cationic complex (8a) with the
N(1)-mesityl-substituted NHC ligand, the starting
material was fully consumed to afford 6-exo-dig
lactonization product 10a in 98% isolated yield with
exclusive Z-selectivity (Table 1, entry 1). Meanwhile,
the cyclization of 9a with 8a in toluene, 1,4-dioxane,
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and 1,2-dichloroethane gave only trace amounts of the
product (see Supporting Information). The cationic
silver complex (8b) having the NHC ligand subsituted
with a bulkier N(1)-aryl group (2,6-diisopropylphenyl)
was much less active, yielding (2)-10a in only 21%
yield (entry 3). The neutral silver chloride complexes
7a and 7b gave only a trace or none of the cyclization
product (entries 4 and 5). In accordance with the
literature, ) Ag,COs as a basic silver complex also
promoted this cyclization to give 10a (83%), albeit
with lower efficiency than 8a (entry 6). Using ligand-
free cationic silver(I) salt AgPFs as a catalyst resulted
in only 12% yield (entry 8).

Combinations of AgPFs and conventional NHC
ligands such as IMes (L1)"'% and IPr (L2)!"'" gave 10a
in 27% and 16% yields, respectively (Table 1, entries
9 and 10). Imidazo[1,5-a]pyridin-3-ylidene ligand L3
with a phenyl group at the C5 position gave even lower
yield (13%, entry 11). The addition of 1-
phenylimidazole (11) as an exogenous organic base to
the reaction systems with L1, L2, or L3 led to
substantial increases in the yield of 10a to 62%, 44%,
or 18%, respectively (entries 12-14). These results
suggest cooperative action of the cationic silver center
and the imidazole derivative (11) as a Lewis acid and
a Brensted base, respectively. Furthermore,
comparison of these results with those for the cationic
silver complex (8a) with the imidazole-functionalized
NHC ligand (entry 1) confirms that the expected acid-
base cooperative catalysis with the intramolecularly
arranged cationic Ag center and imidazole moiety has
been achieved.

Table 1. Silver-Catalyzed Cyclization of 9a

]
(o]
O
\/\/u\
OH Ph

catalyst (xx mol% on Ag)
additive (2 mol%)

CH3CN, 80 °C, 15 h

Ph

9a 10a
entry catalyst additive  yield [%]®
(xx mol% Ag)

1 8a (2) none 98Ibl
2 8a (1) none 94[¢]
3 8b (2) none 21
4 7a (2) none trace
5 7b (2) none 0
6 Ag,CO3 (2) none 83
7 AgrCOs (1) none 2504
8 AgPFs (2) none 12
9 AgPFs (2) L1 27
10 AgPFs (2) L2 16
11 AgPFs (2) L3 13
12 AgPFs (2) L1+11 62
13 AgPFs (2) L2+11 44
14 AgPFs (2) L3+11 18

Reaction conditions: 9a (0.10 mmol) and Ag catalyst (1-2
mol% on Ag atom) in CH3CN (0.5 mL) at 80 °C for 15 h.
11: 1-Phenylimidazole. *Yield was determined by 'H NMR
analysis using 1,3,5-trimethoxybenzene as an internal

standard. solated yield. '/Reaction over 50 h. [YReaction

over 30 h.
=\ Pr =\ pr C%N
N Nﬁ NN S N—
IMes (L1) IPr (L2) L3

The catalyst loading could be reduced to 1 mol%
on the Ag atom using 8a as the catalyst for the reaction
of 9a over an extended reaction time (50 h) with the
product yield nearly unchanged (Table 1, entry 2). In
contrast, the reaction of 9a catalyzed by the reduced
amount of Ag>,COs (1 mol% Ag) remained at only 25%
even with the extended reaction time (entry 7). A time-
course profile for the Ag,COs-catalyzed reaction
indicated that Ag,COs3 was more active than 8a but lost
its activity at 10 h (see Supporting Information for
time-yield profiles). Thus, the NHC ligand (8a) with
the basic pendant is useful for maintaining the activity
of the cationic silver catalyst.

With the optimal conditions in hand using 8a as the
acid-base cooperative catalyst, the scope of alkyne-
tethered carboxylic acids (9) was explored (Table 2).
Both electron-donating (-OMe; 9b) and withdrawing
groups (-NO; and -CN: 9c,d) were competent
substituents at the para position of the aromatic ring of
the phenylacetylene derivatives to afford the cyclized
products 10b—d in high yields (94-99%, entries 1-3).
Terminal alkyne 9e was less reactive (25%, entry 4).
5-Phenyl-4-pentynoic acid (9f) underwent 5-exo-dig
cyclization with exclusive regio- and
stereoselectivities to produce (2)-y-
benzylidenebutyrolactone (10f) in 93% yield (entry 5).
The reaction of 2-(phenylethynyl)benzoic acid (9g)
occurred preferentially in 5-exo-dig cyclization mode
to afford (Z)-3-benzylideneisobenzofuran-1(3H)-one
(10g) as the major product, while the competitive 6-
endo-dig cyclization formed the corresponding o-
lactone (1%) as an inseparable by-product (entry 6). 4-
Nonynoic acid 9h was transformed to an E/Z mixture
(13/87) of the corresponding y-lactone 10h in 88%
yield (entry 7). Similar erosion of stereoselectivity on
the cyclization of 9h was reported for other silver(I)
and gold(I) catalytic systems.”™'®] Monomethyl
malonate derivatives 9i and 9j were suitable substrates
for the exo cyclization, giving the corresponding six-
(10i) and five-membered (10j) lactones in 87% and
84% yields, respectively (entries 8 and 9). Twofold
cyclization of dodeca-5,7-diynedioic acid 9k occurred
cleanly to furnish the bislactone 10k in 98% yield
(entry 10).

To gain insight into the reaction mechanism, the
interactions between 8a and 9a were investigated by
'"H NMR titration with varying amounts of carboxy-
tethered alkyne 9a (9a/Ag: 0—4 equiv) in CDs;CN at
25 °C. Only a trace of cyclization was observed at this
temperature. Upon addition of the alkyne (9a), signals
for a new species appeared and their intensities



increased gradually as the 9a/Ag ratio increased (see
Supporting Information for details of the titration).
Figure 2 shows aromatic regions of the spectra of 8a
in CD3;CN and the mixture of 8a and 9a at 9a/Ag =4,
where the ratio between the new species and 8a is
19:81. [ The most significant spectral change upon
addition of 9a is the downfield shift of the signals

carboxyl group of 9a, resulting in dissociation of the
intermolecular N-Ag interactions and
monomerization of the silver complex. Since no
significant chemical shift change was observed at the
propargylic methylene protons of 9a, its alkyne moiety
should be virtually uncoordinated with the silver atom.
Instead, coordination of CDs;CN to the vacant site of

arising from the imidazole pendant. This is likely due ~ the silver atom is reasoned (see Supporting
to protonation of the imidazole at the N(4) atom by the  Information for "H NMR titrations). [*%
Table 2. Cyclization of Alkyne-Tethered Carboxylic Acids (9) Catalyzed by 8a
entry substrate product yield entry substrate product yield
MeO (o] [e] [e] o
MeO
1 o 0 98% 6 HO o) 97%l°]
h 7 & /
Z
b 10b Ph” 9g Ph— 10g
ON ) o) <)
(o]
ON
N Z (E/Z=13/87)
Z /
9¢ 10c "By "Bu
NC o o) 9h 10h
NC o 9 o)
= 0
8 N 87%
9d 10d Ph
o} o] 9i 10i
b o o)
4 H._HO o L ACIE CO,Me
§ Ly HO 5 CO,Me 84%
9e 10e Z
Z o
0 o Ph 9j
(o]
HO
5 Q 93% X Ho S
10 NG 98%
. Y A
Z Ph
Ph o)
of 10f 9k o 10k

Reaction conditions: 9 (0.1 mmol) and 8a (0.001 mmol, 2 mol% on Ag atom) in CH3CN (0.5 mL) at 80 °C for 15 h.
[lDetermined by 'H NMR analysis using phenanthrene as an internal standard due to the volatility of the product. ™Including

1% of 3-phenyl-1H-isochromen-1-one.

8a + 9a (9a/Ag: 4 equiv) “
ot eadl
"

/ N\

- l
a* c* a* e
8a A A \_M‘__,_MJJ \,JM;

9 8.8 8.6 8.4 8.2 1.6 7.4 1.2 7

— N JV

8 7.8
5/ ppm
Figure 2. 'H NMR spectra of 8a (bottom) and 8a+9a
(9a/Ag: 4 equiv) (top). *: 8a; e: 9a; A: new species.

Density functional theory (DFT) calculations were
conducted to investigate the mechanism of the Ag-
catalyzed cyclization. The geometry optimizations as
well as frequency calculations were performed at the
MO06/lanl2dz (for silver) and 6-31+G(d,p) (for other
elements) levels of theory?"-??! using Gaussian 16, (2]

and the solvation effect of acetonitrile was introduced
using the CPCM model. *¥ The relative energies were
corrected for the Gibbs free energies and given in kcal
mol™! (Figure 3).

A mononuclear silver-alkyne n complex (Int-A)
with an interaction between imidazole and the
carboxylic acid is proposed as a plausible precursor for
the cyclization. Nucleophilic anti-attack of the
carboxy group to the alkyne moiety in the 6-exo-dig
mode occurs through TS-A to form a six-membered
lactone (Int-B) hydrogen-bonded with the protonated
imidazole moiety. This step has an energy barrier of
21.4 kcal/mol and is 15.7 kcal mol™! endothermic.
After dissociation of the hydrogen bond leading to the
more stable intermediate Int-C, protonation of the
Ag—C bond through TS-B gives the lactone (Int-D) 7t-
coordinated to the Ag atom at the exo alkene moiety.
These results support our expectation that the Bronsted
base moiety of the NHC ligand would participate
cooperatively in the silver-catalyzed cyclization of the
alkyne-tethered carboxylic acid.



AG (kcal/mol)

-17.3

Figure 3. Energy diagram for cyclization of 9a catalyzed by silver complex 8a. Calculations were performed at M06/ lan12dz
(for silver) and 6-31+G(d,p) (for other elements) levels of theory. The counter anion (PFs) of 3D model of TS-A is omitted

for clarity.

In conclusion, we synthesized neutral and cationic
silver(I) complexes with 5-(4-(tert-butyl)-1H-imidazol-
1-yl)-imidazo[1,5-a]pyridin-3-ylidene ligands.
Single-crystal XRD analysis showed that the neutral

and cationic complexes existed as monomers or dimers.

The cationic silver complexes showed catalytic
activity for the cyclization of alkyne-tethered
carboxylic acids. NMR experiments and DFT
calculations indicated that an in situ generated
monomeric cationic silver complex with an imidazole
pendant acts as a cooperative Lewis acid-base catalyst.
Exploration toward the development of other
cooperative NHC-metal catalysis is underway.

Experimental Section

General Procedure for
Cyclization of 9

In a nitrogen-filled glove box, alkynoic acid (9, 0.1
mmol) was placed in a vial containing a magnetic
stirring bar. A solution of cationic silver complex 8a
(1.2 mg, 0.001 mmol, 2 mol% on Ag) in dry CH;CN
(0.5 mL) was added to the vial, and the vial was sealed
with a screw-cap and removed from the glove box.
After stirring at 80 °C for 15 hours, the mixture was
cotton-filtered, and the resulting solution was
concentrated under reduced pressure. The residue was
purified by silica-gel column chromatography to
afford alkylidenelactone 10.

Silver-Catalyzed

Crystal Structures

CCDC-2045683-2045686 for 7a, 7b, 8a, and 8b
contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data request/cif.
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