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ABSTRACT 
 
The synthesis and full characterization of a series of ferrocene-decorated pyrimidines with donor-

acceptor-donor (D-A-D) and donor-acceptor-acceptor (D-A-A) architectures is reported. The three 

novel compounds share a pyrimidine core and single ferrocenyl donor arm, with an additional 

substituent varied from donor ferrocene (1) to acceptor pyrenyl (2) to donor (4-

diphenylamino)phenyl groups (3). The compounds could be easily constructed in acceptable yields 

in one-pot reactions via acceptorless dehydrogenative coupling reactions mediated by a ruthenium 

coordination complex supported by a simple bidentate P^N ligand. The solution and solid-state 

structures of the new pyrimidines are described along with photophysical and computational 

characterization. The lack of near IR (NIR) transitions upon single-electron oxidation of the 

compounds implies that the pyrimidinyl unit is less effective at mediating electronic 

communication compared with pyridine or pyrrole cores. Nevertheless, strong absorption in the 

far visible and NIR are observed upon formation of a dicationic species from 3 and are attributed 

to efficient charge-transfer from the pyrimidine core to the oxidized donor units.   
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INTRODUCTION 
 

The use of p-conjugated cores to bridge electron-donating and electron-accepting groups to create 

symmetric (D-A-D) and asymmetric (D-A-D') donor-acceptor-donor or donor-acceptor-acceptor 

(D-A-A) “push-pull”-type molecules1 is increasingly of interest in the pursuit of novel materials 

that can exhibit solvent-responsive fluorescence,2 non-linear optical properties,3–5 and the potential 

for mixed-valence with near infrared (NIR) absorption.6–11 In the latter case especially, ferrocenyl 

moieties have been widely employed as donor units thanks to their chemical stability and stable 

Fe(II/III) redox couple.12 Numerous such ferrocenyl-decorated systems have accordingly been 

reported, enabling studies of electronic communication across six-membered hydrocarbon13 or 

heterocyclic aromatic spacers,14 five-membered O-/N-/S-containing heterocycles,10,11,14 

triarylboranes,15 and more extended, electron-deficient conjugated systems including boron-

dipyrromethene (BODIPY),16 aza-BODIPYs8 and related systems,9 and (diimine)pyridines 

(DIP).17 With few exceptions,8 these examples are generally constructed via “post-

functionalization” of a previously formed p-conjugated core with a ferrocene (or other 

donor/acceptor appendage) using either transition metal reagents,9 catalysts10,11,13–15 or 

condensation16,17 routes. In a similar vein, along with ferrocene-coupled arylvinyldiazene 

derivatives of pyrimidines,2,18 directly coupled ferrocenyl-substituted pyrimidines have also been 

described (Figure 1; A-G). The synthesis of these compounds, however, again all require the use 

of lithioferrocene,19 chloromercuriferrocene20–22 or multi-step procedures via chalcone derivatives 

generated from acetylferrocene using Claisen-Schmidt condensation reactions.23 
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Figure 1. Previously reported ferrocenylpyrimidines A,19 B,20 C,21 D,22 E24 and F-G23 constructed 

via multi-step routes and those described in this work prepared in one-pot reactions from alcohol 

precursors (1-3). 

  

We recently became interested in ‘acceptorless dehydrogenative coupling’ (ADC) 

methodologies that use single-pot reactions and sustainable alcohol precursors to prepare complex 

N-heterocycles,25 including electron-deficient heterocyclic diazines capable of mediating the sort 

of electronic communication described above.26–33 These straightforward reactions are variants of 

the so-called “indirect” Friedländer annulation22 that employ a single catalyst for both the 

oxidation of alcohols and their catalytic condensation. When employing nucleophiles such as 

(benz)amidines, ADC can be used to prepare a variety of highly substituted pyrimidines with only 

hydrogen gas and water as byproducts.34–40 Examples include emissive variants that show 

pronounced solvatochromism consistent with charge-transfer character to their lowest energy 

excitation, derived from electronic communication across asymmetric pyrimidine-bridged donor-

acceptor-donor (D-A-D') and donor-acceptor-acceptor (D-A-A) p-systems.41 Here, we report the 

utility of ADC reactions for preparing ferrocene-decorated pyrimidine p-systems in one-pot. In 
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these complexes, ferrocenes are coupled with acceptor (pyrenyl) or donor (ferrocenyl, 

diarylaminophenyl) groups. In addition to their catalytic synthesis, we furthermore report their 

electrochemical and optical properties, computational modeling, and the solid-state structures of 

selected representatives. Collectively, this report is meant to highlight the utility of ADC pathways 

for the preparation of asymmetric ferrocene-decorated D-A-D′ and D-A-A pyrimidine π-systems. 

 
 
RESULTS AND DISCUSSION 
 
Catalytic Synthesis of Ferrocene-Pyrimidines  
 

Compared with ADC routes to polysubstituted pyridines and quinolines, relatively fewer 

studies have described the synthesis of pyrimidines via homogeneous catalysis.34–39 Recently, we 

disclosed a simple ruthenium hydrido chloride complex ([Ru], Figure 2) bearing a bidentate 

diarylphosphine/phenanthridine ligand which, in conjunction with a Brønsted base, can catalyze 

multi-component reactions of alcohols and therefore be used to access a range of N-heterocycles 

including pyridines, quinolines and pyrimidines.42 The ligand scaffold in [Ru] is notable in that it 

does not contain readily (de)protonated Brønsted acidic or basic groups which tend to be common 

in transition metal catalysts capable of these sorts of transformations, precluding a role for metal-

ligand cooperativity in the catalytic ADC-type reactivity of [Ru]. Instead, alcohol dehydrogenation 

produces h2-aldehyde adducts whose reluctance to dissociate free aldehyde is considered critical 

to the observed multicomponent reactivity. Targeting pyrimidines bearing ferrocenyl units, we 

applied previously optimized42 one-pot catalytic conditions using both primary and secondary 

ferrocenyl alcohols as substrates. Benzamidine hydrochloride, a-methylferrocenemethanol and a 

primary alcohol (ferrocenemethanol, 1-pyrenemethanol or (4-(diphenylamino)phenyl)methanol) 

were combined with 0.5 mol % of [Ru] and KOtBu and heated to reflux in dry toluene for 24 h 



 7 

(Figure 2). The pyrimidine products 1-3 were obtained as pure orange-red solids following 

chromatography. The symmetric (4,6-diferrocenyl-2-phenyl)pyrimidine (1) was isolated in a 

moderate yield (45%), similar to that of the D-A-A (4-ferrocenyl-2-phenyl-6-pyrenyl)pyrimidine 

(2, 41% isolated yield). The product of the reaction of the electron-donating primary alcohol, (4-

(diphenylamino)phenyl)methanol, (4-ferrocenyl-(6-para-(diphenylamino)phenyl)-2-

phenyl)pyrimidine (3) was isolated in the highest yield (63%). As noted above, one-pot syntheses 

of ferrocene-functionalized unsymmetrical pyrimidines are relatively rare.18 

 
 
Figure 2. Synthesis of ferrocenyl-decorated pyrimidines via acceptorless dehydrogenative 
coupling. 
 

Pyrimidines 1-3 were characterized in solution using 1H and 13C NMR spectroscopy, and 
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(1: 7.23 ppm; 2: 7.65 ppm; 3: 7.20 ppm) as well as the expected signals for the cyclopentadienyl 

(Cp) groups of the ferrocenyl units, including a singlet for the h5-bound ring (1: 4.10 ppm; 2: 4.17 

ppm; 3: 4.11 ppm). Single crystals of 1 and 2 suitable for X-ray diffraction analysis could be grown 

from mixtures of dichloromethane and hexanes and confirmed the connectivity of the molecules. 

Figure 3a shows one of two molecules present in the asymmetric unit of 1, while Figure 3b shows 

the structure of 2. In both cases, the formation of the [N2C4] ring is readily apparent and its aromatic 

character can be deduced from the shorter C-C bond distances within the ring [1: C2-C3 1.386(5) 

and C3-C4 1.391(5) (molecule 1, shown), C32-C33 1.380(5) Å and C33-C34 1.383(5) Å (molecule 

2, not shown); 2: C2-C3 1.383(4) Å and C3-C4 1.389(4) Å] compared with the adjoining exocyclic 

C-C bonds [1: C2-C11 1.462(5) and C4-C21 1.464(5) (molecule 1, shown), C32-C41 1.471(5) Å 

and C34-C51 1.467(5) Å (molecule 2, not shown); 2: C2-C11 1.483(4) Å and C4-C27 1.472(4) 

Å]. Both ferrocenyl units in the two molecules present in the asymmetric unit of 1 are oriented on 

the same side of the pyrimidinyl core, but with different degrees of twisting with respect to the 

C4N2 plane. One of the molecules (shown in Figure 3a) has a nearly flat arrangement for both 

ferrocenyl units (~10° with respect to the plane formed by the five carbon atoms of the adjoining 

Cp ring), while the second (not shown) has a more twisted conformation (~5° and 34° for the two 

ferrocenyl units). This suggests significant flexibility in the rotation of the connecting ferrocenyl-

pyrimidinyl bonds, with the different twist angles likely dictated by packing effects. Indeed, the 

solid-state structure of the previously reported (6-amino-2,4-diferrocenyl)pyrimidine (E) has the 

two organometallic fragments oriented anti with respect to the central pyrimidinyl core.24  In 2, 

the corresponding values are ~30° for the ferrocenyl unit and ~50° for the pyrenyl unit. A similar 

twist of the pyrenyl unit has been reported for other pyrenyl-containing pyrimidines.41 The phenyl 
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substituents in the two distinct molecules of 1 again show much smaller deviations from 

coplanarity with the pyrimidine core compared with 2 (~5-6° vs 30°). 

 

 
Figure 3. Solid-state structures of (a) 1 and (b) 2 with thermal ellipsoids shown at 50% probability 
levels. Hydrogen atoms and the second molecule in the asymmetric unit of 1 are omitted for clarity. 
 
 
 
Photophysical and Electrochemical Properties 
 
Absorption spectra of 1-3 in dichloromethane under ambient conditions are shown in Figure 4. 
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Notably, a prominent feature at ~350 nm (1:  l = 355 nm, e = 4200 M-1 cm-1; 2:  l = 355 nm, e = 

22 500 M-1 cm-1; 3:  l = 371 nm, e = 30 300 M-1 cm-1) accompanies a broader and weaker lower 

energy absorption (1: 454 nm, 1600 M-1 cm-1; 2: 454 nm, 1100 M-1 cm-1; 3: 464 nm, 1800 M-1 cm-

1). Related D-A-D and D-A-A pyrimidines tend to also strongly absorb in the UV but less so in 

the visible region of the electromagnetic spectrum33,41 and so the lower energy absorptions can be 

attributed to the presence of the organometallic fragments. In particular, the features at ~460 and 

~360 nm align well with the vibronically coupled, dipole-forbidden d-d transitions of ferrocene 

itself (458 nm, 1A1g®(a)1E1g; 330 nm, 1A1g®(b)1E1g).43,44 The most significant difference between 

the spectra is in the bathochromic shift to the 371 nm feature for 3, which is also the most intense 

of the series. 

 
 
Figure 4. UV-Visible absorption spectra of 1.0 x 10-5 M concentration solutions of 1-3 in 
CH2Cl2 at 295 K. 
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ferrocenyl units. The anodic shift to these oxidation events compared to ferrocene itself is larger 

compared to the first ferrocenyl-based oxidation of 2,5- or 2,6-diferrocenylpyridine.14 In fact, the 

redox events observed for 1 and 2 are closer to the second oxidation event observed for 2,5- or 

2,6-diferrocenylpyridine (0.185 and 0.165 V vs FcH0/+ in CH2Cl2 solution containing 0.1 M 

[nBu4N][B(C6F5)4] as supporting electrolyte). This is consistent with the presence of the second 

nitrogen atom in the pyrimidine core compared to pyridine, which lends more electron-

withdrawing character to the heteroaromatic spacer. Similarly, the first redox event observed for 

2,4,6-triferrocenyl-1,3,5-triazene (0.115 V vs FcH0/+)14 is observed closer to those of 1 and 2.  

 
Figure 5. Cyclic voltammograms (-) and differential pulse voltammograms (---) of 1 (8.1 x 10-4 
M), 2 (8.1 x 10-4 M) and 3 (1.7 x 10-4 M) in CH2Cl2 containing 0.1 M [nBu4N][PF6] at 295 K: 
glassy carbon working electrode, a Ag/Ag+ quasi-non-aqueous reference electrode, Pt wire counter 
electrode, scan rate (CV) = 100 mV s-1 (1 and 2) and 200 mV s-1 (3). 
 
Table 1. Spectroscopic and electrochemicala data for 1-3 in CH2Cl2 at 295 K. 
 l / nm (e / 103 M-1cm-1) E1/2 / V vs FcH0/+ 
1 271 (sh), 303 (13.6), 355 (4.2), 454 (1.6) 0.145 (0.180, 0.308b) 
2 281 (35.5), 301 (sh), 355 (22.5), 454 (1.1) 0.155 
3 287 (sh), 371 (30.3), 464 (1.8) 0.115, 0.585 

 
a with 0.10 M [nBu4N][PF6] as the supporting electrolyte using a glassy carbon working 
electrode and scan rates of 100 mV s-1. 
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b with 0.15 M tetrabutylammonium tetrakis(pentafluorophenyl)borate as the supporting 
electrolyte using a glassy carbon working electrode and a scan rate of 25 mV s-1.  
 
 

Comparing the cyclic voltammograms (CVs) of 1 and 2, the current response for 1 is twice 

as large as that of 2 when accounting for concentration of analyte, indicating overlapping oxidation 

of the two ferrocenyl units in 1 at near-identical potentials. The peak observed by differential pulse 

voltammetry (DPV) for 1 is also quite broad compared that of 2. In solutions containing electrolyte 

comprised of weakly coordinating tetrakis(pentafluorophenyl)borate anions,45 these redox events 

are better resolved but still quite broad (E1/2 = 0.180, 0.308 vs FcH0/+; Figure S1). The separation 

between the first and second oxidation processes of 1 (128 mV) is slightly smaller but more or less 

in line with those reported for 2,5- or 2,6-diferrocenylpyridine14 and diferrocenyl BODIPY triads46 

(~150 mV). The resolution of the one-electron oxidations of the two ferrocenyl units could speak 

either to electronic communication7 through the N-heterocyclic core or Coulombic effects dictated 

by electrostatic repulsion.47,48 Related examples of cross-conjugated biferrocenes have been 

reported.49,50  

Compound 3, on the other hand, shows two well-resolved redox events. The first is 

consistent with oxidation of the ferrocenyl unit at similar potentials to 1 and 2 (E1/2 = 0.115 V vs 

FcH0/+). Considered as a series, the ferrocenyl oxidation correlates with the character of the other 

substituent: the most anodic potential is seen for 2 (bearing an electron-accepting moiety), the most 

cathodic potential is observed for 3 (bearing the strongest electron-donating group), while 1 is 

oxidized at an intermediate potential. The second redox event observed for 3 corresponds to 

oxidation of the diphenylamido moiety (0.585 V vs FcH0/+). Triarylaminium cations have redox 

potentials spanning a wide range (~0.16-1.72 V vs FcH0/+).12 The observed redox potential for the 

[3]1+/2+ couple implies that (diphenyl)((2-ferrocenium-yl-4-phenyl)pyrimidinyl)amine can be 
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oxidized to form an aminyl radical at a potential intermediate between tris(para-tolyl)amine and 

tris(para-acylphenyl)amine.51 A similar pair of two reversible and well-resolved oxidation 

processess was observed for a D-A-D' ferrocenyl-BODIPY-dimethylaminophenyl triad (E1/2 = 

0.06, 0.31 V vs FcH0/+).46 There, the two redox events are separated by 250 mV in CH2Cl2 solution 

(0.1 M [nBu4N][ClO4] as supporting electrolyte) compared with a much larger separation of 470 

mV for 3. In the former, the ferrocenyl and dimethylaminophenyl substitutents are fully conjugated 

into the BODIPY core via vinyl bridges. The larger physical distance between the two redox active 

centers confered by the bigger BODIPY core may diminish any contributions of Coloumbic 

repulsion to the DE1/2 compared to 3 with its smaller pyrimidine core. 

 
To probe the spectroscopic response of 1-3 upon oxidation, the three compounds were 

subjected to oxidation under spectroelectrochemical conditions. Oxidation of 1 in this manner 

(Figure 6a) covering the potentials at which the redox events were observed by CV is accompanied 

by a decrease in intensity of the lowest energy absorption at 454 nm and the appearance in its place 

of a broad absorption centred at ~650 nm. This is consistent with the onset of LMCT-type 

transitions that lend ferrocenium its typical blue color.44,52 Isosbestic points are evident at 431 and 

518 nm. In addition, higher energy absorptions grow in intensity, with a prominent peak appearing 

at 265 nm and an intense shoulder at ~364 nm. The same features are observed in the presence of 

both hexafluorophosphate and tetrakis(pentafluorophenyl)borate anions (Figure S2). No 

significant absorption in the NIR, expected for mixed-valence biferrocenes,53,54 was observed 

irrespective of the potential applied, pointing to Class I behaviour according to Robin-Day;55 the 

splitting observed by electrochemistry is therefore attributable to electrostatic repulsion. A similar 

lack of NIR absorptions was noted in the spectroelectrochemical oxidation of the related 2,4,6-



 14 

triferrocenyl-1,3,5-triazene.14 This contrasts the strong electronic coupling observed in NIR-

absorbing tetraferrocene-decorated azadipyrromethenes.8 

 
 
Figure 6. Spectroelectrochemical analysis of (a) 1 and (b) 2 in 0.3 M [nBu4N][PF6] containing 
CH2Cl2 solutions at 295 K. In both cases, the solid black trace represents the absorption spectrum 
at the starting potential and the red trace the absorption spectrum at the final potential, with 
oxidative potentials applied from (a) 0.3 V to 0.7 V and (b) 0.2 V to 1.0 V vs Ag/Ag+. 
 
 

In comparison, the changes in absorption upon oxidation of 2 (Figure 6b) and initial 

oxidation of 3 (Figure 7a) differ from those observed for 1. Neither of these oxidatively generated 

electronic absorption spectra show any pronounced peaks at ~650 nm. Instead, oxidation of both 

compounds is accompanied by a decrease in intensity of the far UV feature (2: 355 nm, 3: 371 nm) 

and a growth of a peak overlapping with the lowest energy absorption of the neutral species (2: 
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470 nm, 3: shoulder at ~460 nm). Similar spectral changes were observed for oxidation of the 

ferrocenyl units in ferrocene-BODIPY conjugates16,46 and related (di)ferrocenyl-substituted D-A-

D triads with conjugated cores such as bis(difluoroboron)-1,2-bis{(pyrrol-2-

yl)methylene}hydrazine (BOPHY).56 In those systems, oxidation results in the appearance of a 

band also at shorter wavelengths compared with typical ferrocenium derivatives (~530 nm). 

 

 
 
Figure 7. Spectroelectrochemical analysis of 3 in 0.3 M [nBu4N][PF6] containing CH2Cl2 at 295 
K. In both cases, the solid black trace represents the absorption spectrum at the starting potential 
and the solid colour trace the absorption spectrum at the final potential, with oxidative potentials 
applied from (a) 0.6 to 1.0 V and (b) 1.0 V to 1.2 V vs Ag/Ag+. 
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positive potentials, three new strong absorptions appear, centered at 516 nm (e = 17 800 M-1 cm-

1), 758 nm (4 100 M-1 cm-1), and 1501 nm (6 200 M-1 cm-1), with a complete loss of the UV feature 

at 371 nm. The uniqueness of these distinctive features across the series confirms that the second 

redox event observed for 3 involves the diphenylaminophenyl substituent. The intensities of the 

new features are quite different from related compounds such as the D-A-D' ferrocenyl-BODIPY-

dimethylaminophenyl triad discussed above. In that compound, low intensity NIR bands at ~1000, 

1500 nm are reported to appear upon oxidation of the ferrocenyl unit but lose their intensities upon 

accessing the second oxidation event.46 

 
 
DFT and TDDFT calculations 
 
In an attempt to better understand the electronic structures, redox properties and absorption profiles 

of 1-3, density functional theory (DFT) and time-dependent DFT (TDDFT) calculations were 

carried out. Optimization using the B3LYP exchange-correlation functional and PCM approach 

(CH2Cl2 as a solvent) reproduced the solid-state structural metrics of the series. Single-point and 

TDDFT calculations were conducted using the M06 exchange-correlation functional as it produced 

better agreement between theory and experiment. The D-A-D character of 1 and 3, as well as the 

D-A-A character of the pyrenyl analog 2, can be confirmed from examining the composition of 

the frontier molecular orbitals (MOs) of the three compounds (Figure 8 and Figure S3). Notably, 

the lowest unoccupied MO (LUMO) has predominantly (>50%) pyrimidine character for both 1 

and 3. As befits the D-A-A label, the pyrenyl p-system dominates the LUMO in 2 (~70%) with 

additional contribution from the pyrimidine core (~25%). The highest energy occupied MOs 

(HOMO through HOMO-4 for 1; the HOMO through HOMO-3 for 2 and 3) are, in each case, 

closely spaced. Either the highest energy (HOMO in 1 and 2) or next highest-lying (HOMO-1 in 
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3) MO for all three compounds have significant ferrocene character, consistent with their solution 

voltammetry and spectroelectrochemical data which indicates initial oxidation of the 

organometallic moieties. 

 
 
Figure 8. Molecular orbital energy level diagrams and frontier MO surfaces for 1-3 (M06 
exchange-correlation functional) using B3LYP-optimized geometry. 
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ferrocene-centered HOMO-1. A similar discrepancy was observed between the solution 

electrochemistry and the DFT-determined HOMO composition for a ferrocenyl-BODIPY-

dimethylaminophenyl triad.46 As noted in that work, the origin of this discontinuity could result 

from the choice of exchange-correlation functional. However, similar to the observations made 

there, all additionally exchange-correlation functionals tested here (five different functionals were 

tested) were still suggestive of a HOMO centered at diphenylaminophenyl fragment for B3LYP 

and BP86 geometries (Figures S3-S4). In addition, when spin-polarization effects were taken into 

consideration for [3]+, DFT correctly predicted ferrocene-centered spin density in the oxidized 

species, supporting the applicability of our model (vide infra), again unsurprising as the energy 

difference between the (diphenylamino)phenyl-centered HOMO and ferrocene-centered HOMO-

1 in 3 is very small.  

Independent of the starting geometry (B3LYP or BP86), TDDFT calculations using the 

M06 exchange-correlation functional allowed accurate prediction of the electronic absorption 

spectra in 1-3 (assuming errors of ~0.2 eV typical of TDDFT calculations for organometallic 

donor-acceptor systems; Figure 9). For the calculations carried out using the M06 exchange-

correlation functional and B3LYP geometries, the low-intensity lowest energy transition at ~450 

nm observed for all three compounds was predicted by TDDFT as a set of several transitions with 

low oscillator strengths. These span between ~500-700 nm and have mixed d-d and Fc-

p*(pyrimidine) character. The d-d transitions in ferrocene itself are dipole-forbidden and so are 

typically missed by TDDFT unless vibronic coupling is explicitly considered.57 Indeed, 

predominantly d-d transitions with zero oscillator strength (transitions 1 and 2 for compound 1, 

Table S1; transitions 1 and 4 for compound 2, Table S2; and transitions 1 and 4 for compound 3, 

Table S3) were predicted by TDDFT in this range. In comparison, one (excited state 5 and 2 for 
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compounds 1 and 2, respectively) or two (excited states 2 and 3 for compound 3) excited states 

were also calculated with oscillator strengths higher than 0.001. While these excited states also 

have largely ferrocene-to-ferrocene character, the d-d character is complemented by contributions 

from ferrocene-to-ligand single electron excitations, boosting the predicted intensity (see 

Supporting Information). The next lowest energy absorptions for all three compounds (~350 nm) 

are predicted to be largely HOMO-LUMO transitions (Tables S1-S3). These excitations have 

ferrocene-to-pyrimidine (1), ferrocene/pyrene-to-pyrene/pyrimidine (2) and 

diphenylaminophenyl/ferrocene-to-pyrimidine (3) charge-transfer (CT) character, respectively, 

explaining their stronger intensities. 
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Figure 9. Experimental (upper) and TDDFT-predicted (lower) UV-vis spectra of 1-3 using 

B3LYP-optimized geometry and M06 exchange correlation functional. 

 

 To investigate the origin of the intense features observed upon spectroelectrochemical 

oxidation of 3, the oxidized species [3]+ and [3]2+ were also modelled computationally as doublet 
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and triplet unrestricted open shells, respectively. The ground-state MO diagrams and selected 

orbital isosurfaces for the a and b manifolds are shown in Figure 10. Spin-density plots (Figure 

11) are consistent with formation of a cation ([3]+) with ferrocenium character followed by a 

dication ([3]2+) with ferrocenium/aminyl diradical character. In terms of the electrochemically 

generated absorption spectra, TDDFT (Figure S7a, Table S4) attributes the growth of a shoulder 

at ~460 nm upon generation of [3]+ to new H(β)→L+1(β)/H(α)→L+2(α)  (~500 nm) and 

H(β)→L+1(β) (424 nm) transitions. These transitions involve transfer of electron density from the 

pyrimidine core and diphenylaminophenyl moieties to low-lying singly occupied molecular orbital 

(SOMO, here labeled as the LUMO) and fully vacant molecular orbitals (LUMO+1, LUMO+2). 

For the dication [3]2+, these transitions are shifted to even lower energy. TDDFT suggests that the 

strong feature at 758 nm in Figure 7b arises from H(β)→L(β) transition involving charge-transfer 

between the phenylpyrimidine unit (comprising the HOMO of [3]2+) and the SOMO localized on 

the now-oxidized diphenylaminophenyl arm (depicted in Figure 10 as L(β) of the β-manifold). The 

intensity of the lowest energy absorption of [3]2+ at 1501 nm could not be accurately simulated, 

however, it is in a region characteristic of low-lying ligand-to-metal-charge transfer (LMCT) 

transitions reported for diferroceniumyl dications bridged by five-membered heterocycles, which 

can be rather intense.11 Interestingly, in diferrocenyl-substituted oligopyrroles, extension of the 

heterocyclic core p-system causes a bathochromic shift in the LMCT energy while boosting its 

intensity. Here, the introduction of a second nitrogen in the form of a pyrimidinyl core and the 

substituents presumably has a similar effect of bringing the donor and acceptor orbitals in the 

LMCT process closer to each other in energy, resulting in an intense, low energy LMCT feature. 
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Figure 10. Energy level diagram of [3]+ and [3]2+ (α and β spin manifolds) and associated frontier 

orbitals (M06 exchange-correlation functional, unrestricted) calculated using B3LYP geometry. 

The orbitals associated with the electron-hole generated upon oxidation are marked with an *. 
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Figure 11. Total spin density plots for (a) [3]+ and (b) [3]2+ (M06 exchange-correlation functional) 
using B3LYP-optimized geometries. 
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Conclusions 

Acceptorless dehydrogenative coupling has been shown to be a viable one-pot synthetic route to 

ferrocene-decorated pyrimidines starting from ferrocenyl alcohols with only dihydrogen and water 

produced as waste. The simultaneous construction of a conjugated pyrimidine core and appending 

of donor/acceptor groups enabled isolation of three examples with D-A-D (1), D-A-A (2) and D-

A-D' (3) architectures, confirmed by single-crystal X-ray structures of 1 and 2. All three 

compounds show UV-Vis absorption properties consistent with the presence of both the 

heterocyclic core and the organometallic side units. The redox properties of 1-3 were investigated 

using cyclic voltammetry and differential pulse voltammetry in both conventional and “weakly 

coordinating anion”-containing electrolytes. The first oxidation in all complexes was observed to 

be ferrocene-based. Compounds 1 and 3 showed a second oxidation event that, in the case of 3, 

was well-resolved from the first oxidation. The overlapping oxidations of the two ferrocenyl units 

in 1 confirmed a lack of significant electronic communication mediated by the pyrimidine core, 

further supported by the absence of strong absorption features for the electrochemically generated 

cation [1]+. Electrochemical oxidation of 3 to [3]2+ did lead to the onset of strong features in the 

lower wavelength region of the visible part of the spectrum and the NIR, which were attributed to 

charge-transfer from the pyrimidine core to the oxidized diphenylaminyl unit rather than 

intervalence charge transfer. Attempts to extend ADC routes to prepare triferrocenyl analogs and 

analogs with alternative heterocyclic cores are presently underway. 
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Experimental Section 
 
General Information  

Unless otherwise stated, all air-sensitive manipulations were carried out inside an inert-atmosphere 

glove box (N2) or using standard Schlenk techniques (Ar). Benzamidine hydrochloride (Combi 

Blocks), (1-pyrene)methanol (TCI), (ferrocene)methanol and 1-(ferrocenyl)ethanol (Millipore 

Sigma) were purchased as reagent grade or better and used as received. 4-

(diphenylamino)phenyl)methanol58 and the catalyst [Ru]42 were prepared following published 

procedures. Organic solvents were dried over appropriate reagents and deoxygenated prior to use, 

with the exception of 1,2-dimethoxyethane, water and 2-methoxyethanol, which were simply 

degassed. NMR spectra were recorded on a Bruker Avance 300 MHz or Bruker Avance-III 500 

MHz spectrometer as noted. Absorbance data was collected on a Cary 5000 UV-Vis NIR 

spectrophotometer. High-resolution mass spectra were collected on a Bruker microOTOF-QIII 

mass spectrometer. 

For electrochemical analysis, 5-15 mg of each compound investigated was dissolved in 15 

mL of 0.1 M [nBu4N][PF6] in CH2Cl2 and purged with Ar before analysis. All electrochemical 

experiments were conducted under inert (Ar) atmosphere using a CHI 760c bipotentiostat, a 3 mm 

diameter glassy carbon working electrode, a Ag/Ag+ quasi-non-aqueous reference electrode 

separated by a Vycor tip, and a Pt wire counter electrode. Cyclic voltammetric (CV) experiments 

were conducted using scan rates of 50-800 mV/s. Differential pulse voltammetry (DPV) 

experiments were also conducted, using a 5 mV increment, 50 mV amplitude, 0.1 s pulse width, 

0.0167 s sample width, and 0.5 s pulse period. Upon completion of all CV and DPV analyses, 

ferrocene (FcH) was added to the solution as an external standard, with all potentials reported 

versus the FcH0/+ redox couple. Spectroelectrochemical measurements were conducted using a 
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Jasco V-770 UV-vis-NIR spectrophotometer to collect absorption data from solutions in a custom-

built 1 mm cell to which a potential was applied using a CH Instruments electrochemical analyzer 

and a three-electrode scheme with platinum mesh working, platinum auxiliary, and a Ag/AgCl 

pseudo-reference electrode. 

DFT and TDDFT calculations were performed using the Gaussian 16 software package.59 

The starting geometries of all compounds were optimized using the B3LYP60,61 or BP8662,63 

exchange-correlation functional. The equilibrium geometries were confirmed with frequency 

calculations and more specifically, by the absence of imaginary frequencies. Iron was modeled 

using full-electron Wachters’ basis set64 and the other atoms were modeled using the 6-311G(d) 

basis set.65 A doublet spin state was used in calculations modeling [3]+, while the triplet spin state 

of [3]2+ was found to be more energetically favorable than the open-shell singlet and thus was used 

for all calculations for the dication. M06 exchange correlation functional66 was used for single-

point and TDDFT calculations. For the TDDFT calculations, solvent effects were accounted for 

using the PCM approach67 with CH2Cl2 as a solvent. The QMForge DFT analysis program68 was 

used to compile molecular orbital contributions from single-point calculations. 

 

General Synthetic Procedure: In a N2-filled glovebox, one equivalent of benzamidine 

hydrochloride (0.250 mmol) was combined with KOtBu (0.625 mmol) and 2 mL of dry toluene in 

a Schlenk flask and stirred for 20 min. Next, two equivalents of α-methylferrocenemethanol (0.500 

mmol) and 1.1 equivalent of a primary alcohol (0.275 mmol) were added followed by the catalyst 

[Ru] (0.001 g, 0.001 mmol, 0.5 mol%) and an additional 2 mL of toluene. The flask was fitted 

with a condenser and the mixture heated in open reflux under Ar in an oil bath set to 130 °C. After 
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24 h, the resulting solution was cooled to ambient temperature and the product purified by silica 

column chromatography using a mixture of CH2Cl2-hexanes as the eluent.  

(4,6-diferrocenyl-2-phenyl)pyrimidine (1): The general procedure was followed using 

benzamidine hydrochloride (0.039 g, 0.250 mmol), KOtBu (0.070 g, 0.625 mmol), α-

methylferrocenemethanol (0.115 g, 0.5 mmol) and ferrocenemethanol  (0.059 g, 0.275 mmol). 

Product was eluted with a 7:3 mixture of CH2Cl2:hexanes (Rf = 0.47). Red solid. Yield = 0.059 g 

(45%). Single-crystals suitable for X-ray diffraction were grown from slow evaporation of a 

mixture of CH2Cl2 and hexanes at room temperature. 1H NMR (CDCl3, 300 MHz, 22 °C): d 8.67-

8.64 (m, 2H; CPhH), 7.58-7.48 (m, 3H; CPhH), 7.23 (s, 1H; CpyrimidineH), 5.14 (m, 4H; CFcH), 4.52 

(m, 4H; CFcH), 4.10 ppm (m, 10H; CFcH). 13C{1H} NMR (CD2Cl2, 75 MHz, 22 °C): d 166.9 

(CArH), 163.7 (CAr), 138.8 (CAr), 130.4 (CArH), 128.4 (CArH), 109.6 (CArH), 81.7 (CFcH), 70.9 

(CFcH), 70.1 (CFcH), 68.2 ppm (CFcH). HRMS (ESI+) m/z calcd. For [C30H10N2Fe2 + H]+ 

525.0712, found 525.0766. 

(4-ferrocenyl-2-phenyl-6-pyrenyl)pyrimidine (2): The general procedure was followed using 

benzamidine hydrochloride (0.039 g, 0.25 mmol), KOtBu (0.070 g, 0.625 mmol), α-

methylferrocenemethanol (0.115 g, 0.5 mmol) and 1-pyrenemethanol  (0.064 g, 0.275 mmol). 

Product was eluted with a 1:1 mixture of CH2Cl2:hexanes (Rf = 0.27). Orange solid. Yield = 0.055 

g (41%). Single-crystals suitable for X-ray diffraction were grown from a concentrated mixture of 

CH2Cl2 and hexanes at room temperature. 1H NMR (CDCl3, 300 MHz, 22 °C): d 8.74-8.66 

(overlapped m, 3H; CPhH, CpyreneH), 8.34 (s, 2H; CpyreneH), 8.28-8.24 (m, 2H; CpyreneH), 8.19-8.16 

(m, 3H; CpyreneH), 8.09-8.04 (m, 1H; CpyreneH), 7.65 (s, 1H; CpyrimidineH), 7.59-7.52 (m, 3H; CPhH), 

5.20 (m, 2H; CFcH), 4.57 (m, 2H; CFcH), 4.17 ppm (m, 5H; CFcH). 13C{1H} NMR (CDCl3, 75 

MHz, 22 °C): d 168.3 (CAr), 166.2 (CAr), 164.2 (CAr), 138.4 (CAr), 134.2 (CAr), 132.3 (CAr), 131.5 
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(CAr), 130.9 (CAr), 130.7 (CArH), 128.9 (CAr), 128.6 (CArH), 128.5 (CArH), 127.5 (CArH), 126.4 

(CAr), 125.8 (CAr), 125.5 (CAr), 125.3 (CAr), 125.0 (CAr), 124.9 (CAr), 124.8 (CAr), 115.9 (CAr), 81.3 

(CFc), 71.3 (CFcH), 70.2 (CFcH), 68.4 ppm (CFcH). HRMS (ESI-TOF/MS, m/z) calcd. For 

C30H24Fe2N2 [M]+, 524.0634; found 524.0616. 

(4-ferrocenyl-(6-diphenylamine-2-phenyl))pyrimidine (3): The general procedure was followed 

using benzamidine hydrochloride (0.039 g, 0.250 mmol), KOtBu (0.070 g, 0.625 mmol), α-

methylferrocenemethanol (0.115 g, 0.500 mmol) and (4-(diphenylamino)phenyl)methanol (0.076 

g, 0.275 mmol). Product was eluted with a 4:1 mixture of CH2Cl2:hexanes (Rf = 0.72). Red solid. 

Yield = 0.092 g (63%). 1H NMR (CDCl3, 300 MHz, 22 °C): 8.68 (m, 2H; CPhH), 8.15 (m, 2H; 

CdiphenylamineH), 7.53 (m, 4H; CPhH), 7.35-7.30 (m, 4H; CdiphenylamineH), 7.22-7.18 (overlapped m, 

6H; CdiphenylamineH, CpyrimidineH), 7.11 (m, 2H; CdiphenylamineH), 5.17 (m, 2H; CFcH), 4.54 (m, 2H; 

CFcH), 4.11 ppm (m, 5H; CFcH). 13C{1H} NMR (CDCl3, 75 MHz, 22 °C): d 168.2 (CAr), 163.9 

(CAr), 162.8 (CAr), 150.3 (CAr), 147.3 (CArH), 138.6 (CAr), 130.8 (CAr), 130.5 (CAr), 129.6 (CArH), 

128.5 (CArH), 128.2 (CArH), 125.3 (CArH), 123.9 (CArH), 122.4 (CArH), 109.1(CAr), 81.7 (CFc), 

71.1 (CFcH), 70.2 (CFcH), 68.3 ppm (CFcH). HRMS (ESI-TOF/MS, m/z) calcd. For C38H29FeN3 

[M]+, 583.1706; found 583.1660. 

 
X-Ray Crystallography 
 

X-ray crystal structure data were collected from multi-faceted crystals of suitable size and quality 

selected from a representative sample of crystals of the same habit using an optical microscope. In 

each case, crystals were mounted on MiTiGen loops with data collection carried out in a cold 

stream of nitrogen (150 K; Bruker D8 QUEST ECO; Mo Kα radiation). All diffractometer 

manipulations were carried out using Bruker APEX3 software.69 Structure solution and refinement 



 29 

was carried out using XS, XT and XL,70 embedded within OLEX2.71 For each structure, the 

absence of additional symmetry was confirmed using ADDSYM incorporated in the PLATON 

program.72 

Crystal structure parameters for 1 (CCDC 2069143): Red blocks; C30H24Fe2N2 524.21 g/mol, 

orthorhombic, space group P212121; a = 10.5596(5) Å, b = 12.1310(6) Å, c = 35.9691(17) Å, α = 

β = γ = 90°, V = 4607.6(4) Å3; Z = 8, rcalcd = 1.511 g cm−3; crystal dimensions 0.240 x 0.080 x 

0.050 mm; 2θmax = 55.658°; 129268 reflections, 10877 independent (Rint = 0.1033), intrinsic 

phasing; absorption coeff (μ = 1.281 mm−1), absorption correction semi-empirical from 

equivalents (SADABS); refinement (against Fo2) with SHELXTL V6.1, 613 parameters, 0 

restraints, R1 = 0.0390 (I > 2σ) and wR2 = 0.0672 (all data), Goof = 1.047, residual electron density 

0.35/−0.38 Å−3.  

Crystal structure parameters for 2 (CCDC 2069144): Orange blocks; C36H24FeN2 540.42 

g/mol, orthorhombic, space group Pbca; a = 13.2254(6) Å, b = 10.8909(5) Å, c = 34.5653(14) Å, 

α = β = γ = 90°, V = 4978.7(4) Å3; Z = 8, rcalcd = 1.442 g cm−3; crystal dimensions 0.400 x 0.150 

x 0.070 mm; 2θmax = 50.242°; 85534 reflections, 4429 independent (Rint = 0.1180), intrinsic 

phasing; absorption coeff (μ = 1.281 mm−1), absorption correction semi-empirical from 

equivalents (SADABS); refinement (against Fo2) with SHELXTL V6.1, 352 parameters, 0 

restraints, R1 = 0.0529 (I > 2σ) and wR2 = 0.0976 (all data), Goof = 1.101, residual electron density 

0.29/−0.33 Å−3.  
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information files containing all X-ray data. CCDC 2069143-2069144 contain the supplementary 

crystallographic data for this paper. The data can be obtained free of charge from The Cambridge 

Crystallographic Data Center via www.ccdc.cam.ac.uk/structures. 
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