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CCC pincer Ru complex-catalyzed C—H vinylation/
6m-E-cyclization of aldimines for constructing 4H-
pyrido[1,2-alpyrimidinest
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An unusual cascade C—H activation, vinylation and 6m-electrocyclization of 2-pyridyl aldimines with vinyl
bromides/triflates was achieved using catalysis with a unique CCC pincer NHC—Ru(i) complex (Cat B).
This reaction was found to enable a rapid and diverse synthesis of polycyclic 4H-pyrido[1,2-alpyrimidine

derivatives in mostly good to high yields, and with a broad substrate scope. A mechanistic study
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suggested the formation of a semi-opened Ru(i) intermediate chelating/activating the aldimine, and the

occurrence of single-electron transfer (SET) to generate a vinyl radical, followed by vinylation and then
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Introduction

Organic N-heteropolycycles often play substantial roles in
pharmaceuticals, bioactive molecules, and functional mate-
rials." The 4H-pyrido[1,2-a]pyrimidine derivatives represent
a large class of versatile N-heterocyclic molecules. At least ten
members have been used as clinical drugs, having antidepres-
sant,” anticancer,® antiallergic,* antioxidant,” quorum sensing
inhibition,® and other functions.” Additionally, some other
derivatives show utility in other fields, such as photocatalysis
(Scheme 1a).* Over the past decades, however, only a few
methods for constructing these N-heteropolycycles have been
developed, and commonly involve the catalytic cyclization of
multiple components or use of substrates premade in multiple
steps (Scheme 1b).° Some of the approaches also show limita-
tions: poor diversity or functionality of generated products,
requirement of pre-installation and post-removal of activating/
directing groups (DGs), etc.'® Thus alternative development of
a more efficient strategy is necessary for constructing diverse
derivatives of this N-heterocyclic framework to meet the
demands of multiple research fields.
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an intramolecular 6m-electrocyclization of 1N,3N-hexatrene to form the product. This protocol provides
a convenient approach for preparing and seeking new drug candidates.

The transition-metal-catalyzed C-H vinylation (Heck reac-
tion) and annulation of arenes with vinyl species is recognized
as a useful approach in organic synthesis.'* To the best of our
knowledge, there have hardly been any effective approaches
reported for C-H vinylation and aza-cyclization to construct

a) Representative functional molecules with 2-substituted 4H-pyrido[1,2-a]pyrimidines
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these N-heteropolycycles, except for the few examples using the
simple vinyl partner (Scheme 1c).** To effectively access diverse
multi-substituted 4H-pyrido[1,2-a]pyrimidine derivatives, we
hope to find a suitable catalyst system to investigate a more
effective cascade strategy involving C-H activation, vinylation
and aza-cyclization from aldimine and unactivated multi-
substituted vinyl species (Scheme 1d). Here the aldimine
substrates can be readily assembled from commercial aldehyde
and amine materials, and importantly the N-atom of the pyri-
dine moiety can serve as both a transient guide for C-H vinyl-
ation and the reaction site for 6m-electrocyclization, avoiding
the use of an extra DG. In this approach, however, there may
exist some challenges that would need to be overcome: an
undesired C-H vinylation may take place competitively at
aromatic ring C under direction of the N-atom of the aldimine;**
and if the vinyl partners are unactivated and multi-
functionalized for achieving product diversity, such as more
rings B/D, a sufficiently powerful catalyst system would be
required. Given our successful development of transition-metal
(Ir, Ru) NHC pincer catalysts, which have proven to robustly
enable C-H activation/functionalization,** here we set out to
evaluate this series of catalysts to achieve our goal of being able
to synthesize diverse polycyclic 4H-pyrido[1,2-a]pyrimidine
derivatives.

Results and discussion

We began our study with the preparation of representative
spirocycle-fused NHC pincer Ru and Ir complexes, Cat A-D,
according to methods we reported.***? Then we tried to realize
a model cascade reaction by screening the transition-metal
catalysts and reaction conditions with N-(3-methylpyridin-2-
yl)-1-phenylmethanimine (1a) as a substrate and the unac-
tivated 1-bromo-2-methylpropene (2a) as its vinylation partner.
Initially using the conditions described in Table 1 (see ESI} for
details), to our delight we obtained the desired product 3a,
albeit in 40% yield, with Cat A, and a little better 43% yield with
Cat B. In contrast, using Cat C or D failed to give product 3a
(entries 1-2 vs. 3-4). Fortunately, we did not detect the unde-
sired product of C-H vinylation at aromatic ring C in this model
reaction. This selectivity could be explained by the results of
density functional theory (DFT) calculations, which indicated
that the desired activation of the aldimine C-H (energy barrier
AG = 28.0 kcal mol™') was easier than that (AG =
37.3 keal mol™ ") of the undesired reaction (see ESI, Fig. S87).
Since Cat A and B gave the positive results (entries 1-2), addi-
tional commercial Ru-catalysts were examined, but no reaction
was observed (entries 5-9). A control experiment without any
catalyst resulted in no product. Subsequently we turned our
attention to investigating the effect of solvent (entries 10-12),
and found that 1,4-dioxane gave the better result (entry 12).
Finally, the best 96% yield of 3a was obtained by raising the
reaction temperature to 130 °C, and the loading of Cat B to
5 mol% (entry 13).

With the optimal conditions (Table 1, entry 13) in hand, we
then set out to expand the substrate 1 scope first by testing
various substituents on ring A. The experimental results
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Table 1 Screening of catalysts and reaction conditions”

ZN
Ny . B cat. k,cO, N i
é )‘/\ solvent, 12 h PheP X
CatA, M=Ru,X=0,
CatB,M=Ru,X=Cl
1a 2a 3a CatC,M=Ru,X=CO
CatD,M= Ir, X=Cl,
COD instead of PPhy
Entry Cat Solvent Yield?/%
1 A Toluene 40
2 B Toluene 43
3 C Toluene NR
4 D Toluene NR
5 Ru(bpy);Cl, Toluene NR
6 Cp(PPh;),RuCl Toluene NR
7 RuCl, Toluene NR
8 Ru(acac); Toluene NR
9 RuO, Toluene NR
10 B DMSO NR
11 B MeCN 12
12°¢ B 1,4-Dioxane 89
13%¢ B 1,4-Dioxane 96

% General conditions: 1a (0.1 mmol), 2a (0.2 mmol), Cat (3 mol%),
K,CO; (0.15 mmol) and solvent (1 mL), 110 °C for 12 h under argon.
b Yields determined from *H NMR results. © 130 °C. ¢ Cat B (5 mol%).

indicated that substitution with C3-alkyls, Ph, CF;, and H gave
medium to high yields of desired products 3a-3e (Table 2), with
the C3-Et substitution giving the best yield (3b). C4- (3f-3i) and
C5-substitutions (3j, 3k) gave on average lower yields of prod-
ucts than did the C-3 substitutions, with examples (3f, 3g, 3j)
bearing electron-donating groups (EDGs) giving higher yields
than those (3h, 3i, 3k) bearing electron-withdrawing groups
(EWGS). The lower yield on average with EWGs was possibly due
to a resulting decreased ability of the N-atom on ring A to
coordinate with the Ru-catalyst. When a substituent (Me, OMe
or F) was placed at the C6 position of the pyridine moiety, no
reaction was observed, possibly due to steric hindrance from
the neighboring C6 substituent. Furthermore, a 3,4-dimethyl
substituent on ring A gave a high 91% yield of 3m, whereas
fusing benzene to ring A in one experiment and replacing A with
3-methyl-pyrazine in another experiment gave only modest
yields of 3n and 3o, respectively. In short, substitution with an
EDG at C3, C4 or C5 of ring A could favor this reaction, while any
substitution at C6 disfavored it.

Subsequently we examined the substrate scope with 3-
methyl-pyridyl fixed as ring A and testing various substitutions
at C2-C4 of ring C. The experimental results demonstrated wide
tolerance of the reaction to EDG (Me, Et, iPr, or OMe), neutral
phenyl, and EWG (Cl, CF;) substituents here, generating mostly
good to excellent yields of products (3aa, 3ad-3ao)—except for
3ab and 3ac, which gave products with only moderate yields.
Further replacing ring C with 1,4-disubstituted phenyl, a- or B-
naphthalene, and 4-pyridyl or 2-thio-phenyl or phenylalkenyl,
was still effective for this reaction, generating moderate (3aq,
3as-3au) to good (3ap) and high (3ar) yields of desired products.
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Table 2 Substrates with various substituents at rings A and C*
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Table 3 Various vinyl species for constructing rings B/D*

N N
R‘ﬂ Cat B (5 mol%) R’—./D\l
7 K,CO3,130 °C \Wa
NeH * B T Nz
T 1,4-dioxane, 24 h
e
ok
1 2a
Substrate with various ed substituent at ring A N
s =
N R=3-Me, 3a, 90% R=4-OMe, 3g, 81% L
RA | R=3-Et 3b,91% R=4CI°  3h.41% )
3\"’ R=3Ph, 3c, 68%° R=4-Ph. 31, 44% Z
N A R = 3-CF;, 3d, 67%® R=5-Me, 3j, 71%
R=3H, 3e66%  R=5Ph 3k 55%
R=4-Me, 3f,75% R=6-Me, OMe or F
31, NR 3m, 91%

Substrate with various substituent at ring C

A NI N N
N )\rN @ R=2-Me, 3aa 98%
| ! 1 R =2-OMe, 3ab, 54%

N N N A R=2-CF;, 3ac, 75%
R=3-Me, 3ad,95%

2 )2 R=3/Bu, 3ae, 88%
Rl
3n, 49% 30 54% 4

R=3-OMe, 3af 88% R=40Me, 3ak 99% (¢ N_ )
R=3-CF; 3ag 85% R=4CF; 3al, 81% =~/ N 7
R=3-Cl, 3ah 94% R=4-C| 3am, 95% N 1
R=3-Ph, 3ai, 80% R=4Ph, 3an, 98% -
R=4-Pr, 3aj, 95% R=345-OMe, 3a0, 90% 3ap 84%

[ '
N X
{ N o i
N. | \ /\ 8 N.
| N~ A 1
N P N A
¥
e
I
“
90 J po )
N
X-ray of 3ar b
3aq, 64% 3ar, 90% CCDC-2340956 3as, 51%
| A
() N N
N | L
| N A 1
N A § No
2 7
’ S Il

, Xray of 3au obe
3at, 58% 3au, 50% S aatesT 3av,38%

¢ Unless otherwise specified, reactions with 1 (0.2 mmol), 2a (0.4 mmol),
Cat B (5 mol%) and K,COj; (0.3 mmol) in 1 ,4-dioxane (2 mL) at 130 °C
under Ar for 24 h, isolated yield. ? 150 °C. ¢ Cat B (10 mol%).

Additionally, even a non-aromatic tertiary-butyl aldimine could
be effective with this catalytic system, generating the corre-
sponding product 3av, albeit with a relatively low yield of 38%.

Of particular note, this catalyst system showed a robust
ability to activate many unactivated vinyl partners 2, enabling
construction of diverse versions of ring B, even those bearing
a spiro- or fused-ring D in many cases. As indicated in Table 3,
this catalytic reaction could tolerate both acyclic and even cyclic
vinyl species, smoothly generating tetra- (3ba, 3bb, 3bd-3bi)
and pentacyclic (3bc and 3bj) products with up to five rings in
medium to good yields. However, when the vinyl species carried
tri- or large 2,2-disubstituents, only the vinylation products were
isolated, without further 6m-electrocyclization observed,
possibly due to their greater steric hindrance at the terminus of
the 1,3-diazo-1,3,5-triene moiety (3bk-3bm). This observation
also confirmed that the reaction process underwent a 6m-elec-
trocyclization of a diazo-triene intermediate instead of a azo-{4 +
2] D-A type cyclization of aldimides 1 with vinyl species 2 fol-
lowed by dehydrobromination.

As the vinyl trifluoromethyl sulphonate (triflate, OTf) reagent
is usually easier to prepare from ketone or aldehyde precursors,
but less active than the bromide, we also examined the perfor-
mance of the catalyst with some vinyl triflates 4. As indicated in
Table 4, the reaction efficiencies of several examples were

16218 | Chem. Sci,, 2024, 15, 16216-16221

X N N
| | Al R2 O}
ZN Br Cat B (5 mol%) N R,
N R% KiC0;130°C iB] b}

R‘J\( A NAg

N H * . o
Y L D Rs ./ 14-dioxane, 24h
Ph Ph
2ba-bm 3ba-bm
| N N | X
JPr N
2-Naph
I Ph 1 ap
N A
Ph
o X-ray of 3bb o
3ba, 78% 3bb, 76% CCD 2540058 3bc, 88%
® C ® Y
oo A AND e
1 i 1 Y. T
Nz N A N A )4
A
Ph Ph Ph A
3bd, 64% 3be. 66% 3bf, 48% X-ray of 3bf
CCDC-2340955
X N N
@ | {
N N
| | $ |
= N A N N A
Ph Ph Ph
3bg, 69% 3bh, 95% 3bi, 42% 3bj, 84%

only vinylation products were isolated
) & N
ZN ZN )i;‘l o
e e Y-
Ph Ph Ph Ph

X-ray of 3bm
CCDC-2340960

3bk, 75% 3bl, 81% 3bm, 63%"

“ Unless otherwise specified, reactions with 1a (0.2 mmol), 2 (0.4 mmol),
Cat B (5 mol%) and K,CO; (0.3 mmol) in 1,4-dioxane (2 mL) at 130 °C
under argon for 24 h, isolated yield. ? 150 °C.

examined, and a significant substrate dependence was found.
When 1a with 3-Me at ring A, 1n with benzene-fused ring A, 10
with 3-Me-pyrazine as ring A, 1as with 4-pyridine as ring C, and
1at with 2-thiophene as ring C, were subjected to the cascade
reaction separately with 2,2-dimethyl vinyl triflates, they all gave
the higher yields of products (3a, 3n, 30, 3as and 3at) than they
respectively did with the corresponding bromide. While 1e was
used to reaction, a reverse result was obtained (3e). Importantly,
when cyclic vinyl triflates (4bh and 4bj) were examined with 1a,

Table 4 Results with vinyl triflates instead vinyl bromides®

XN
i 2
R @N 7 R,
IB[D
N gt
]
i

OTf (Br)

Cat B (5 mol%)
NR?

R4J\(

. D

K,C05,130 °C
== -,
1,4-dioxane, 24 h

% 2% ?f

3n, 74%, (49%) 30, 76%, (54%)  3as, 95%" (51%")

o Qf %@ %%

3at, 69%, (58%) 3e, 43%", (66%") 3bh, 66%, (95%)  3bj, 74%, (84%)

a

¢ Unless otherwise specified, reactions with 1 (0.2 mmol), 4 (0.4 mmol),
Cat B (5 mol%) and K,COj3 (0.3 mmol) in 1,4-dioxane (2 mL) at 130 °C
under argon for 24 h, isolated yield. ? 150 °C.
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moderate yields were observed but lower than those with cor-
responding vinyl bromides. This result provided valuable
information for seeking a reaction yield as high as possible,
namely by screening vinyl partners, though a clear structure-
efficiency relationship has not yet been identified.

In order to obtain insight into the mechanism of this reaction,
several supporting experiments and DFT calculations were con-
ducted. Initially, inspection of the model reaction of 1a with 2a
under catalysis of 20 mol% Cat B with in situ high-resolution
mass spectroscopy (HRMS) after one hour revealed the pres-
ence of the bromide Cat E, and Ru-fragments I, ITI, IV and VI (see
ESI, Fig. S2t), whose structures are shown in Fig. 1. The molec-
ular peak of Cat B was not detected in this case. A repeated
experiment of this model reaction with 5 mol% Cat E instead of
Cat B led to 3a with a yield of 95% (Scheme 2a). This result
indicated that Cat E participated in the catalytic cycle in the
standard conditions with 2.0 equivalents of vinyl bromide 2. We
nevertheless still used Cat B instead of Cat E as the catalyst in this
work, since the former was easier to prepare. When the deute-
rium-labeled-1a (D-1a) was subjected to the model reaction with
20 mol% Cat B or Cat E separately, two fragments with Ru-species
D-IV and 2D-IV were indicated by the HRMS data (see ESI, Fig. S3
and S5t) in each case, suggesting that a D-atom of D-1a was
transferred onto the phenyl(s) of Ru-species IV. These results
showed that reaction process underwent a semi-opening of Ru-
species I and then re-cyclization after trapping aldimine
substrate (I — III) via Ru intermediate II. Subsequently, a radical-
trapping experiment with 2.0 equivalents of TEMPO was carried
out, and found to form the TEMPO-linked vinyl product with
a trace of 3a formed, detected both using TLC and HRMS
(Scheme 2b). This result showed that the C-Br bond cleavage of
2a generated the vinyl radical, which was proposed based on the
DFT calculations (AG = 33.2 kcal mol ™, see ESI, Fig. S9) to be
the rate-determining step of the whole reaction. Finally, a kinetic
isotope effect (KIE) experiment revealed a primary KIE of 1.05
(Scheme 2c), suggesting that C-H cleavage of aldimine was not
the rate-determining step in this transformation.*®

On the basis of the acquired evidence together with the related
literature,'**® a plausible mechanism was proposed (Fig. 1).

a) Cat E as the catalyst
| )
2N
NYH
Ph

1a 2a

CatE (5 mol%)

K CO3 (1.5 equiv)
1, 4 dloxane (2 0 mL)

3a, 95%
b) Radical trapping experiment

BN

ZN standard conditions

", 3a
M B’/ﬁ/ TEMPO (2.0 equiv) *
trace

[M+H]"cacld: 212.2009
found: 212.2004

Ny
N
Ph
1a 2a

c) Parallel Kinetic Isotope Effect (KIE) experiment

N
(> Y Cat B (5 mol%) i
N N Br K,COj4 (1.5 equiv) i N
NYH Nﬁ/D )/\ 130 °C, 1,4-dioxane N
Ki/Kp =105 Ph

1a D-1a 2a 3a

Scheme 2 Mechanistic experiments.
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Fig.1 Proposed reaction mechanism.

Initially, according to this mechanism, Cat B was in situ trans-
ferred to Cat E, which released a PPh; ligand to form the Ru-
species 1. Then the central Ru of I complexed substrate 1a,
which was accompanied with a Ru-Ph bond breaking and
transfer of the aldimine H to Ph to form the semi-opened Ru(u)
species II. After releasing the second PPh; ligand, eliminating
HBr under assistance of K,CO; and re-formation of a Ru-Ph
bond, Ru-species III was formed. Complexation of III with PPh;
formed the Ru intermediate IV, which combined with the SET-
generated vinyl and Br radicals to form Ru(wv)-species V and
VIII, respectively. Intramolecular reductive vinylation in V gave
the Ru(u)-chelated 1N,3N-hexatriene VI, which generated 3a and
Ru(u)-species VII  after  6m-electrocyclization/PPh;-ligand
exchange. Subsequently, the Ru(u) species VII received a Br from
VIII to regenerate species I and III for repeating the catalytic cycle.

Conclusions

In conclusion, we have developed a CCC pincer NHC-Ru(m)-
catalyzed cascade C-H vinylation/67-electrocyclization of pyr-
idyl aldimines with a series of unactivated vinyl bromides/
triflates. This procedure displays advantages of broad
substrate scope and multiple product functionality. A range of
N-heteropolycycles have been produced efficiently, which we
believe will find good potential utility in medicinal chemistry.
Preliminary mechanistic studies indicated that this reaction
proceeds through a radical pathway and a semi-opened Ru(ui)
intermediate. This success displays again one more powerful
reactivity of our catalyst series, and inspires us to further the
catalytic research and its applications.

Data availability

All data supporting the findings of this study are available
within the article and its ESIT file.
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