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Abstract: A family of heteroatom (oxygen, sulphur and nitrogen) connected ferrocenyl
naphthalimides 3a-3f were designed and synthesized by the nucleophilic aromatic
substitution and Buchwald coupling reactions. The effects of heteroatom and ferrocenyl
group on the photonic and electrochemical properties of the ferrocenyl naphthalimides were
explored. The electronic absorption spectra of the ferrocenyl naphthalimides 3a—3f show red
shifted absorption as compared to 4-bromonaphthalimide 2. The nitrogen atom connected
FcNMIs (3e and 3f) show considerable red shift, whereas oxygen and sulphur connected
FcNMIs (3a—3d) show moderate red shift. The computational calculations show good
agreement with the experimental results. The ferrocenyl naphthalimide containing nitrogen
atom (3e and 3f) show high thermal stability compared to oxygen and sulphur containing
dyes 3a-3d. The single crystal X-ray structure of 3a and 3c are reported and these crystal

structures forms 2—-D network.
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Introduction:

In last decade substantial effort has been made in the design and synthesis of functional
materials exhibiting high optoelectronic performance.! Naphthalimide dyes are widely
studied functional materials.” 1,8—Naphthalimide derivates exhibits strong fluorescence and
large stokes shift, high thermal and chemical stability.”® These properties make them
attractive candidate for wide range of applications in laser dyes, organic light emitting diodes,

. . . . . . ) 2b,3-8
liquid crystals, sensors, organic photovoltaics, and in biomedicines.”™

The photonic
properties of the 1,8-naphthalimide derivatives can be tuned by the functionalization at C—4
position.” Large number of groups have explored C—4 functionalized 1,8—naphthalimide for

8,10,11 .
Ferrocene 1s

fundamental spectroscopic studies, biomedical studies and optoelectronics.
a strong donor and widely studied in material applications.'? Robinson ef al., have reported a
set of N—(ferrocenyl)-naphthalimides and N, N’—diferrocenyl-naphthalimides by the
condensation reaction of naphthalic anhydrides with ferrocenyl amines."> The ferrocenyl unit
show poor electronic communication with the naphthalimide unit due to node at N-imide
atom. The same group has reported a series of 4—substituted naphthalimide (ethenylferrocene,
ethynylferrocene, piperidinyl) derivatives with N—ferrocenyl head groups.'* Simpson et al.,
synthesized 4—(ethnylferrocene) substituted naphthalimides with spacers (4,4'-biphenyl, 1,4—
phenyl, 9,10—anthacenyl).15 The spacer in these dyads showed minimum effect on the
photophysical and electrochemical properties. The TD-DFT studies of these dyads revealed
the existence of low—energy near—infrared bands.'® Recently, Chinapang et al., reported
ferrocenyl functionalized 1,8-naphthalimide as turn—on fluorescent sensor for gold ion.!” Our
group is involved in the design and synthesis of ferrocenyl based Donor—Acceptor systems
for electronic and photonic applications.18 Recently we have reported effect of heteroatom
and ferrocene group on the heteroatom connected ferrocenyl BODIPYs.' We have explored
the effect of ferrocenyl donor on variety of acceptors. In continuation of our research on
ferrocenyl system, we were further interested to see the effect of heteroatom (O, N and S) and
the ferrocenyl unit of the photonic and electrochemical properties of the 1,8—naphthalimide.
Therefore meta and para linked ferrocenyl phenols (a and b), ferrocenyl thiophenols (¢ and
d) and ferrocenyl anilines (e and f) were designed and treated with 4-bromo-1,8-
naphthalimide.

Results and discussion: The ferrocenyl naphthalimides (FcNMIs) 3a—3f were synthesized by
the nucleophilic aromatic substitution and Buchwald coupling reactions (Scheme 1). The 4—
bromo—1,8—naphthalic anhydride 1 was reacted with n—butyl amine in ethanol solvent at 60

°C for 8 h, which resulted 4-bromonaphthalimide 2 in 88% yield. The ferrocenyl phenols (a

2
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and b) were synthesized by the diazotization reaction of the aminophenols with ferrocene.
The ferrocenyl thiophenols (¢ and d) were synthesized by the diazotization reaction of
aminothiophenols with ferrocene in 20% sulfuric acid and toluene solvent mixture stirred for
24 h at room temperature (Supporting information, Scheme S1). The ferrocenyl anilines (e
and f) were synthesized by the diazotization reaction of nitroanilines with ferrocene followed
by reduction with Sn/HCL." The oxygen and sulphur atom—connected FcNMIs 3a—3d were
synthesized by the aromatic nucleophilic substitution reaction of 2 with the corresponding
ferrocenyl phenols (a and b) and ferrocenyl thiophenols (¢ and d) in N,N'-
dimethylformamide (DMF) solvent and K,COj as base at 120 °C for 12 h, which resulted 3a,
3b, 3¢ and 3d in 74%, 77%, 67% and 70% yields, respectively. The nitrogen atom—connected
FcNMIs 3e and 3f were synthesized by the Buchwald coupling reaction. The Pd—catalyzed
Buchwald coupling reaction of 2 with ferrocenyl anilines (e and f) resulted 3e and 3f in 63%

and 68% yields, respectively.
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Scheme 1: Synthesis of heteroatom—connected ferrocenyl naphthalimides 3a—3f.

The FcNMIs 3a-3f were well characterized by 'H, *C NMR and HRMS techniques
(Supporting Information, Figures S1-S25). The FcNMIs 3a and 3¢ were also characterized
by the single crystal X-ray technique. The 'H NMR spectra of the 3a—3f show, ferrocenyl
protons in the 4.68-4.07 ppm region, five aromatic protons of naphthalene ring as four
doublets and one triplet 8.71-7.33 ppm and phenyl protons were observed in the region 8.01—
6.95 ppm.

Thermogravimetric analysis: Thermal stability is one of the important parameter for the
optoelectronic applications of materials. The thermal properties of the FcNMIs 3a—3f were
investigated by thermogravimetric analysis (TGA) with a heating rate of 10 °C min ' under
an inert atmosphere (Figure 1). The thermal decomposition temperatures (Tq) at 5% weight
loss are shown in Table 1. The trend of thermal stability follows the order 3a > 3¢ = 3f >3b >

3e > 3d. The sulphur atom containing FENMIs 3d and 3¢ show a sudden weight loss of 70%
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and 80% at 475 °C and 456 °C respectively. The oxygen atom containing FENMIs 3b and 3a
show a sudden weight loss of 75% at 468 °C and 463 °C respectively. The nitrogen atom
containing FcNMIs 3f and 3e show a sudden weight loss of 38% and 25% at 435 °C and 387
°C respectively. These results suggest that the para isomers are thermally stable than the

meta 1Somers.
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Figure 1: TGA plots of the FcNMIs 3a—3f.

UV-visible studies: The UV—vis absorption spectra of the FCNMIs 3a-3f were recorded in
dichloromethane at room temperature (Figure 2) and the corresponding data are given in
Table 1. The 4-bromonaphthalimide 2 absorbs at 342 nm with a shoulder at 356 nm which
can be attributed to the n—n* electronic transition. The FcNMIs 3a-3f show red shifted
absorption bands at 363 nm (3a), 363 nm (3b), 386 nm (3¢), 389 nm (3d), 435 nm (3e) and
445 nm (3f) respectively. The oxygen connected FcNMIs 3a and 3b exhibits 7 nm red shift,
whereas the sulphur connected FcNMIs 3¢ and 3d show 33 nm and 30 nm red shift, and
nitrogen connected FcNMIs 3e and 3f show 79 nm and 89 nm red shift compared to 4—
bromonaphthalimide 2. The red shift in the absorption maximum of FcNMIs 3a-3f can be
understood in term of delocalization of lone pair electron of hetero atom into the
naphthalimide ring (Supporting Information, Figure S26). The nitrogen connected FcNMIs 3e
and 3f show red shift in the absorption spectra as compared to the oxygen and sulphur
connected FcNMIs, which may be due to the delocalization of lone pair electron of nitrogen

into the naphthalimide ring.'® The extent of delocalization of the lone pair of electrons in the
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FCNMIs 3a-3f can be explained by the molecular electrostatic potential maps (Supporting
Information, Figure S26). In the FCNMIs 3e and 3f molecular electrostatic potential map the
nitrogen atom carries positive potential (blue colour), whereas, FCNMIs 3a—3d, the oxygen
and sulphur atom does not carries any positive potential. The heteroatom connected FcNMIs

3a-3f were found to be non—emissive. The quenching of fluorescence can be attributed to the

fast nonradiative deactivation of the excited state with intramolecular charge transfer from the
18,19

donor ferrocenyl unit to the acceptor naphthalimide moiety.
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Figure 2: Normalized electronic absorption spectra of 2 and 3a-3f.
Electrochemical Properties: The electrochemical properties of the heteroatom—connected
FcNMIs 3a—3f were explored by cyclic voltammetric (CV) and the results are shown in Table
1 (Supporting Information, Figure S27). The representative cyclic voltammograms of
FcNMlIs 3a and 3b are shown in Figure 3. The heteroatom—connected ferrocenyl substituted
naphthalimides show one reversible oxidation wave in the region 0.03—0.07 V corresponding
to the oxidation of ferrocene to ferrocenium ion (Fc/Fc"). The FcNMIs 3a—3f exhibit one
irreversible reduction wave in the region —1.30 V to —1.37 V, attributed to the acceptor
naphthalimide unit. The trend in the oxidation potential of the ferrocenyl moiety in the
FcNMlIs 3a—3f follows the order 3f > 3e > 3a > 3b > 3¢ > 3d, whereas the reduction potential
of the FcNMIs 3a—3f follows the order 3b > 3a > 3d > 3¢ > 3f > 3e. The nitrogen connected
FcNMIs shows harder oxidation potential as compared to the oxygen and sulphur connected
FcNMlIs, which may be due to the delocalization of lone pair electron of nitrogen into the
naphthalimide ring. The extent of delocalization of the lone pair of electrons in the FCNMIs

3a-3f can be explained by the molecular electrostatic potential maps (Supporting
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Information, Figure S26). In the FCNMIs 3e and 3f molecular electrostatic potential map the
nitrogen atom carries positive potential (blue colour), whereas, FCNMIs 3a—3d, the oxygen
and sulphur atom does not carries any positive potential. These observations are in good
agreement with the optical and electrochemical properties. The oxygen and sulphur meta
position connected FcNMIs shows harder oxidation potential as compared to the para
connected FcNMIs oxidation potentials. In the case of nitrogen connected FcNMIs the para

connected FcNMIs shows harder oxidation potential as compared to the meta connected

FcNMIs oxidation potential.
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Figure 3: Cyclic voltammograms of the 3a and 3b at 1.0 x 10°*M concentration in
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Table 1: Photophysical and electrochemical properties of 3a—3f.

T T

-0.5 0.0

T

0.5 1.0

FcNMIs | Experimental® Theoretical Eoxia (V)" | Erea (V)! | T4 (°C)
Amax(nm)” Amax(nm)
(®)°
3a 363 (21746) 360 0.057 1.36 338
3b 363 (21587) 363 0.033 1.37 296
3¢ 386 (19816) 389 0.045 1.35 313
3d 389 (19258) 386 0.030 1.36 221
3e 435 (17591) 439 0.065 1.30 243
3f 445 (18225) 469 0.071 1.31 313

*easured in CH,Cl,. bAbsorption maxima. ‘Extinction coefficient recorded at A abs(max)-

YElectrochemical analysis was performed at room temperature 25°C and in a 0.1 M solution
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of BudNPF6 in CH,Cl, at 100 mVs' scan rate versus Fc/Fc'. Tem All potentials are
expressed in volts (V).“Thermal decomposition temperature at 5% weight loss, determined by

TGA.

Theoretical Calculations: In order to understand the photophysical and electrochemical
properties of the FcNMIs 3a-3f, the time dependent density functional (TD-DFT)
calculations® were performed by using Gaussian 09 program 6-31G** for C, N, H and
LANL2DZ for Fe*' at B3LYP level.”

The FcNMI 3a—-3f experimental and computed (TD-DFT: B3LYP) (UV—vis) absorption data
are represented in Figure 4 (Supporting Information, Figure S28). The strong absorption band
of 3a and 3b calculated at B3LYP levels are 363 nm, 360 nm respectively. The experimental
values for this transition are 363 nm for 3a, as well as 3b both. The experimental values are
in good agreement with the TD-DFT/B3LYP values. The individual TDDFT—predicted
graphs with excitation energies and oscillator strengths of FCNMIs were given in supporting

information (Figure S29-S34).
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Figure 4: The comparison of experimental and calculated (TD-DFT at B3LYP and)
absorption spectra of 3a and 3b in DCM solution.

The frontier molecular orbitals of the FcNMIs 3a—3f are displayed in Figure 5 (Supporting
Information, Figure S35). In the FcNMIs 3a-3f the HOMO is localized on the ferrocenyl and
phenyl groups and HOMO-1 is localized only on the ferrocenyl group, whereas the LUMO is

8

800
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located on the naphthalimide group. The HOMO-1—-LUMO transition reflects the strong
donor-acceptor interactions. The major absorption band in the electronic absorption spectra of

the FcNMIs 3a—-3d and 3f corresponds to HOMO-1—->LUMO, whereas FCNMI 3e shows

RSC Advances

major transition from HOMO-2—LUMO (Table 2).

Table 2: Computed vertical transition energies, their Oscillator strengths (f), configurations

and transtions for the FcNMIs 3a-3f.

FecNMIs | Theory | Amax f Configuration Transition
(nm)

3a B3LYP | 360 0.3509 | HOMO-2—LUMO (100%) —7*
(DCM)

3b B3LYP | 363 | 0.2886 | HOMO—2—LUMO (100%) ¥
(DCM)

3c B3LYP | 386 0.3586 | HOMO-2—LUMO (100%) —7*
(DCM)

3d B3LYP | 389 0.4315 | HOMO-2—LUMO (100%) T
(DCM)

3e B3LYP | 439 0.3045 | HOMO-2—LUMO (100%) —7*
(DCM)

3f B3LYP | 469 0.3507 | HOMO-2—LUMO (100%) ™
(DCM)
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Figure 5: The energy level diagram of the frontier molecular orbitals (HOMO-2 to LUMO)
of the FcNMIs 3e, 3a and 3c calculated using B3LYP level of TD-DFT theory.

The energy level diagram of the frontier molecular orbitals of the FcNMIs 2, 3a-3f was
estimated by DFT-B3LYP calculations and are shown in Figure 6. In the FcNMIs 3a—3f, the
sulphur connected FcNMIs 3¢ and 3d the HOMO and LUMO are lower in energy in
comparison to the oxygen and nitrogen connected FcNMIs 3a, 3b, 3e and 3f. The sulphur

10
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atom at the naphthalimide 4—position of the FcNMIs stabilizes the HOMO and LUMO in

comparison to an O and N atoms.
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Figure 6: The energy level diagram of the frontier molecular orbitals (HOMO-3 to LUMO)
of the FcNMIs 3a—3f calculated using B3LYP level of TD-DFT theory.

The HOMO-LUMO gap for FcNMIs 3a-3f calculated at B3LYP level are 3.21, 3.16, 3.10,
3.13, 3.16, 3.10 eV respectively (Table 3). The optical band gap values for FeNMIs 3a—-3f are
3.05, 3.05, 2.85, 2.63, 2.45, 2.29 eV respectively. Therefore, the optical HOMO-LUMO gap

values are good agreement with values calculated by B3LYP method and follows the order

3a>3b>3e>3d>3c>3f.

11



Table 3: The comparison of the HOMO-LUMO gap of the FcNMIs 3a-3f using B3LYP

RSC Advances

level of theory.
FcNMIs B3LYP (eV) Optical HOMO-LUMO gap (eV)
HOMO LUMO Egap
3a 5.51 230 321 3.05
3b 5.47 230  3.17 3.05
3c 5.52 241  3.11 2.85
3d 5.53 240 3.13 2.63
3e 543 226  3.17 2.45
3f 5.31 221 3.10 2.29

Single—Crystal X—ray Analysis: The crystal structures of FENMIs 3a and 3¢ were obtained
by slow diffusion of ethanol into dichloromethane solution at room temperature. The FCNMI
3a and 3c crystallizes in the triclinic P—1 space group. In FCNMI 3a and 3c¢ there are two
independent molecules (x and y) in an asymmetric unit, with slight variations in their bond
lengths (Figure 7). In FcNMI 3a and 3¢ cyclopentadienyl rings of the ferrocenyl moieties
show skew—eclipsed conformation (Supporting Information, Figure S36). The crystal

structure data refinement parameters and selected bond lengths are given in Table Sl

(Supporting Information) and Table S2-S3 (Supporting Information) respectively.

3a (x)

12
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3¢ (x) 3c(y) >

Figure 7: Crystal structures of the FcNMIs 3a and 3c¢: x and y represents two different
molecules in an asymmetric unit.

In the crystal structure of the FcNMI 3a there are two molecules (x and y) in an asymmetric
unit which differ in the torsion angles of the cyclopentadienyl rings. x and y molecules
torsion angle are 6.42° and 4.93° respectively. FcNMI 3a shows various C-H---m
interactions. Ferrocenyl carbons C55, C56 and C58 forms C-H----x interaction with H27,
H32 and H4 hydrogen atoms with 3.264 A, 2.852 A and 2.709 A bond lengths respectively.
Ferrocenyl carbon C30 forms C—H---m interaction with H53b hydrogen atom with 2.895 A
bond length. Ferrocenyl carbon C64 forms C—H:---n interaction with naphthalene ring H14
and H5 hydrogen atoms with 2.851 A and 2.788 A bond lengths respectively. Naphthalene
ring C9 carbon atom forms m----m interactions with carbonyl carbon C9 atom with 3.319 A
bond length. Naphthalene ring C8 carbon atom forms C—H----x interaction with butyl chain
H51B hydrogen atom with 2.830 A bond length. These supramolecular C-H----w and -1
interactions in FcNMI 3a, leads to the formation of 2—D network (Figure S37).

In the crystal structure of the FENMI 3¢ there are two molecules (x and y) in an asymmetric
unit which differ in the torsion angles of the cyclopentadienyl rings. x and y molecules
torsion angles are 4.94° and 0.52° respectively. FcNMI 3¢ shows various C-H---'®
interactions and one m----m interaction. Ferrocenyl carbons C24 and C27 forms C-H-- &
interaction with H56 and H61 hydrogen atoms with 2.662 A and 2.777 A bond lengths
respectively. Ferrocenyl carbon C29 forms C-H----m interaction with H41 hydrogen atom
with 2.753 A bond length. Ferrocenyl carbon C32 atom forms 7----m interactions with same
carbon atom with 3.385 A bond length. These supramolecular C-H:--'m and m--m

interactions in FcNMI 3c, leads to the formation of 2—D network (Figure S38).

13
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Conclusions

In summary, we have described the synthesis of heteroatom—connected ferrocenyl
naphthalimides (3a—3f) by the nucleophilic aromatic substitution and Buchwald coupling
reactions. The nature of the heteroatom perturbs the optical, electrochemical, and thermal
properties of the FcNMIs substantially. The electronic absorption spectra of the nitrogen
heteroatom FcNMIs 3e and 3f show considerable red shift compared to the oxygen and
sulphur due to the delocalization of the lone pair electrons of the heteroatom to the
naphthalimide unit. The TD-DFT calculations show strong donor-acceptor interactions and
are in good agreement with the experimental results. The crystal structures of the FcNMlIs 3a

and 3¢ show C—H:---w and & - -7 supramolecular interactions and forms 2—D network.
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Supporting Information

The '"H NMR, °C NMR, HRMS spectra, cyclic voltammograms, UV-vis graphs, and DFT
calculations, crystallographic data for 3a and 3¢, tables, scheme, general experimental
section, and CIF files for 3a and 3¢ are provided.

Experimental data:

Synthesis of 6-bromo—2—butyl-benzo[de]isoquinoline—1,3—dione 2: 6-Bromobenzo[de] —
isochromene—1,3—dione (1 g, 3.62 mmol) was dissolved in 15 mL ethanol. Then n—butyl
amine (0.29 g, 3.98 mmol) was added, and the mixture was stirred at 60°C for 8 h. The
mixture was cooled to room temperature and evaporated in vacuum to obtain the residue.
Then the residue was purified on silica gel column chromatography employing hexane: ethyl
acetate (19:1, V/V) to provide 2. Yield: 1.06 g, 88%. 'H NMR (400 MHz, CDCl;): & = 8.65
(d, J=6.52, 1H, aromatic), 8.55 (d, J=8.28, 1H, aromatic), 8.40 (d, J=7.78, 1H, aromatic),
8.03 (d, J=7.78, 1H, aromatic), 7.84 (t, /=7.52, 1H, aromatic), 4.16 (t, J/=7.52, 2H, -NCH)),
1.74-1.67 (m, 2H, —CH,), 1.49-1.39 (m, 2H, —CH,), 0.97 (t, J=7.27, 3H, —CH3). "*C (100
MHz, CDCls): 6 163.6, 163.6, 133.2, 132.0, 131.1, 131.0, 130.5, 130.1, 128.9, 128.0, 123.1,
122.2,40.3, 30.1, 20.3, 13.8. Mass spectral data: m/z (M+Na) =354.01 (M+1).

14
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General procedure for the synthesis of ¢, d: In a 500 mL round bottom flask 3/4—
aminothiophenol (3 g, 23.96 mmol) was dissolved in 30 mL of 20% sulfuric acid. The
solution was cooled to 0°C in an ice bath. Sodium nitrite (1.65 g, 23.96 mmol) in 15 mL
water was added over 15 minutes. The mixture was stirred for 30 minutes as the diazonium
salt formed. Ferrocene (4.45 g, 23.96 mmol) was dissolved in 100 mL solution of toluene
solution and cooled to 0°C in an ice bath and added to the diazonium solution drop wise over
30 minutes. The reaction mixture was stirred for 24 hours at room temperature. The mixture
was quenched with a saturated solution of sodium bicarbonate and resulting solution was
extracted with ethyl acetate. The organic layers was collected, dried over sodium sulphate
and then filtered. The cure was purified by column chromatography on a silica gel column
with a mobile phase of hexane: ethyl acetate (9.5:0.5 v/v).

¢: Yield: 0.130 g, "H NMR (400 MHz, CDCls): & = 7.59 (s, 1H, aromatic), 7.29-7.13 (m,
3H, aromatic), 4.51 (s, 2H, Ferrocene), 4.22 (s, 2H, Ferrocene), 3.91 (s, 5SH, Ferrocene). Bc
(100 MHz, CDCl3): 6 140.7, 137.0, 129.0, 125.0, 124.9, 84.9, 69.6, 69.1, and 66.7.

d: Yield: 0.178 g, '"H NMR (400 MHz, CDCls): 6 = 7.42 (s, 4H, aromatic), 4.61 (s, 2H,
Ferrocene), 4.31 (s, 2H, Ferrocene), 4.03 (s, 5H, Ferrocene). '>C (100 MHz, CDCls): & 139.1,
134.2, 128.6, 126.6, 84.3, 69.6, 69.2 and 66.5.

General procedure for the synthesis of 3a—d: 6-bromo—2-butyl-benzo[de]isoquinoline—
1,3—dione 2 (100 mg, 0.301mmol), ferrocenyl phenol or ferrocenyl thiophenol (0.316 mmol)
and potassium corbonate (124 mg, 0.903mmol) and dry N,N—dimethylformamide (10 mL)
were stirred at 120°C for overnight. Upon completion of the reaction, the mixture was cooled
and N,N—dimethylformamide was evaporated under vacuum and the obtained crude solid was
extracted with dichloromethane (50 x 2) and dried on sodium sulphate and dichloromethane
was evaporated under vacuum to obtain the residue. Then the residue was purified on silica
gel column chromatography employing hexane: ethyl acetate (19:1, V/V).

3a: Yield: 0.118 g, 74 %, 'H NMR (400 MHz, CDCl5): & = 8.74 (d, J=8.28, 1H, aromatic),
8.67 (d, J/=7.02, 1H, aromatic), 8.47 (d, J/=8.28, 1H, aromatic), 7.80 (t, J/=7.52, 1H, aromatic),
7.42-7.30 (m, 2H, aromatic), 7.28 (s, 1H, aromatic),7.00-6.95 ( m, 2H, aromatic), 4.63 (s,
2H, Ferrocene), 4.34 (s, 2H, Ferrocene), 4.18 (t, 2H, J=7.52, -NCH,), 4.05 (s, 5H,
Ferrocene), 1.75-1.68 (m, 2H, —CH,), 1.50-1.40 (m, 2H, —-CH), 0.97 (t, J/=7.27, 3H, —CH3).
BC (100 MHz, CDCl3) : & 164.5, 163.7, 159.9, 154.8, 142.5, 132.7, 131.8, 130.2, 129.6,
128.5, 126.5, 123.8, 123.2, 122.6, 118.2, 117.9, 116.5, 110.4, 83.8, 77.3, 76.9, 76.7, 69.7,
69.4, 66.6, 40.2, 30.2, 20.4, 13.8. HRMS (ESI-TOF): m/z calculated for Cs;,H,7FeNO;
529.1335 [M]", measured 529.1336 [M]".
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3b: Yield: 0.123 g, 77 %, "H NMR (400 MHz, CDCl;): & = 8.71 (d, J =8.28, 1H, aromatic),
8.67 (d, J =7.02, 1H, aromatic), 8.47 (d, J =8.28, 1H, aromatic), 7.79 (t, J =7.78, 1H,
aromatic), 7.57 (d, 2H, J =8.53, aromatic), 7.11 (2H, d, J =8.53, aromatic), 6.96 ( d, 1H, J
=8.28 aromatic), 4.65 (s, 2H, Ferrocene), 4.35 (s, 2H, Ferrocene), 4.18 (t, 2H, J =7.52, —
NCH), 4.09 (s, SH, Ferrocene), 1.76—1.68 (m, 2H, —CHs), 1.48-1.42 (m, 2H, —CH,), 0.97 (4,
J=7.52, 3H, -CH3). °C (100 MHz, CDCl3): 164.4, 163.7, 159.9, 152.7, 136.9, 132.8, 131.8,
129.6, 128.5, 127.8, 126.4, 123.8, 122.6, 120.7, 116.5, 110.4, 84.4, 69.6, 69.1, 66.5, 40.2,
30.2, 20.4, 13.8. HRMS (ESI-TOF): m/z calculated for C3H,;FeNO; 529.1335 [M]",
measured 529.1337 [M]".

3c: Yield: 0.110 g, 67 %, 'H NMR (400 MHz, CDCls): & = 8.69-8.65 (m, 2H, aromatic),
8.39 (d, J =7.78, 1H, aromatic), 7.80 (t, J =7.78, 1H, aromatic), 7.64 (s, 1H, aromatic), 7.55
(d, 1H, aromatic), 7.38-7.33 (m, 3H, aromatic), 4.61 (s, 2H, Ferrocene), 4.33 (s, 2H,
Ferrocene), 4.16 (t, 2H, J=7.02, -NCH,), 4.00 (s, 5H, Ferrocene), 1.74-1.67 (m, 2H, —CH,),
1.46-1.42 (m, 2H, —CH,), 0.97 (t, J =7.27, 3H, —CH3). *C (100 MHz, CDCl): & 163.9,
163.8, 145.1, 141.9, 131.6, 129.9, 129.4, 128.5, 126.9, 126.8, 125.9, 123.2, 120.2, 83.6, 69.6,
69.4, 66.6, 40.2, 30.2, 20.3, 13.8. HRMS (ESI-TOF): m/z calculated for C;;H,;FeNO,S
545.1107 [M]", measured 545.1103 [M]".

3d: Yield: 0.116 g, 70 %, 'H NMR (400 MHz, CDCls): & = 8.66-8.63 (m, 2H, aromatic),
8.35 (d, J =7.78, 1H, aromatic), 7.78 (t, J =7.78, 1H, aromatic), 7.55 (d, J =8.03, 2H,
aromatic), 7.45 (d, J =8.28, 2H, aromatic), 7.26 (d, J =7.78, 1H, aromatic), 4.68 (s, 2H,
Ferrocene), 4.38 (s, 2H, Ferrocene), 4.16 (t, 2H, J =7.52, -NCH,), 4.07 (s, 5H, Ferrocene),
1.74-1.66 (m, 2H, —CH,), 1.48-1.39 (m, 2H, —CH,), 0.96 (t, J =7.27, 3H, —CH3). ">C (100
MHz, CDCl) : 8 164.0, 163.9, 145.7, 141.5, 134.6, 131.6, 130.8, 130.1, 129.1, 128.4, 127.5,
126.9, 126.8, 125.2, 123.2, 119.8, 83.5, 69.7, 69.5, 66.7, 40.2, 30.2, 20.3, 13.8. HRMS (ESI-
TOF): m/z calculated for C3,H,7FeNO,S 545.1107 [M]", measured 545.1119 [M]".

General procedure for the synthesis of 3e,f: 6—bromo—2-butyl-benzo[de]isoquinoline—1,3—
dione 2 (100 mg, 0.301 mmol), ferrocenyl aniline (92 mg, 0.3162 mmol), tris—
(dibenzylideneacetone)—dipalladium(0) (27 mg, 0.0301 mmol), tris—tert—butylphosphine (30
mg, 0.150 mmol), sodium—tert—butoxide (58 mg, 0.60 mmol) and dry toluene (15 mL) were
refluxed at under argon overnight. After cooling, the reaction mixture was evaporated in
vacuo and purified by a column chromatography on silica gel using dichloromethane as an
eluent.

3e: Yield: 0.101 g, 63 %, "H NMR (400 MHz, CDCl;): & = 8.64 (d, J =7.27, 1H, aromatic),
8.44 (d, J =8.53, 1H, aromatic), 8.34 (d, J =8.28, 1H, aromatic), 8.01 (s, 1H, Ar), 7.72 (t, J
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=7.53, 1H, aromatic), 7.40-7.33 (m, 2H, aromatic), 7.14—7.12 (d, J =6.77, 1H, aromatic),
6.86 (s, 1H, -NH), 4.63 (s, 2H, Ferrocene), 4.34 (s, 2H, Ferrocene), 4.17 (t, 2H, J =7.27, —
NCH;), 4.07 (s, SH, Ferrocene), 1.75-1.68 (m, 2H, -CH>), 1.47-1.40 (m, 2H, —-CH,), 0.97 (4,
J =727, 3H, -CH;). C (100 MHz, CDCL) : & 164.5, 163.9, 162.5, 146.7, 141.5, 139.9,
133.4, 131.4, 129.9, 129.7, 126.4, 125.5, 123.3, 122.7, 121.9, 119.8, 113.4, 109.1, 84.3, 69.6,
69.2, 62.5, 40.1, 30.2, 20.4, 13.8. HRMS (ESI-TOF): m/z calculated for Cs;H,3sFeN,O,
528.1495 [M]" measured 528.1493 [M]".

3f: Yield: 0.108 g, 68 %, 'H NMR (400 MHz, CDCl3): § = 8.63 (d, J =7.27, 1H, aromatic),
8.44 (d, J =8.28, 1H, aromatic), 8.30 (d, J =8.28, 1H, aromatic), 7.71 (t, J =7.78, 1H,
aromatic), 7.53 (d, J =8.28, 2H, aromatic), 7.34 (d, J =8.53, 1H, aromatic), 7.24 (d, J =8.28,
1H, aromatic), 6.81 (S, 1H, —NH), 4.65 (s, 2H, Ferrocene), 4.34 (s, 2H, Ferrocene), 4.17 (t,
2H, J =7.52, -NCH,), 4.08 (s, 5SH, Ferrocene), 1.75-1.68 (m, 2H, -CH;), 1.49-1.42 (m, 2H,
—CH,), 0.97 (t, J =7.52, 3H, —CH3). "C (100 MHz, CDCls): § 164.5, 163.9, 146.6, 137.4,
136.2, 133.5, 131.4, 127.3, 126.2, 125.4, 123.3, 122.5, 113.2, 108.8, 84.7, 69.6, 69.0, 63.3,
40.1, 30.3, 20.4, 13.9. HRMS (ESI-TOF): m/z calculated for C3,H,sFeN,0, 528.1495 [M]",
measured 528.1506 [M]".
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