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a b s t r a c t

The first example of metal Sn-fused perylene diimides (PDI) derivative (Sn-PDI) was designed, synthe-

sized, and investigated. To obtain this type compound, a simple one-pot synthesis, named stannylative

cycloaddition reaction, has been successfully developed via a palladium-based catalyst system. The novel

mechanism exhibits that the reaction experiences oxidative addition, Pd-cyclization, stannylation, Pd-Sn-

cyclization, and reductive elimination processes successively. This stannylative cycloaddition does realize

unique σ -π hyperconjugation effect and therefore significantly influencing on the photophysical, electro-

chemical and excited state properties. Compared with those of PDI, both of the absorption and fluores-

cence spectra of Sn-PDI display large red-shifts over 20nm. The electron energy levels of Sn-PDI have

changed with an uncommon regulation. And Sn-PDI gives a considerably raised highest occupied molec-

ular orbital (HOMO) level of -6.00 eV More importantly, the singlet excitons of Sn-PDI could efficiently

intersystem cross (ISC) into triplet state with a long lifetime of 17.8 μs, which is far longer than that

(4.4 ns) of PDI.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Due to excellent physical and chemical properties, perylene di-

imides (PDI) have attracted considerable attention not only in tra-

ditional dye industries [1,2], but also in modern functional dye

fields [3–9]. To obtain the enlarged conjugations of PDI deriva-

tives, the two adjacent bay-positions of PDI could experience (4+
2) or (4+ 1) cycloaddition reactions to generate the six- or five-

membered heterocyclics, respectively [10–15]. Up to now, there are

a number of five-membered PDI derivatives that are based on het-

eroatoms of O, S, Se, Te, N, C, or Si, respectively (Fig. 1a). And

the different heteroatoms have undoubtedly changed the physi-

cal and chemical properties of the parent PDI [10–15]. However,

all reported five-ring fused PDI derivatives are based on the non-

metal atoms and there is no example of metal-fused PDI deriva-

tives. As we know, the metal atom plays a crucial part in deter-

mining the intrinsic properties in the organometallic heterocyclics.

Therefore, developing metal-fused PDI derivatives and exploring

their unusual properties are particularly important.

Stannoles, as a kind of main-group-metal five-membered het-

erocyclic compounds, have been served as functinonal materials

for optoelectronic devices [16,17]. Structurally, stannoles can form

the hyperconjugation system between the π-orbitals inside the di-

enyl ring and the σ -orbitals of the Sn-R bonds and thus giving

some unique organometallic properties, such as unusual broad and

long-wavelength absorption, changing the electron energy levels
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greatly, and long lifetime of exciton [18,19]. To realize metal-fused

PDI derivatives, we consider incorporating a similar structure of

stannole into the large conjugated skeleton of perylene unit. And

we believe that the introduction of the stannylative cycloaddition

would influence the properties of PDI dramatically.

With this research interest, in this work, we demonstrated a

novel metal Sn-fused PDI derivative (Sn-PDI), via a one-pot syn-

thesis of Pd-catalyzed system from the reactants of monobromi-

nated PDI precursor (Br-PDI) and hexabutylditin (Fig. 1c). Due to

the construction of the hyperconjugation system caused by the fu-

sion of heavy-metal Sn atom, Sn-PDI exhibits large red-shifts of

absorption and fluorescence spectra. What is more, besides of high

fluorescence quantum yield of 0.64, the singlet excitons of Sn-PDI

could efficiently intersystem cross (ISC) into triplet state with a

long lifetime of 17.8 μs.

In the light of electronegativity, size, and polarizability of the

heavy-metal Sn, almost all synthesis of stannoles is utilized by the

metal-exchange reactions of Li-based reagents (Fig. 1b) [20–24].

And even so, when the aryl halides own large conjugated skele-

tons, the current strategies are limited to form the stannylative

cycloadditions because of smaller electronegativity of Sn and dy-

namics factors. For instance, using classic synthetic method of Li-

based reagent, Kurita et al. had synthesized dinaphtho-siloles and

-germoles, but failed in dinaphtho-stannole [25]. For the PDI struc-

ture, due to the intolerance of the imide to Li-based reagents, the

previous synthetic techniques cannot be used for synthesizing the

stannylative cycloaddition PDI derivatives. Therefore, we should
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Fig. 1. Background of the five-membered ring fused PDI derivatives based on non-metal atoms (a), synthetic approaches of stannoles (b), and our work (metal-fused PDI

and its Pd-based catalytic reaction) (c).

Scheme 1. The synthetic route of Sn-PDI.

develop a new method to synthesize it. As shown in Scheme 1, we

firstly synthesized the reaction intermediate of Br-PDI with a high

yield of 66.1%. Then using tris(dibenzylideneacetone)dipalladium

(Pd2(dba)3) and tris(2-methylphenyl)phosphine as the catalytic

system in toluene at 110 °C, we have successfully obtained the

desired stannylative cycloaddition compound Sn-PDI with a yield

of 46.8% in a one-pot synthesis. In addition, Sn-PDI exhibits high

air stability and water insensitivity that could be purified by sil-

ica gel column chromatography. As a result, the purified compound

was isolated and characterized with 1H NMR spectra. As shown in

Fig. 2a and Fig. S6 (Supporting information), Sn-PDI gives the poor

proton splittings at room temperature, while the splittings of 1H

NMR became well-defined when the temperature of the CDCl3 so-

lution rises to 50 °C, which makes the target structure more clear

(Fig. 2b and Fig. S7 in Supporting information). The two broad sig-

nals of 8.88 and 8.84ppm for the hydrogens "a" at room tem-

perature (Fig. 2a) coalesce into a sharper singlet at 50 °C (Fig.

2b), which indicates the occurrence of a dynamic conformational

process. This dynamic behavior likely involves ring flipping in the

stannole system, leading to distinct environments and separate sig-

nals for the supposedly equivalent hydrogens "a". To again confirm

the molecular structure, besides of the 1H NMR, the characteri-

zations of 13C, 119Sn-NMR and MALDI-TOF/HRMS were also per-

formed and verified the just structure in Supporting information.

It should be noted that, the aryl halides, along with hexaalkylditin,

could usually convert into the corresponding organotrialkylstan-

nanes through the stannylation [26,27]. However, we did not ob-

tain the organotrialkylstannanes (PDI-SnBu3) in our experiments.

The reaction of stannylative cycloaddition is unique and remains

an interesting mechanism to study.

To further study this new type reaction, we also synthesized an-

other Sn-fused PDI based on different alkane of C5 (Fig. S1 in Sup-

porting information) and then explored the possible mechanism.

According to the reported literatures, via the palladium-based cat-

alyst, the o-halobiaryls can be realized C–H activation and cycliza-

tion to generate palladacycles that are usually used as the im-

portant intermediates to involve in the following various reactions

[28–32]. Especially for Br-PDI, the product would be the pallada-

cyclized complex B [33], which is the key precatalyst in our mech-

anism process. Therefore, as shown in Scheme 2, the catalytic cy-
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Fig. 2. The 1H NMR spectra at lower fields of Sn-PDI at room temperature (a) and 50 °C (b).

Scheme 2. Proposed mechanism of the Pd-catalyzed stannylative cycloaddition re-

action.

cle is as follows: the catalyst Pd(0), with the addition of Br-PDI, is

oxidized to Pd(II) to form complex A firstly. After the intramolec-

ular C–H activation and cyclization at the adjacent bay-position of

PDI, palladacycle B is obtained. Next, complex B reacts with hex-

abutylditin to afford dimetallic complex C. It should be mentioned

that there are two indeterminate reaction pathways to explain the

formation of this complex C at this stage [31,32]: one is metal-

exchange reaction and the other is the oxidation and then reduc-

tion process of Pd(II). Afterward, complex C is cyclized to produce

the Pd-Sn cyclization. At last, product D undergoes further reduc-

tive elimination to afford the final metal Sn-fused product Sn-PDI.

The photophysical properties were investigated in

dichloromethane (DCM) solution (10−6 mol/L). As shown in Fig. 3a,

compared with the ultraviolet visible (UV–vis) absorption spectra

Fig. 3. The absorption (a) and fluorescence (b) spectra of PDI and Sn-PDI.

of the prototype PDI, Sn-PDI displays a similar narrow absorption

band and an overall red-shifted spectra. And in the spectra, Sn-PDI

exhibits increased maximum molar extinction coefficient of 7.0×
104 (6.0× 104 of PDI) and a red-shifted maximum absorption peak

of 545nm (524nm of PDI), which attributes to the introduced

σ -π hyperconjugation of the exocyclic C-Sn bonds. Obviously, an

analogous trend was found in the fluorescence spectra with the

maximum emission of 560nm for Sn-PDI, a red-shift of 24nm

compared with that of PDI (Fig. 3b). Meanwhile, Sn-PDI emits

relatively strong fluorescence in the solution with a fluorescence

quantum yield (ΦF) of 0.64, which is lower than that of PDI

(ΦF =0.93). The reduced ΦF implies that a portion of singlet

excitons may generate the triplet ones via the ISC induced by the

heavy-metal Sn atom. As shown in Fig. S2 (Supporting informa-

tion), the average lifetime of the PDI’s singlet excitons is 4.4 ns,

which is in agreement with the previous report (4.5 ns) [34], while

Sn-PDI gives a little longer fluorescence lifetime of 5.1 ns. All these

results indicate that the cycloaddition of heavy-metal Sn atom has

undoubtedly effected the photophysical properties.

The electrochemical properties were performed by the cyclic

voltammetry (CV) in DCM with a standard three electrode sys-

tem. Similar with that of PDI, Sn-PDI gives two reversible reduc-
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Fig. 4. (a) The cyclic voltammograms in DCM and (b) the theoretical calculations of

the electron density distributions of PDI and Sn-PDI.

tion waves (Fig. 4a), but the two reduction potentials are more

negative. From their first reduction values, the lowest unoccupied

molecular orbital (LUMO) energies are estimated to be −3.87 and

−3.81 eV for PDI and Sn-PDI, respectively. Since there is no de-

tectable oxidation wave in the positive potential, the HOMO ener-

gies are calculated from the optical energy gaps (Eg) to give the

values of −6.14 and −6.00 eV for PDI and Sn-PDI, respectively. In

order to further study how the incorporation of main-group metal

Sn influences the electron energy levels, the DFT calculations were

performed at the B3LYP/6-31G (d,p) and lanl2dz levels. As shown

in Fig. 4b, for PDI, the electron density distributions of the HOMO

and LUMO are distributed over the conjugated molecule of pery-

lene. For Sn-PDI, the electron density of the LUMO is mainly lo-

cated on the whole conjugation. Besides these, the two σ ∗-orbitals
connected with Sn are also contributed to the LUMO level with

a portion of about 1.04%, which explains the small difference of

LUMO levels between the two compounds. Significantly, the elec-

tron densities of the HOMO and HOMO-1 are distributed on not

only the π-orbitals but also the σ -orbitals with a nonnegligible

contribution of about 39.18%, and therefore changing the HOMO

level greatly (from −6.14 eV of PDI to −6.00 eV of Sn-PDI in CV

measurement). It is very interesting and important that, our re-

sults are absolutely different from the reported stannoles that σ ∗-
π ∗ conjugation lowers the LUMO levels due to the enormous effect

of the LUMO+1 (which corresponds to the σ ∗-orbitals) and has lit-

tle change on the HOMO levels [17,35-37]. All these phenomena

can also be clearly proved by our standard DFT calculation results

(Fig. S3 in Supporting information).

To investigate the potential triplet exciton properties, nanosec-

ond transient absorption (nsTA) spectra was measured in DCM so-

lution. As shown in Fig. 5a, the spectra of Sn-PDI exhibits nar-

row ground-state bleaching (GSB) band from 535nm to 570nm

at λexc =532nm, and the band-edge (up to 570nm) is very con-

sistent with that of the absorption spectra (Fig. 3a). Due to the

overlap with the excited-state absorption (ESA), GSB in the wave-

Fig. 5. (a) Nanosecond transient absorption spectra and (b) the decay trace of Sn-

PDI.

length range of 450–535nm is not observed. Clearly, there is a

strong ESA from 450nm to 535nm, which is assigned to the triplet

state absorption [38]. Through the kinetic fitting at 485nm, triplet

state decays with a long lifetime of 17.8 μs (Fig. 5b). For PDI,

long-lived transient excitons were not traced in nsTA because of

the high ΦF. Then we used Sn-PDI as the triplet photosensitizer

to oxidize triplet oxygen of singlet oxygen generation to estimate

the triplet excition quantum yield (QY) using 1,3-diphenylisoben-

zofuran (DPBF) as a singlet oxygen scavenger and Ru(bpy)3(PF6)2
as the standard (QY: 0.57 in acetonitrile) [39]. As a result, Sn-PDI

gives a relatively high QY of 0.37 in DCM, which indicates that the

singlet excitons could efficiently go into the triplet state from the

ISC due to the heavy-atom effect of Sn.

In summary, we have reported the first example of metal tin

fused PDI derivative Sn-PDI in a simple, one-pot synthesis un-

der mild conditions with a high yield of 46.8%. Using Pd2(dba)3
and tris(2-methylphenyl)phosphine as the catalytic system, the

proposed mechanism reveals that Br-PDI experiences five succes-

sive steps of oxidative addition, Pd-cyclization, stannylation, Pd-

Sn-cyclization, and reductive elimination processes to successfully

create a new type of stannylative cycloaddition reaction. Due to

the construction of the hyperconjugation system, some properties

of the new compound have changed greatly. Compared with PDI,

Sn-PDI exhibits large red-shifts of absorption and emission spectra

with the maximum peaks of 545 and 560nm, respectively. And Sn-

PDI displays different influence trends of raised HOMO and LUMO

levlels with −6.00 and −3.81 eV, respectively. More importantly,

besides of fluorescence emission with a quantum yield of 0.64, the

singlet excitons of Sn-PDI could efficiently intersystem cross into

the triplet state with a long lifetime of 17.8 μs, which is far longer

than that (4.4 ns) of PDI. All these unique properties make the new

cyclo-Sn fused PDI derivatives as the key organic functional dyes

for applying in the organic photoelectric devices.
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