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Abstract: A series ofgerminatdiethynylethenegdemDEE) bridged diferrocenyl compounds,
including 1,1-[bis(ferrocenylethynyl)methylene]cghexane D,
1,1-[bis(ferrocenylethynyl)methylene]tetrahydrb-pyran @), and
1,1-[bis(ferrocenylethynyl)methylene]tetrahydre-2hiopyran @) were synthesized and
characterized. The Fé&e distance between the two ferrocenyl terminilieaap to ~9 A for
compounds2 and 3. The electrochemical measurements demonstrate ratedelectronic
coupling between thggemDEE-bridged ferrocenyl (Fc) termini in this crossajugated
system. UV-vis-NIR spectroscopy studies suggest tha monocation species of these
compounds belong to class Il mixed-valence systemRobin—Day classification. DFT
calculations further reveal electronic structurefs tikese cross-conjugated diferrocenyl
compounds.

Keywords: Diferrocenyl; Diethynylethene; Cross-conjugated; edilonic coupling;

Mixed-valence.
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1. Introduction

The binuclear and poly-nuclear mixed-valence metahplexes withn conjugated
bridging ligand have attracted continuous interdéstsdecades, which offer a good deal of
molecular models for the fundamental study of etecttransfer processes [1-26]. In
particular, the long-distance electronic couplingralving metal-metal distance up to
nanometer-scale is of great importance from botidéunental and practical point of view
[27-30]. These nanometer-scale molecular systenth wontrollable electron transfer
properties have potential applications in molecel@ctronics and optoelectronic materials.
For instance, Ren and co-workers reported a sefi€p(Xap), (ap = 2-anilinopyridinate)
capped polyyn-diyl{-Com, m = 4-10) diruthenium compounds with the distandgvben two
R, termini up to ~28 A [28]. It is revealed that thkectronic coupling between the Ru
termini depends on the length of polyyn-diyl with attenuation constant between 0.12 and
0.15 A, These results provide in-depth understandinghenidng-distance electron transfer
mediated by polyyn-diyl bridge.

Compared to the extensively investigated linearnjegated bridging ligands, the
redox-active binuclear complexes bridged by crasgugated ligands have only been started
to be explored in recent years [31-40]. The weaktsdnic coupling between two Fc centers
bridged by the cross-conjugated 3-(dibromomethyiipenta-1,4-diyne ligand was firstly
reported by Xuet al [35]. The Fe'Fe distance in the crystal structure of this ddeenyl
compound reaches to ~10.5 A. The diruthenium comgsubearing cross-conjugated
o-geminatdiethynylethenegemDEE) ligand exhibit attenuated electronic couplbejween

the two Ry termini compared to that of the counterpart withabl,3-diyne bridge [36]. In
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the recent report by Low and co-workers, using theakly coordinating electrolyte
Nn-BusN[B{C gH3(CF3)>-3,5}4], the electronic coupling was more clearly resdlven
cross-conjugated bis- and tris-ferrocenyl complekg€=C(C=CFc), and FcCH=C(ECFc),
with FeFe distance up to ~10.3 A [33]. The weakly coortiip electrolyte
Na[B{CsH3(3,5-CR)2} 4] was also used in our recent investigation on dleetron transfer
properties of a series gemDEE bridged diferrocenyl compounds [40].

Herein we reported the syntheses, voltammetricsgedtroscopic studies of a series of
diferrocenyl compounds bridged by cross-conjuggeaDEE ligands with different pendent
substituents including cyclohexane, tetrahydrbfran, and tetrahydrok2thiopyran. The
single-crystal X-ray diffraction analyses reveabttlihe Fe'Fe distances between the Fc
termini in the crystal structures of these compaureiches up to ~9 A for compourtland
3. The experimental and computational studies suggeat these cross-conjugated

diferrocenyl compounds belong to the weakly coutethin—Day class Il systems.

2. Experimental
2.1. Reagents

Tetrabromomethane (98%), cyclohexanone (99%), ahigtiro-H-pyran-4-one (98%),
tetrahydro-#-thiopyran-4-one  (98%), triphenylphosphine (99%),eptane (98%),
triethylamine (99%) and NOBH98%) was purchased from commercial suppliers.s&he
reagents were used as received without further fipation. Ethynylferrocene [41],
(1,1-dibromomethylene)cyclohexane [42], and Na[B{el3,5-CR)2}a [43] were

synthesized by literature methods.
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2.2. Instruments

'H and *C NMR spectrawere recorded on a Bruker BioSpin GmbH 600 MHz
spectrometer using CD&£as solvent. Chemical shifts were reported in pphative to
internal TMS (0 ppm). Elemental analyses were peréal using a Vario MICRO elemental
analyzer. UV—vis—NIR spectra of the samples in,Cly solutions were obtained on

PerkinElmer Lamda-950 spectrophotometer.

2.3. Single-crystal X-ray diffraction analysis

The X-ray diffraction data for compounds3 were collected on a Xcalibur Eos Gemini
CCD diffractometer with graphite—monochromated Mo riédiation & = 0.71073 A) at room
temperature. The structures were solved by direethads and refined by full-matrix
least-squares dff by using the program SHELX-2016 [44]. Anisotroffiermal factors were
assigned to all the non-hydrogen atoms. The positad the hydrogen atoms were generated
geometrically, assigned isotropic thermal paransetend allowed to ride on their respective
parent atoms before the final cycle of least-squiaefinement. Detailed crystal data and
structure refinements parameters for compoutdd are listed in Table S1. Further
crystallographic details for the compounds are sanwad in CCDCs 1582344) 1582343

(2) and 15823443).

2.4. Electrochemistry
The electrochemical experiments were carried ouh vai CHI 660E electrochemical

workstation (CH Instruments). Cyclic voltammetryM)Cand differential pulse voltammetry
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(DPV) measurements were performed using a thremretle system with a glassy carbon
working electrode, a Pt wire counter electrode, amy/AgCl (3 M KCI) reference electrode

in CH,ClI, solution containing 0.01 M Na[B{§H3(3,5-CR),} 4] (N>-degassed) as electrolyte.

2.5. DFT calculations

DFT calculations were carried out usingaussian 09software with the B3LYP
exchange-correlation functional and 6-31G** baset. S5Geometry optimizations of the
structures were done using parameters from theegponding crystal structure data as
starting points. No symmetry constraints were usedhe optimization. The optimized
geometries were fully characterized as true miniaaanalytical frequency calculations (no
imaginary eigenvalues). The solvent ({CHp) effects were considered using the polarized

continuum model (PCM).

2.6. Syntheses of compounts3
2.6.1. Synthesis of 1,1-[bis(ferrocenylethynyl)methylepelfthexaneX)

A mixture of (1,1-dibromomethylene)cyclohexane (106, 0.4 mmol), ethynylferrocene
(189 mg, 0.9 mmol), Pd(PBBCI, (30 mg, 0.04 mmol) and Cul (20 mg, 0.1 mmol) in
triethylamine (5 mL) was sealed in a 120 mL Tefsmmewed tube under,Nitmosphere. The
reaction mixture was heated at @5with stirring for 24 h. After cooling to room temrature,
the reaction mixture was diluted with @&, (100 mL), washed with saturated aqg. JX0H
solution (2x 50 mL) and distilled water (X 50 mL). The organic layer was dried over

anhydrous Nz50Q,, and concentrated under reduced pressure. The preduct was purified
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by column chromatography on silica gel (§CHp : petroleum ether = 1 : 5) to yield the title
compoundl as red solid (105 mg, 51% yieldd NMR (600 MHz, CDCY): § 4.47 (s, 4H,
CsHy), 4.23 (s, 10H, €Hs), 4.19 (s, 4H, €Hy), 2.57 (s, 4H, Ch), 1.66 (s, 4H, Ch), 1.62 (s,
2H, CHy). **C NMR (150 MHz, CDGJ): 6 158.82, 98.75, 89.51, 82.65, 71.38, 69.93, 68.68,
65.67, 32.86, 27.56, 26.28. Anal. Calcd feiHzsFe: C, 72.69; H, 5.51. Found: C, 72.90; H,

5.54.

2.6.2.Synthesis of 4-(dibromomethylene)tetrahydro-2H-pyPa)

In an oven-dried three-necked flask, a mixtureetfahydro-#-pyran-4-one (1.0 g, 10
mmol), CBy (6.63 g, 20 mmol), PBRK10.5 g, 40 mmol) in heptane (100 mL) was refluxed
under N atmosphere for 48 h. After cooling to room tempae the reaction mixture was
filtered through Celite, and the solid residue washed with petroleum ether. The solvent
was removed under reduced pressure to give crustupis. Chromatography on silica gel
using petroleum ether as the eluent afforded tbdumt as white solid (1.3 g, 51% yieldi
NMR (600 MHz, CDCY):  3.68 (t,J = 4.9 Hz, 4H, CH), 2.51 (t,J = 4.9 Hz, 4H, Ch).
3CNMR (150 MHz, CDGJ): § 139.96, 84.49, 67.37, 35.15. Anal. Calcd faHEDBr: C,

28.16; H, 3.15. Found: C, 28.31; H, 3.16.

2.6.3.Synthesis of 1,1-[bis(ferrocenylethynyl)methylegtedihydro-2H-pyranZ)
This compound was prepared fro@a by the same procedure for that af
Chromatography on silica gel (GEl, : petroleum ether = 1 : 1) gave the desired prbdsc

red solid (120 mg, 59% vyieldjH NMR (600 MHz, CDCJ): § 4.47 (s, 4H, €H.,), 4.23 (s,
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10H, GHs), 4.21 (s, 4H, €H,), 3.78 (t,J = 4.4 Hz, 4H, Ch)), 2.69 (t,J = 4.3 Hz, 4H, CH).
13C NMR (150 MHz, CDG)): 6 151.75, 100.65, 90.70, 81.90, 71.41, 69.97, 6868618,

65.17, 33.28. Anal. Calcd forsgH,60OFe: C, 70.07; H, 5.10. Found: C, 70.15; H, 5.11.

2.6.4. Synthesis of 4-(dibromomethylene)tetrahyttethiopyran(3a)

This compound was prepared from tetrahydrbthdiopyran-4-one by the same procedure
for that of2a. Chromatography on silica gel using petroleum retiseeluent gave the desired
product as light yellow solid (1.5 g, 56% yieldii NMR (600 MHz, CDCJ): ¢ 2.76 (d,J =
5.3 Hz, 4H, CH), 2.70 (d,J = 5.4 Hz, 4H, CH). **C NMR (150 MHz, CDG)): § 141.99,

85.43, 36.62, 29.27. Anal. Calcd fogH{zSBr: C, 26.49; H, 2.96. Found: C, 26.61; H, 2.98.

2.6.5. Synthesis of 1,1-[bis(ferrocenylethynyl)mietie]tetrahydro-2H-thiopyran3)

This compound was prepared fro®a by the same procedure for that af
Chromatography on silica gel (GEl, : petroleum ether = 1 : 1) gave the desired prbdsc
red solid (115 mg, 54% vyieldjH NMR (600 MHz, CDCY): 6 4.47 (s, 4H, GH,), 4.24 (s,
10H, GHs), 4.22 (s, 4H, €H,), 2.92 (s, 4H, Ch), 2.78 (d,J = 4.2 Hz, 4H, ChH). *C NMR
(150 MHz, CDC}): ¢ 153.77, 101.56, 91.18, 81.92, 71.42, 69.96, 6&89)8, 34.38, 30.16.

Anal. Calcd for GgH.eSFe: C, 67.95; H, 4.94. Found: C, 68.09; H, 4.95.

3. Results and discussion
The gemDEE bridged diferrocenyl compounds (Fig. 1) weeadily synthesized from

the ketones, including cyclohexanone, tetrahydtlepgran-4-one and
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tetrahydro-#-thiopyran-4-one, by the Corey-Fucblkefination and subsequent Sonogashira

coupling  with  ethynylferrocene  (Scheme 1). The Iesy compounds

1,1-[bis(ferrocenylethynyl)methylene]cyclohexane 1), (
1,1-[bis(ferrocenylethynyl)methylene]tetrahydrb-pyran @, and
1,1-[bis(ferrocenylethynyl)methylene]tetrahydrb-ghiopyran 8), and the

1,1-dibromoalkene intermediates 4-(dibromomethyfetieahydro-#-pyran (2a) and
4-(dibromomethylene)tetrahydrd42thiopyran(3a) were characterized by NM$pectroscopy
and elemental analysis. The diferrocenyl compowardsall stable under ambient conditions
in solution or in the solid state.

The molecular structures of compountis3 were determined by single-crystal X-ray
diffraction analysis (Fig. 2). The compounds criygain the triclinic space group-1 (1) and
the monoclinic space group2,/c (2 and 3) with one crystallographically independent
molecule in the asymmetric unit (Table SAs shown in Fig. 2, the centrglemDEE
backbone exhibits a typical planar Y-shape geomé&tng C=C and C=C bond lengths in the
gemDEE backbone as well as the alkylidene bond angles comparable to other
cross-conjugated enediynes (Table 1). A typicalirchbanformation was observed for the
cyclohexane and tetrahydréizhiopyran pendent substituents in compouridsand 3,
respectively, while the tetrahydrd42oyran substituent i@ exhibits an approximately planar
conformation. The FeFe distance between the two ferrocenyl units i$5.20), 9.043 (7),
and 9.172 (6) A for the compounds2 and3, respectively. In our previous report, the four
gemDEE bridged diferrocenyl compounds show very simite Fe distance of 6.74-7.18 A

[40]. For the present diferrocenyl compounds, theiausly increased Fd-e distances a?
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and 3 could be attributed to the different orientatidntlee two ferrocenyl groups in crystal
structures. This is probably due to the intermdecunteractions including the C-=Ht
hydrogen bonds and n stacking interactions. As can be seen from Figasb Table S2—4,
the compound® and3 exhibit stronger C—Hm= interactions compared to that for compound
Moreover, ther n interactions were observed for compougdsnd 3, while it is absent in
compoundL.

The electrochemistry of thesgemDEE bridged diferrocenyl compounds were
investigated by cyclic voltammetry (CV) and diffetel pulse voltammetry (DPV)
measurements. The weakly coordinating supportiagtlyte Na[B{GH3(3,5-CF)2} 4] was
used in electrochemical experiments. Due to thestanlially suppressed ion-pairing effect,
this kind of electrolyte has been proved to be \effigient to improve the resolution between
the coupled oxidation processes in mixed-valendg-f@gorocene compounds [41-46]. The
cyclic voltammograms and differential pulse voltaograms of these compounds are
characterized by a pair of overlapping but pastiatsolved redox couples, indicating the
stepwise one-electron oxidation of two Fc unitg(R). As estimated from the DPV curves,
the potential differenceAg) for the pairwise redox couples is 168, 156, ab@ inV for
compoundsl, 2, and3, respectively (Table 2). This result suggestsritalerate electronic
coupling between two Fc centers over the crossugatg¢dgemDEE bridge [33, 36, 40]. Itis
noteworthy that, although the FEe distances reach up to ~9.1 A for compouda@sd 3,
they still exhibit comparable degree of electratpapling in comparison to compoufadvith
Fe Fe distance of ~6.7 A. This implies that the elsmic coupling between the two Fc

termini more likely occurs via the through-bond imaaism. Moreover, in the recent report by
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Low and co-workers, the tris(ferrocenyl) compouraCH=C(C=CFc), exhibit more strong
electronic couplingAE = 216 mV) over thgemDEE bridge with the FeFe distance up to
~10.3 A [33]. These results are suggestive of #yeability of cross-conjugatedemDEE
bridging ligand in mediating electronic couplingteen Fc termini. The similakE values
also indicate that the heterocyclic pendent sulesiis in compound® and 3 have little
effects on Fc—Fc electronic coupling in the crossjegated system.

Fig. 4a shows UV-vis-NIR spectra recorded during stepwise chemical oxidation of
compoundl by NOBF, [51-53]. The weak and broad low-energy absorpiamd around 750
nm was gradually generated in the spectrum, whacimdicative of the intervalence charge
transfer (IVCT) transition of the mixed-valenoeonocation1’. The generation of IVCT
transition was also observed with the broad abewrpband at ~800 nm fo2" and 37,
respectively (Fig. S7a and S8a). The deconvolutioalysis shows that the NIR band of the
mixed-valence species is composed of Gaussian-8lsebands corresponding to the IVCT
transition and the possible ligand-to*Feharge transfer (LMCT) transition (Fig. 4b, FighS
and Fig. S8b). The spectroscopic parameters foiflW&nd are listed in Table 3. According to
the Hush model, the electronic coupling metric @atriH,y) can be estimated from the IVCT
band parameters by using the equatidf; = 2.05% 107[(vmaxémax Avi2) " rag [48]. The
value of Hap is calculated to be 560, 470, and 3827cfior compoundsl, 2, and 3,
respectively (Table 3). These results suggestttteamonocation for thesgemDEE-bridged
diferrocenyl compounds can be described as the Ilweabupled Robin—Day class I
mixed-valence species [55].

The electronic structure of these diferrocenyl coomms was studied by DFT

10



10

11

12

13

14

15

16

17

18

19

20

21

22

calculations at the B3LYP level of theory with 6&T basis set. As shown in Fig. 5, the
HOMO on thegemDEE backbone is the out-of-phase combination rddh orbitals on two
acetylene and one ethene units, and it is the as@lcombination of the thre# orbitals for
LUMO. This result is indicative ok electron delocalization across thyemDEE bridge, as
that revealed by the theoretical investigationsreeagemDEE ligand by Ren and co-workers
[39]. The HOMO of these diferrocenyl compounds dasinant contribution from the Fc
termini mainly on the Fe 3d orbitals, while theatten density on Fc units is significantly
reduced in the LUMO. The pendent substituents @se¢hcompounds have little contribution
to the frontier orbitals due to their saturatedictinre. DFT calculations on the monocatidn
show the predominant spin localization on one Rtalong with some contribution from half
of the gemDEE skeleton (Fig. 6). This result suggests tlaaliaed oxidation on Fc unit in
the monocatiorl” thatis characteristic for the electronic structure laiss 11 mixed-valence

species [56-58].

4. Conclusions

In this study, a series of diferrocenyl compounddded by cross-conjugategemDEE
ligands with different pendent substituents inahgdcyclohexane, tetrahydrd42pyran, and
tetrahydro-H-thiopyran were synthesized and characterized. Xkay crystallographic
study reveals the varying FEe distances between the Fc termini in the crydtatctures of
these compounds, which reaches up to ~9 A for comgie2 and3. ThegemDEE-bridged
Fc termini exhibit moderate electronic coupling this cross-conjugated system. The

electronic coupling only show slight attenuatiorihnincreasing FeFe distances frort to 3.

11
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Hush analysis on IVCT bands of the monocation gseisi suggestive of the Robin—Day class

Il mixed-valence system.
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NOBF; in CH,Cl,; The Gaussian deconvolution of NIR absorptionstfa monocatior2”

and3".
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Scheme 1Synthetic route for compounds3.

o Br Br Fe Xx. & Fe
ﬁ‘j () E[% (ii) :?]j/’;
X X X

X=C(1),0(2),S3).
Conditions: (i) CBx (2.0 equiv), PPh(4.0 equiv), heptane, reflux 48 h; (ii)) FeCH (3.0
equiv), Pd(PP¥), (0.13 equiv), Cul (0.33 equiv), §&, 95°C, 24 h.
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Table 1.Selected bond lengths (A) and angles (deg) for camgs1-3.

1 2 3
C21-C22 1.179(4) 1.180(4) 1.193(4)
C24-C25 1.198(4) 1.195(4) 1.190(4)
C23-C26 1.347(4) 1.348(5) 1.340(4)
Fel Fe2 6.761(10) 9.043(7) 9.172(6)
C22-C23-C24 113.5(3) 115.6(3) 115.3(3)

Table 2.Electrochemical fata from DPV measurements (vs A@H.

Compd Ox, mV Ox, mV AE, mV Ke
1 40 208 168 692
2 68 224 156 434
3 56 208 152 371
Table 3.Parameters for the IVCT band bE3".
Vimax g Avipp ran  Avip(theor)  Hgp
Compd 1 R -1 -1 -1
(cm®) (Lmol“cm~) (cm) A (cm”) (cm”)
* 14278 426 5557 6.761 5743 560
" 12950 901 3650 9.043 5469 470
" 12300 712 3300 9.172 5330 382
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Fig. 1. ThegemDEE bridgeddiferrocenylcompoundd-3.

Fig. 2. X-ray crystal structure®f compoundsl-3. The ellipsoids are drawn at the 30%

probability level. H atoms are omitted for clarity.
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1 Fig. 3.CV (top) and DPV (bottom) of compoundga), 2 (b), and3 (c) recorded in CECl,

2 solution containing 0.01 M Na[B{§H3(3,5-CR)2} 4] at room temperature. Scan rate: 50 mV
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1 Fig. 4. (a) UV-Vis-NIR spectra recorded during stepwisernotoal oxidation of compound

2 by NOBF, in CH,Cl,. (b) The Gaussian deconvolution of NIR absorptimnghe monocation
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Fig. 5.HOMO and LUMO for compounds-3.
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Fig. 6. Spin-density isosurface plot (left) and SOMO (rjghitthe monocatiod”.
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Highlights
* A series ogem-DEE bridged diferrocenyl compounds were synthekize
» The FeFe distance between the two ferrocenyl terminifteaap to ~9 A.

» The cross-conjugated systems exhibit moderatetreléc coupling between two

ferrocenyl termini.



