
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
0:

14
:3

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
The structural di
aA. V. Topchiev Institute of Petrochemical

Leninsky Pr. 29, Moscow 119991, Russian F
bChemistry Department, M. V. Lomonosov M

3, Moscow 119991, Russian Federation
cPlekhanov Russian University of Economic

Russian Federation
dA. N. Frumkin Institute of Physical Chemistr

of Sciences, Leninsky Pr. 31, Moscow 11907

† Electronic supplementary information
spectra of 4–8, details of X-ray diffra
calculations (table of charges and comm
For ESI and crystallographic data in CI
10.1039/c9ra04587b

Cite this: RSC Adv., 2019, 9, 29195

Received 18th June 2019
Accepted 6th September 2019

DOI: 10.1039/c9ra04587b

rsc.li/rsc-advances

This journal is © The Royal Society of C
versity of heterocycle-fused
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Viktor P. Dyadchenkob and Pavel V. Ivchenko ab

Cyclopentadienides of d- and f-elements are highly important complexes with undoubted potential for

practical applications. Annelation of a heterocyclic fragment with an h5-ring results in substantial

improvement of the catalytic properties of these compounds, called “heterocenes”; the investigation of

metal coordination with these specific ligands is a highly important problem. We prepared potassium

derivatives 5–8 of heterocycle-annelated cyclopentadienes with different structures – derivatives of

cyclopenta[1,2-b:4,3-b0]dithiophene (1), indeno[2,1-b]indole (2), indeno[1,2-b]indole (3), and indeno[1,2-

b]indolizine (4) and studied the crystal and molecular structures of these salts by X-ray diffraction. We

found that heterocycle-fused cyclopentadienides demonstrate remarkable diversity in metal–ligand

coordination modes and crystal packing, with formation of two-dimensional polymeric (5), linear

polymeric (6), tetrameric (7) and monomeric (8) structures. The NMR spectral data and results of DFT

modeling indicate an increase in electron density in the cyclopentadienyl fragment, and this effect was

found to be larger in the derivative of the new indolizine ligand precursor 4. The results of our study will

be used in the design of next-generation catalysts of a-olefin polymerization.
Introduction

Sandwich and half-sandwich complexes of transition metals
and f-elements are actual catalysts of industrially important
processes, such as olen1–3 and diene4 polymerization, olen
epoxidation,5,6 hydrosilylation,7 etc. The remarkable variety of
cyclopentadiene-type ligands obtained to date is due to the
catalytic application of the corresponding complexes:
substituted cyclopentadiene, indene and uorene are h5-bound
ligands that successfully provide the “basic” steric environment
of the catalytic center and affect the catalytic activity, regiose-
lectivity and stereoselectivity.8 Annelation of a ve-membered
carbon ring with a heterocyclic fragment is a promising direc-
tion in the design of the heteroanalogs of indene and uorene
(Scheme 1) which represent prospective h5-ligands. Such
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ligands have been successfully applied in the design of an
effective epoxidation catalyst;9 sandwich and half-sandwich
complexes of group 4 metals (so-called “heterocenes”) repre-
sent next-generation metallocene catalysts for a-olen
polymerization.10–15

Recently, we demonstrated the high efficiency of cyclopenta[b]
thiophene Zr complexes in oligomerization of C6–C10 a-olens,16

and the promising catalytic properties of Zr ansa-complexes
based on cyclopenta[1,2-b:4,3-b0]dithiophene, indeno[1,2-b]
indole and indeno[2,1-b]indole (Scheme 2, top) in polymerization
of 1-octene.17 In our experiments, heterocenes outperformed
traditional cyclopentadienyl, indenyl and uorenyl sandwich
Scheme 1 Donor heterocycle – fused cyclopentadienes.
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View Article Online
complexes. This behavior indicates that heterocene ligandsmuch
more effectively stabilize the Zr cationic reaction center relative to
traditional cyclopentadienides due to their electron-donor
nature,18 which entails increasing in catalytic activity and feasi-
bility of using heterocenes at elevated temperatures. The struc-
tural diversity of heterocycle-fused cyclopentadienes permits
a more variety in stereocontrol of a-olen insertion: rac-forms of
ansa-zirconocenes based on heteroanalogs of indene allows to
obtain isotactic polypropylene19 or polypropylene elastomers;20,21

Zr complexes based on heteroanalogs of uorene were success-
fully used in the synthesis of polypropylene elastomers,11,14,15

isotactic poly(1-butene),12 high MW atactic polyolens17 and
other prospective materials.

Heterocenes have been extensively studied in a-olen
polymerization since the early 2000s. The molecular struc-
ture of these compounds is poorly studied; to date, only
a few dichlorozirconium ansa-complexes have been charac-
terized by X-ray diffraction analysis.10,17,19–24 Obviously,
these data do not reect the entire spectrum of possible
metal–ligand interactions in catalytic species due to the
predominantly covalent nature of bonding in neutral LZrCl2
complexes.
Scheme 2 Heterocenes – promising precatalysts for a-olefin poly-
merization (top); racemo-selective transmetallation of dilithium salt
(bottom).25

29196 | RSC Adv., 2019, 9, 29195–29204
We believe that a detailed study of the molecular structure of
alkali metal derivatives of heterocycle-fused cyclopentadienes is
an effective tool to nd such interactions. These studies also
have an important practical aspect, since the structure of alkali
metal cyclopentadienides is crucially important for the trans-
metallation that is used in the synthesis of metallocenes;
recently, we detected high racemo-selectivity in the synthesis of
zirconium complex (Scheme 2, bottom), and this selectivity
could be attributed to effects of crystal packing in the corre-
sponding dilithium salt.25

On the other hand, heterocycle-fused cyclopentadienides
may be considered as a “bridge” between traditional derivatives
of alkyl- or aryl-substituted cyclopentadiene, indene, and uo-
rene26 – and side-chain functionalized cyclopentadienides27 –

thus complementing and completing our knowledge of the
nature of alkali metal p-ligand coordination.

In this paper, we report the synthesis and crystallographic
study of four heterocene-fused potassium cyclopentadienides.
Results and discussion
The synthesis of heterocycle-fused cyclopentadienes

2,5-Dimethyl-7H-cyclopenta[1,2-b:4,3-b0]dithiophene 1,14,28 5-
methyl-5,6-dihydroindeno[2,1-b]indole 2 (ref. 29) and 5-methyl-
5,10-dihydroindeno[1,2-b]indole 3 (ref. 30) were synthesized
according to previously reported procedures (see also17 and
Section S1 in the ESI†). 11-Phenyl-6H-indeno[1,2-b]indolizine 4
is a new compound that was prepared by Scheme 3 (see Section
S1 in the ESI† for NMR spectra). The synthesis of 4was based on
the quaternization of 2-benzylpyridine with 2-bromo-2,3-dihy-
dro-1H-inden-1-one31 followed by cyclization in basic aqueous
media.32 Note that 4 is the rst example of a cyclopentadienyl-
type ligand precursor with indolizine fragment.
Preparation and NMR study of potassium salts

Potassium salts were obtained from corresponding heterocycle-
fused cyclopentadienes 1–4 by metallation with benzyl potas-
sium in THF medium. This efficient method of metallation of
Scheme 3 Synthesis of 11-phenyl-6H-indeno[1,2-b]indolizine (4).

This journal is © The Royal Society of Chemistry 2019
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Table 1 Chemical shifts (d, ppm) of C(H) atoms of C5 fragments in 1H
and 13C NMR spectra of cyclopentadienides (THF-d8)

Cyclopentadienide 1H NMR, HCp
13C NMR, C(H)Cp Reference

5 5.64 82.4 a

6 5.51 69.3 a

7 5.92 75.9 a

8 5.88 67.6 a

(C5H5)Na 5.60 103.3 36
(C5H5)K 5.57 102.1 37
(tBuC5H4)K 5.36, 5.42 104.1, 103.8 37
(tBu3C5H2)K 5.56 101.5 37
(C9H7)Li

b 6.51, 5.89 116.6, 92.7 38
(C13H9)K

c 6.93 84.1 39
(C13H9)K(diglyme)c 6.04 83.0 40

a This work. b C9H7 ¼ indenide. c C13H9 ¼ uorenide.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
0:

14
:3

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
substituted cyclopentadienes, which we recently proposed,33–35

signicantly increased the availability of potassium derivatives
that are synthetic precursors of cyclopentadienyl complexes.
Crystalline salts 5–8 were obtained by slow (�1 week) diffusion
of n-hexane into solutions of metallation products in THF (5) or
in THF/diglyme mixture (for 6–8, see Scheme 4). The crystals
obtained were suitable for X-ray diffraction analysis.

Using correlation NMR techniques, we accomplished
complete signal assignment in 1H and 13C NMR spectra of 5–8
(see Section S1 in the ESI†). We conclude that the values of 13C
NMR chemical shis related to C(H) carbon atom correlate to
electron density in the C5 fragment of the cyclopentadienide
anion. In comparison with such values in cyclopentadienides
and uorenides, the chemical shis for heterocycle-fused
cyclopentadienides 5–8 are substantially lower (Table 1). The
degree of shielding is minimal for 5 and maximal for indolizine
derivative 8, which correlates with results of DFT calculations.
Crystallographic study of potassium salts

Potassium derivatives of heterocycle-fused cyclopentadienes
demonstrated a remarkable versatility in metal coordination
and crystal packing (Scheme 4).

Potassium 2,5-dimethyl-7H-cyclopenta[1,2-b:4,3-b0]dithio-
phenide 5. The complex [K(THF)(Me2C9H3S2)]N (5) contains two
K+ cations connected via two bridging THF molecules, forming
a dimeric dication [K2(m-THF)2]

2+. Each K+ is coordinated by two
symmetrically nonequivalent nearly at 2,5-dimethyl-7H-cyclo-
penta[1,2-b:4,3-b0]dithiophenide anions (Fig. 1, for the asym-
metric unit see Fig. S27 in the ESI†). Bond distances within the
anions of 1 are presented on Scheme 5 and in Table 2. The C–C
bond lengths within the central C5-rings are similar and have
Scheme 4 Preparation of 5–8. (i) BnK/THF; (ii) hexane (5) or hexane/dig

This journal is © The Royal Society of Chemistry 2019
average values of 1.420(6)�A for C1/C5 and 1.423(6)�A for C12/
C16.

Interactions of K+ cations with the ligand via its middle ring
are symmetrical in cases of K1–C12i/C16i and K2–C1ii/C5ii

interactions [symmetry codes: (i)�x + 1, y� 1/2,�z + 1; (ii) x + 1,
y, z], which is conrmed by very similar values of K+-
centroid(C5) distances and normals from K+ to the ligand planes
(Table 2). In the case of less symmetrical K1–C1/C5 interac-
tion, the difference between the mentioned distances (�0.078
�A) is explained by the fact that the intersection point of the
normal and the C5-plane is shied from the C5-centroid towards
atom C2, which is likely due to the presence of a relatively long
K1–S2 contact (Fig. 1 and S27 in the ESI†). Moreover, the
interaction K2–C12/C16 is far from symmetrical, since cation
lyme (6–8).

RSC Adv., 2019, 9, 29195–29204 | 29197
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K2 is also coordinated by C19 and S4 atoms. The normal from
K2 to the C12/C16 plane intersects the plane close to the
middle of the C14–C15 bond and the position of the centroid
dened by atoms C13/C16, C19 and S4.

Therefore, the anionic ligand displays two similar coordi-
nationmodes: m-h5:h6 (C1/C11, S1, S2) and m-h5:h7 (C12/C22,
S3, S4). The [K2(m-THF)2]

2+ moiety exhibits bonds with four [2,5-
Me2C9H3S2]

� anions, thus forming a 2D coordination polymer
(Fig. 2, S29 and S30 in the ESI†).

All K+ cations lie nearly in one plane in the 2D sheet with the
K–K–K angles ranging from 99.74 (1)� to 139.35 (1)� (Table S2 in
the ESI†). A simplied scheme of Coulomb interactions
between dications [K2(THF)2]

2+ and anions [Me2C9H3S2]
�

within the 2D layer is presented in Fig. S31 in the ESI.†
Potassium salts bearing isomeric dihydroindenoindolide

anions. The asymmetric unit of colorless salt [K(diglyme)(C16-
H12N)] 6 containing 5-methyl-5,6-dihydroindeno[2,1-b]indolide/
yl ligand comprises one anion [m-h3:h3-C16H12N]

� and one
[K(diglyme-kO,O0,O00)]+ cation (Fig. S32 in the ESI†). The K+

cation is h3-coordinated by two nearly at indenoindolide
anions (atoms C2, C6, C7 and C6i, C7i, C8i; symmetry code: (i) x,
�y + 1/2, z + 1/2; see Table 3 for K–C bond distances), but their
coordination modes are different (Fig. 3). Normals from K1
cation to the ligand planes intersect the planes close to posi-
tions of centroids dened by atoms C2, C6, C7 and C6i, C7i, C8i

(Table 3). Corresponding K-centroid distances have very close
values to those of the normals. The second anion additionally
exhibits a rather long K1–C12i contact. More or less equal
charge redistribution within the anion is supported by the
values of C–N and C–C distances (Scheme 5 and Table S3 in the
ESI†) with the exception of a noticeably longer C7–C8 bond of
1.4651(17) �A, which connects C5 and C6 rings.

The mentioned interionic interactions between the
[K(diglyme)]+ and [m-h3:h3-C16H12N]

� moieties provide forma-
tion of a 1D coordination polymer structure [K(diglyme)(C16-
H12N)]N, a part of which is shown in Fig. 3, with the K1i–K1–K1ii

angle of 127.65 (1)� [symmetry code: (ii) x,�y + 1/2, z� 1/2]. The
formed polymer chains are aligned along the c axis (Fig. 3).
Fig. 1 The structure of [K2(THF)2(Me2C9H3S2)2]N (5). Displacement
ellipsoids are drawn at the 50% probability level. All H atoms are
omitted, and THF disorder is not shown for clarity.

29198 | RSC Adv., 2019, 9, 29195–29204
The isomeric red crystalline complex [K(diglyme)(C16H12N)]
(7) based on 5-methyl-5,10-dihydroindeno[1,2-b]indole has
a similar asymmetric unit that includes one cation [K(diglyme-
kO,O0,O00)]+ and one anion [m-h3:h5-C16H12N]

� (Fig. S36 in the
ESI†). The C–C and C–N bond distances in the anion are given
in Scheme 5 and in Table S4 (ESI†). These values are expected,
but the C7–C8 bond (1.4711(19)�A) that is common to C5 and C6

rings is elongated as in complex 6. Atom K1 is h5-coordinated by
one ligand (atoms C4–C8) and h3-coordinated by the other
ligand (atoms C6i, C7i and C12i) as shown in Fig. 4 [symmetry
code: (i) y, �x + 3/2, �z + 1/2]. The normal from K1 to the plane
dened by atoms N1, C2–C17 is 2.9430(5) �A, which is close to
the K1-centroid(C4/C8) distance of 2.9243(7) �A (Table 4).

The [K(diglyme)(C16H12N)] moiety is located near a 4-fold
rotoinversion axis, which results in formation of the coordina-
tion tetramer [K(diglyme)(C16H12N)]4 (Fig. 5 and S37 in the ESI†)
displaying the rare S4 Schoenies point group in a crystal
structure. All four K+ cations are located nearly but not quite in
the same plane, with the K1i–K1–K1ii angle of 89.65� [symmetry
code: (ii)�y + 3/2, x,�z + 1/2]. The tetramer forms layers parallel
to the ab plane (Fig. S38 in the ESI†). Packing of two such layers
parallel to the ac plane is shown in Fig. S39 in the ESI.† A direct
analogy can be traced between 7 and the previously described
potassium uorenide, which forms a trimeric solvate with
diglyme (3-fold rotoinversion axis).40

Hence, a small change in the anion geometry (and conse-
quently in its electronic structure), namely, altering the position
of the CHCp (or NCH3) fragment, results in dramatic structural
changes and formation of either the 1D coordination polymer 6
or the tetramer 7.

Potassium 11-phenyl-6H-indeno[1,2-b]indolizinide. Unlike
all other compounds (5–7), salt 8 demonstrates a molecular
structure in which K+ is coordinated with the 11-phenyl-6H-
indeno[1,2-b]indolizinide anion, one diglyme and one THF
Scheme 5 The C–C, C–S and C–N bond distances in fluorenide anion
((C13H9)K(diglyme)40) and in anions of 5–8.

This journal is © The Royal Society of Chemistry 2019
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Table 2 Selected distances (�A) in 5a

K1–O1 2.7543 (17) K2–O1 2.7998 (17)
K1–O2 2.8042 (18) K2–O2 2.9013 (18)
K1–S2 3.7814 (8) K2–S4 3.6343 (8)
K1–C1 3.173 (2) K2–C12 3.434 (2)
K1–C2 2.937 (2) K2–C13 3.332 (2)
K1–C3 2.989 (2) K2–C14 2.976 (2)
K1–C4 3.300 (2) K2–C15 2.907 (2)
K1–C5 3.425 (2) K2–C16 3.214 (2)
K1–C12i 3.097 (2) K2–C1ii 3.018 (2)
K1–C13i 3.222 (2) K2–C2ii 3.001 (2)
K1–C14i 3.162 (2) K2–C3ii 3.142 (2)
K1–C15i 3.084 (2) K2–C4ii 3.290 (2)
K1–C16i 3.043 (2) K2–C5ii 3.197 (2)

K2–C19 3.353 (2)
K1-centroid C1/C5 2.8526 (13) K2-centroid C1ii/C5ii 2.8882 (11)
K1-centroid C12i/C16i 2.8790 (12) K2-centroid C12/C16 2.9405 (11)
K2-centroid C12/C16, C19, S4 2.8308 (9)

a Symmetry codes: (i) �x + 1, y � 1/2, �z + 1; (ii) x + 1, y, z.

Fig. 2 A 2D coordination polymer sheet of 5, formed parallel to the ab
plane. Displacement ellipsoids are set to the 50% probability level, H
atoms are omitted.
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molecule, [K(diglyme-k3O,O0,O00)(THF-kO)(h5-C21H14N)] (Fig. 5).
The h5-coordination mode of the anion is symmetrical: the K–
centroid(C4/C8) distance (2.8539(10) �A) and the normal from
K to the C4/C8 plane (2.8287(10)�A) are similar. The K–O, K–C
distances and bond lengths within the anion are given in Table
Table 3 Selected distances (Å) in 6a

K1–C2 3.1916 (12)
K1–C6 3.0119 (13)
K1–C7 3.3135 (13)
K1–C6i 3.2869 (13)
K1–C7i 3.0399 (12)
K1-centroid C2, C6, C7 3.0115 (8)
K1-centroid C6i, C7i, C8i 3.0071 (7)

a Symmetry code: (i) x, �y + 1/2, z + 1/2.

This journal is © The Royal Society of Chemistry 2019
5 and in Scheme 5, correspondingly (other parameters are
presented in Table S5 in the ESI†). Due to steric hindrance, the
phenyl group is rotated by 35.80 (7)� with respect to the nearly
at indeno[1,2-b]indolizinide fragment. This indicates that the
conjugation between Ph and Cp fragments is lost to a signi-
cant extent.

The [K(diglyme)(THF)(C21H14N)] unit is sterically crowded
enough not to form coordination polymers, yet the K+ coordi-
nation sphere is insufficiently saturated, and K+ has a low
formal coordination number (7). Therefore, the anion
[C21H14N]

� (atoms N1, C16, C15, C5, C6) and the cation
[K(diglyme)(THF)]+ of two different molecules, which are related
by an inversion center, demonstrate weak electrostatic inter-
molecular interactions that lead to association into a dimeric
unit (Fig. S41 in the ESI†). Packing plots of 8, demonstrating the
molecular lattice, are given in Fig. S42 and S43 in the ESI.†

Comparison of the structures of heterocene-fused cyclo-
pentadienides and potassium uorenide. Potassium complex
(C13H9)K(diglyme)40 is the closest analog of 5–8. The analysis of
the structures of heterocycle-fused cyclopentadienides allows us
to conclude that the presence of annelated donor heterocycle
instead of condensed benzene ring (Scheme 5) does not lead to
signicant changes in the geometry of C5 and C6 rings
compared to uorenide. Apparently, the possible causes of the
difference observed in NMR spectra, and in the chemical
K1–C8i 3.2182 (12)
K1–C12i 3.5107 (14)
K1–O19 2.7784 (10)
K1–O22 2.7611 (9)
K1–O25 2.8821 (10)
K1-normal N1, C1/C17 2.9962 (6)
K1-normal N1i, C1i/C17i 2.9841 (5)
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Fig. 3 The structure of [K(diglyme)(C16H12N)]N (6) (top) and 1D
coordination polymer chains of 6, formed along the c direction
(bottom). Displacement ellipsoids are set to the 50% probability level,
H atoms are omitted.

Fig. 4 The [K(diglyme)(C16H12N)]4 unit of 7. Displacement ellipsoids
are drawn at the 50% probability level, H atoms are omitted for clarity.

Table 4 Selected bond lengths (�A) in 7

K1–C4 3.1508 (14) K1–C7a 3.1300 (14)
K1–C5 3.2627 (13) K1–C12a 3.2972 (15)
K1–C6 3.0442 (14) K1–O19 2.7295 (12)
K1–C7 3.0866 (13) K1–O22 2.7170 (10)
K1–C8 3.2825 (14) K1–O25 2.8313 (12)
K1–C6a 3.1131 (14)

a Symmetry code: (i) y, �x + 3/2, �z + 1/2.

Fig. 5 The structure of [K(diglyme)(THF)(C21H14N)] (8). Displacement
ellipsoids are drawn at the 50% probability level. All H atoms are
omitted for clarity, minor disorder components are not shown.

29200 | RSC Adv., 2019, 9, 29195–29204
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behavior of zirconium complexes based on uorene and 5–7,17

can be attributed to the difference in the electronic structure of
these ligands.
DFT calculations

Taking into account the results of NMR studies of compounds
5–8, which indicate signicant shielding of the C(H) carbon
atom in the C5 ring, we calculated the electronic structure of the
corresponding anions at the PBE0/def-2-TZVP level of theory.41

Additionally, we estimated the inuence of the potassium
cation on the view and energy of orbitals by DFT optimization of
model complex [K(Me2O)(diglyme)]+[C16H12N]

� and found that
such inuence is negligible (see Fig. S44 in the ESI†).

The plots for highest occupied molecular orbitals (HOMO)
and lowest unoccupied molecular orbitals (LUMO) are pre-
sented in Fig. 6. The atoms of C5-rings provide substantive input
to the formation of HOMO for all heterocycle-fused cyclo-
pentadienides, which affects the stabilization of metal cation in
catalytic center. High symmetry in HOMO and LUMO in 5
explains the extremely high stability and catalytic productivity
Table 5 Selected bond lengths (�A) in 8

K1–C4 3.1598 (19) K1–O24 2.7209 (17)
K1–C5 3.2236 (19) K1–O27 2.7374 (17)
K1–C6 3.156 (2) K1–O30 2.7342 (18)
K1–C7 2.9824 (19) K1–O32 2.686 (4)
K1–C8 2.9827 (19)

This journal is © The Royal Society of Chemistry 2019
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of cationic Zr complexes based on derivatives of cyclopenta[1,2-
b:4,3-b0]dithiophene. In addition, the impact of HOMO on p-
electron density at the C(H) carbon atom in 5 is minimal, which
correlates with the maximal chemical shi for this atom in the
13C NMR spectrum of 5. Substantial contribution of electrons at
the N atom in 7 to HOMO allows us to assume the possibility of
coordination of electrophiles at this atom in reactions catalyzed
by indeno[1,2-b]indolyl metal complexes; this signicant aspect
of catalytic behavior of these compounds is being explored in
our laboratory.
Experimental
General experimental remarks

Materials and methods. All synthetic manipulations were
performed in a puried argon atmosphere or under vacuum
using an argon-lled glove box, standard Schlenk glassware or
vacuum line techniques. n-Pentane, n-hexane and n-heptane
(Merck, NJ, USA) were stored over Na and distilled under argon.
Diethyl ether, THF, diethylene glycol dimethyl ether and
toluene were reuxed over Na/benzophenone and distilled
under argon. CH2Cl2 was reuxed over CaH2 and distilled.
Fig. 6 HOMO (left) and LUMO (right) plots for anions 5–8 (PBE0/def-
2-TZVP).

This journal is © The Royal Society of Chemistry 2019
Phenylhydrazine, 2,3-dihydro-1H-inden-1-one (1-indanone), 1H-
inden-2(3H)-one (2-indanone), thiophene-2-carbaldehyde, ethyl
dimethylcarbamate, 2-benzylpyridine, (1,3-dppp)NiCl2, AlCl3,
tBuOK, n-BuLi (2.5 M solution in hexanes) and potassium tert-
pentoxide [potassium (2-methyl-2-butoxide), �1.7 M solution in
toluene] were used as purchased (Merck, NJ, USA). Benzyl
potassium (or BnK) was prepared similarly to the published
procedure.42

Analysis. CDCl3 (Cambridge Isotope Laboratories, Inc., D
99.8%) was used as purchased. THF-d8 was stored over Na/
tetraphenylethylene and condensed into NMR tubes. The 1H
and 13C NMR spectra were recorded on Bruker AV400 (400 MHz
for 1H and 100.6 MHz for 13C) or Bruker AV-600 (600 MHz for 1H
and 150.9 MHz for 13C) spectrometers at 20 �C. The chemical
shis are reported in ppm relative to the solvent residual peaks.
Elemental analysis (C, H, N, O) of heterocycle-fused cyclo-
pentadienes was performed on a PerkinElmer Series II CHNS/O
Analyzer 2400.

Preparation of heterocycle-fused cyclopentadienes

Optimized synthetic protocols and NMR spectra of compounds
1–3 are given in Section S1 in the ESI.† Indolizine derivative 4
was prepared as described below.

A solution of 2-benzylpyridine (16.9 g, 0.1 mol) in acetone (50
mL) was added to the solution of 2-bromo-2,3-dihydro-1H-
inden-1-one (21.1 g, 0.1 mol) in acetone (100 mL) at 0 �C. The
mixture was allowed to warm to room temperature and was
stirred for 12 h. Acyl pyridinium bromide was ltered off,
washed by hexane, dried, and transferred into a 500 mL ask
containing K2CO3 (30 g, >0.2 mol) in water (200 mL). The
mixture was stirred for 8 h at 80 �C and cooled. The product was
ltered off, recrystallized from EtOH and dried in vacuo. The
yield of 4 was 17.4 g (62%), beige crystalline powder. Calculated
for C21H15N: C, 89.65; H, 5.37; N, 4.98. Found: C, 89.61; H,
5.44; N, 4.95. 1H NMR (293 K, 400 MHz, CDCl3) d: 3.78 (bs, 2H,
–CH2–), 6.56 (t, 1H, 3JHH¼ 6.9 Hz), 6.68 (m, 1H), 7.21 (t, 1H, 3JHH

¼ 6.9 Hz), 7.29 (t, 1H, 3JHH ¼ 7.5 Hz), 7.37 (t, 1H, CHAr,
3JHH ¼

7.4 Hz), 7.49 (d, 1H, CHAr,
3JHH ¼ 7.4 Hz), 7.55 (t, 1H, CHAr,

3JHH

¼ 7.9 Hz), 7.67 (d, 1H, CHAr,
3JHH ¼ 8.1 Hz), 7.76 (m, 4H). 13C

{1H} NMR (293 K, 101 MHz, CDCl3) d: 29.38, 106.03, 108.31,
111.11, 116.50, 118.83, 120.61, 122.55, 124.69, 125.34, 125.81,
126.91, 128.44, 128.78, 129.12, 130.54, 131.18, 133.84, 135.73,
139.19, 144.26 (see Fig. S1 and S2 in the ESI†).

Synthesis of potassium salts

Synthesis and crystallization of 5. A solution of BnK (68 mg,
0.53 mmol) in THF (5 mL) was added to a stirred solution of 1
(103 mg, 0.50 mmol) in THF (10 mL). Aer 30 min, the mixture
was evaporated to �7–8 mL of the residual volume, and hexane
(30 mL) was carefully layered on top. Aer one week, yellow
crystals of 5 were separated by decantation and dried under
vacuum. The yield of 5 was 123 mg (0.39 mmol, 78%). 1H NMR
(303 K, 600 MHz, THF-d8) d: 1.76–1.80 (m, –CH2–CH2–O–), 2.43
(s, 6H, –CH3,

1JCH ¼ 126.5 Hz), 3.60–3.64 (m, –CH2–CH2–O–),
5.64 (s, 1H, CHAr,

1JCH ¼ 168.5 Hz), 6.58 (s, 2H, CHAr,
1JCH ¼

157.5 Hz). 13C{1H} NMR (303 K, 150 MHz, THF-d8) d: 17.03
RSC Adv., 2019, 9, 29195–29204 | 29201
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(–CH3), 26.55 (–CH2–CH2–O–), 68.39 (–CH2–CH2–O–), 82.44
(CHAr), 116.66 (CHAr), 119.40, 123.75, 126.56 (see Fig. S3–S6 1H,
13C{1H}, 1H–13C HSQC and 1H–13C HMBC NMR spectra in the
ESI†).

Synthesis and crystallization of 6. A solution of BnK (66 mg,
0.51 mmol) in THF (5 mL) was added to a stirred solution of 2
(110 mg, 0.50 mmol) in THF (10 mL). Aer 30 min, the mixture
was evaporated to�7–8 mL of the residual volume, and diglyme
(3 mL) was added. Aer 15 min, hexane (30 mL) was layered on
top. Aer one week, colorless crystals of 6 were separated by
decantation and dried under vacuum. The yield of 6 was 158 mg
(0.40 mmol, 81%). 1H NMR (303 K, 600 MHz, THF-d8) d: 3.16 (s,
6H, –OCH3), 3.29 (t, 4H, CH3OCH2CH2), 3.35 (t, 4H, CH3-
OCH2CH2), 3.64 (s, N–CH3), 5.51 (s, 1H, CHCp), 6.53 (t, 1H), 6.59
(t, 1H), 6.72 (t, 1H), 6.83 (t, 1H), 6.96 (d, 1H, 3JHH ¼ 7.7 Hz), 7.28
(d, 1H, 3JHH ¼ 7.8 Hz), 7.47 (d, 1H, 3JHH ¼ 7.5 Hz), 7.59 (d, 1H,
3JHH ¼ 7.6 Hz). 13C{1H} NMR (303 K, 150 MHz, THF-d8) d: 31.12
(NCH3), 58.97 (OCH3), 69.28 (CHCp), 71.05 (OCH2CH2OCH3),
72.72 (OCH2CH2OCH3), 101.88, 106.21, 111.41, 114.38, 115.30,
115.58, 116.98, 117.21, 117.59, 120.67, 127.10, 136.60, 143.86,
149.60 (see Fig. S7–S13 in the ESI† for 1H, 13C{1H}, 1H–1H COSY
and ROESY, 1H–13C HSQC, 1H–13C HMBC NMR spectra).

Synthesis and crystallization of 7. The synthesis and crys-
tallization of 7was accomplished from 3 (110mg, 0.50mmol) by
the method described above for 6. The yield of red crystals of 7
was 149 mg (0.38 mmol, 76%). 1H NMR (303 K, 600 MHz, THF-
d8) d: 3.13 (s, 6H, –OCH3), 3.25 (t, 4H, CH3OCH2CH2), 3.30 (t,
4H, CH3OCH2CH2), 3.98 (s, N–CH3), 5.92 (s, 1H, CHCp), 6.31 (t,
1H), 6.45 (t, 1H), 6.83 (t, 1H), 6.97 (t, 1H), 7.14 (d, 1H, 3JHH 8.0
Hz), 7.28 (d, 1H, 3JHH ¼ 8.2 Hz), 7.63 (d, 1H, 3JHH ¼ 7.2 Hz), 7.64
(d, 1H, 3JHH¼ 7.8 Hz). 13C{1H} NMR (303 K, 150MHz, THF-d8) d:
32.42 (NCH3), 58.94 (OCH3), 70.98 (OCH2CH2OCH3), 72.66
(OCH2CH2OCH3), 75.92 (CHCp), 107.58, 108.83, 109.48, 114.28,
115.91, 116.82, 119.26, 119.58, 121.74, 124.09, 127.54, 132.62,
144.68 (see Fig. S14–S20 in the ESI† for 1H, 13C{1H}, 1H–1H
COSY and ROESY, 1H–13C HSQC, 1H–13C HMBC NMR spectra).

Synthesis and crystallization of 8. The synthesis and crys-
tallization of 8 were carried out as described above for 6, instead
using 11-phenyl-6H-indeno[1,2-b]indolizine 4 (141 mg, 0.5
mmol) as a starting compound. The yield of dark red crystals
was 210 mg (0.40 mmol, 80%). 1H NMR (303 K, 600 MHz, THF-
d8) d: 3.06 (s, 6H, –OCH3), 3.16 (t, 4H, CH3OCH2CH2), 3.20 (t,
4H, CH3OCH2CH2), 5.88 (s, 1H, CHCp), 6.17 (t, 1H), 6.31 (dd, 1H,
3JHH ¼ 9.1 Hz, 3JHH ¼ 6.1 Hz), 6.39 (t, 1H), 6.71 (t, 1H), 7.08 (t,
1H), 7.37 (d, 1H), 7.39 (t, 2H), 7.62 (d, 1H, 3JHH¼ 9.2 Hz), 7.86 (d,
1H, 3JHH ¼ 6.9 Hz), 6.91 (br. d, 3H). 13C{1H} NMR (303 K, 150
MHz, THF-d8) d: 58.88 (OCH3), 67.61 (CHCp), 70.72 (OCH2CH2-
OCH3), 72.48 (OCH2CH2OCH3), 105.78, 106.00, 108.61, 112.88,
113.34, 115.73, 116.94, 117, 118.62, 120.24, 123.76, 124.78,
128.85, 129.14, 129.50, 136.46, 136.89, 140.75 (CipsoPh) (see
Fig. S21–S26 in the ESI† for 1H, 13C{1H}, 1H–1H COSY and
ROESY, 1H–13C HSQC and HMBC NMR spectra).
Crystallography

The experimental intensities of single crystal reections were
measured on a Bruker SMART APEX II platform at 120 K, using
29202 | RSC Adv., 2019, 9, 29195–29204
graphite monochromatized Mo-Ka radiation (l ¼ 0.71073�A) in
u-scanmode. The collected data were integrated with the SAINT
program.43 Absorption corrections based on measurements of
equivalent reections were carried out by SADABS.44 The
structures were solved by direct methods with the SHELXS
program45 and rened by full matrix least-squares on F2 with
SHELXL.46 Crystal data, data collection and structure rene-
ment details are summarized in Table S1 in the ESI.† The
positions of all non-hydrogen atoms were found from electron
difference density maps. Non-hydrogen atoms were rened with
individual anisotropic displacement parameters. Positions of
all hydrogen atoms (with the exception of disordered THF
fragments in 5 and 8) were also found from the difference map,
but hydrogen atoms were positioned geometrically and rened
as riding atoms with relative isotropic displacement parame-
ters. The SHELXTL program suite47 and the Mercury program48

were used for molecular graphics. Selected bond distances and
angles, as well as more detailed data renement and crystal
structure description, are presented in Section S2 in the ESI.†
CCDC numbers are 1920202–1920205 for compounds 5–8,
respectively.†
Quantum chemical calculations

All quantum chemistry computations were performed with the
Gaussian 09 program (Revision D.01)49 using density functional
theory (PBE0)41 and the def-2-TZVP basis set. Topological anal-
yses of the r(r) function integration over interatomic zero-ux
surfaces were performed using the AIMAll program.50 All ex-
pected critical points were found, and the whole set of critical
points in each system satises the Poincaré–Hopf rule.
Conclusions

In the present paper, we report the results of comparative study
of crystal, molecular and electronic structures of four potassium
cyclopentadienides that contain C5 rings annelated with thio-
phene (5), indole (6, 7) and indolizine (8) fragments. Depending
on the type of ligand, the metal atoms exhibit a wide range of
coordination, from traditional h5-Cp to allyl-like h3 with
involvement of carbon atoms of the benzene rings. The variety
of coordination modes resulted in an amazing diversity in
crystal packing. Potassium derivatives of four different ligands
formed four different types of crystal packing, from de facto
molecular crystal for indolizine derivative 8 via tetrameric
association (indeno[1,2-b]indolide salt 7) to one-dimensional
(indeno[2,1-b]indolide complex 6) and two-dimensional (cyclo-
penta[1,2-b:4,3-b0]dithiophenide 5) coordination polymers.
These results are important for understanding the trans-
metallation mechanisms in the synthesis of sandwich metal
complexes.

NMR spectra and results of DFT modeling allowed us to
conclude that the presence of annelated electron-donor
heterocyclic fragments increases the p-electron density in the
Cp ring. This effect is enhanced for N-containing ligands and
maximal for indolizine derivative 8. Thus, the novel compound
11-phenyl-6H-indeno[1,2-b]indolizine 4, the synthesis of which
This journal is © The Royal Society of Chemistry 2019
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was reported in this manuscript, represents a prospective ligand
for the design of metallocene catalysts with potentially high
thermal stability and excellent productivity in a-olen poly-
merization. The preparation and study of indeno[1,2-b]indoli-
zine complexes is now considered a promising area for our
future research.
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