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ABSTRACT: A method for the preparation of 3-bora-9aza-indene heterocycles based on zirconocene mediated functionalization 

of the ortho-CH bonds of pyridines has been developed and used to make two such compounds. Unlike other methods, the boron 

center in these heterocycles remains functionalized with a chloride ligand and so the compounds can be further elaborated through 

halide abstraction and reduction. The utility of the method was further demonstrated by applying it towards the preparation of 1,5-

dibora-4a,8a-diaza BN analogues of the intriguing hydrocarbon s-indacene starting from 2,5-dimethylpyrazine. Gram quantities of 

one such compound was prepared and fully characterized, and both experimental and computational data is presented to compare its 

properties to those of the parent hydrocarbon s-indacene. These data indicate that the BN substituted derivative exhibits lowered 

aromaticity in relation to the hydrocarbon. 

INTRODUCTION 

The substitution of C-C with isoelectronic and isosteric BN 

building blocks within conjugated organic frameworks has 

been explored since the seminal work of Dewar, beginning in 

the late 1950s.1,2 These early studies, informed by the prior 

discovery of borazine,3 were motivated mainly by curiosity 

and shed light on the concept of aromaticity in conjugated 

systems. In the past decade, however, evaluating the effect of 

BN for CC substitution on the electronic properties of various 

conjugated hydrocarbon-based molecules,4-16 polymers17-20 and 

materials21-26 has emerged as a primary goal of the field. Fur-

thermore, the introduction of a significant dipole has implica-

tions for the BN analogues of hydrocarbons as biological 

agents.27-31 There has therefore been a significant amount of 

activity in this field since its resurgence in the mid 2000’s.32-38 

A corollary of the interest in these molecules is the need for 

new synthetic routes to such species that are efficient, modular 

and scalable.35 While much progress has been made, new 

methodologies are still of interest for preparing these materials 

and accessing BN frameworks for which current methods are 

not suited. Here we describe a zirconocene-based method for 

assembling 3-bora-9-aza-indene scaffolds39-40 and its use to 

prepare 1,5-dibora-4a,8a-diaza BN analogues (I) of the intri-

guing “quasi aromatic” hydrocarbon s-indacene (II).41-44 

RESULTS AND DISCUSSION 

We have previously shown that zirconocycles are useful 

starting materials for the synthesis of boron containing hetero-

cycles.45-46 We hypothesized that by using well-established 

 

zirconocene chemistry in which the ortho C-H bonds of pyr-

idine can be selectively functionalized,47-49 these routes might 

be adaptable to preparing 3-bora-9-aza-indene functions with 

modular control over the substituents on the heterocyclic 

framework. Exploratory experiments (Scheme 1) showed that 

the zirconocene methyl cation generated by methide abstrac-

tion using [Ph3C][B(C6F5)4]
50 reacted readily with pyridine to 

eliminate methane and give the expected 2-pyridyl cation 

1•B(C6F5)4.47 Insertion of diphenyl acetylene into the Zr–C 

bond was facile, selectively yielding the five-membered zir-

conacyclic cation 2•B(C6F5)4.48 It was anticipated that reaction 

of this species with PhBCl2 would yield the desired BN heter-

ocycle, with “[Cp2ZrCl][B(C6F5)4]” as the by-product, but no 

reaction was observed between 2•B(C6F5)4 and the haloborane 

under any conditions we explored. However, if the cation was 

neutralized with the more coordinating chloride anion to give 

3, the transmetalation reaction proceeded smoothly to yield the 

desired product (vide infra). The synthetic intermediates 

shown in Scheme 1 (1•B(C6F5)4, 2•B(C6F5)4, and 3) were 

characterized via comparison with known compounds51 and 

via spectroscopic and structural characterization (see the Sup-

porting Information). Although 3 was not isolated in  



 

Scheme 1. Generation of BN-indene scaffolds via zircono-

cene chemistry. 

 

analytically pure form due to contamination with the 

[PPN][B(C6F5)4] salt byproduct, a structure determination was 

possible on carefully picked crystals. Analysis of the Zr-C and 

Zr-N distances in cation 2•B(C6F5)4 vs. neutral 3, (Figure S1 

in the Supporting Information) shows a significant lengthening 

of the bonds by 0.13–0.17Å in the latter; this, coupled with the 

lowered Lewis acidity of the zirconium center makes 3 more 

reactive towards the haloborane reagent.  

Scheme 2. Two step generation of BN-indenes.  

 

The need to switch from cationic to neutral zirconocene 

chemistry makes the route shown in Scheme 1 somewhat atom 

extravagant and so efforts were made to streamline the synthe-

sis as much as possible. The protocol shown in Scheme 2 was 

developed and used to prepare the 3-bora-9-aza heterocycles 

4H and 4tBu in a convenient, scalable (up to 5 grams) and high 

yielding two-step synthesis. In the first step, the 2-pyridyl 

complex 1•NTf2 was generated in situ via reaction of dime-

thylzirconocene and the triflimato pyridinium salt,52 and used 

without isolation in further reactions with the diarylacetylenes 

shown. Unfortunately, the analogous triflate salt 1•OTf could 

not be prepared, probably due to the higher coordinating 

tendencies53 of OTf– vs NTf2
– in the Cp2Zr(CH3)ETfn products 

of protonolysis. Pyridine is unreactive toward the triflate de-

rivative,54 but for E = N, n = 2, the product zirconacycles 

2H•NTf2 and 2tBu•NTf2 were isolated in good yields, the for-

mer on a multigram scale. Instead of using [PPN][Cl] as the 

chloride source, cations 2•NTf2 were treated with 

[Bu4N][PhBCl3],
55 and the required neutral zirconocenes 3H 

and 3tBu were generated in situ in the presence of PhBCl2 lead-

ing directly to the BN indene products 4H and 4tBu in high 

yield as shown in Scheme 2.56,57-58 

This protocol provides an alternative, and potentially more 

versatile, route to these 3-bora-9-aza indenes to those reported 

by Murakami39 and Wang40 (Scheme 3). In the Murakami 

method, palladium catalysis converts the zwitterionic al-

kynylpyridinium borate substrates to the BN indenes in a high-

yielding reaction that allows for hydrocarbyl substituents on 

the pyridinium ring, and some variation in the aryl substituents 

on the borate. In the Wang synthesis, an unusual trans hy-

droboration is observed when the 2-alkynylpyridine substrates 

are treated with stoichiometric 9-borabicyclo[3.3.1]nonane (9-

BBN). Here, the yields are somewhat lower and the R group is 

restricted to being an aryl group or a silyl substitutent. In both 

previous methods, the boron atom of the BN indene ring is 

substituted by two aryl or alkyl groups, making further chemi-

cal derivatization at the boron center difficult.  

Scheme 3. Murakami and Wang syntheses of BN-indenes.  

 

Compounds 4R are isolable as air and moisture tolerant yel-

low powders by filtering the reaction mixtures through a plug 

of silica to remove the byproducts. Vacuum-line techniques 

are not required for these manipulations. The two derivatives 

were fully characterized by spectroscopy and via an X-ray 

structural analysis on 4H (vide infra). In addition to the ex-

pected resonances in the 1H NMR spectra, the compounds are 

characterized by 11B chemicals shifts of 5.8 (4H) and 6.3 (4tBu) 

ppm, consistent with four-coordinate, neutral boron centers. 

Like the previous examples reported, compound 4H exhibits 

blue fluorescence at 481 nm on excitation at its lowest energy 

absorption band of 369 nm ( = 9.4 x 103 M-1 cm-1) with an 

observed Stokes shift of 112 nm (6310 cm-1). Spin-coating a 

film of the compound onto a glass substrate shows that the 
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solid also fluoresces, albeit with a slightly reduced Stokes shift 

of 99 nm (5517 cm-1). The lowest energy absorbance has been 

attributed to a -* transition from the HOMO, based primari-

ly on the six-membered ring, to the LUMO which is largely 

associated with the five-membered ring.40  

Potential variation in the diaryl acetylene employed, the 

ArBX2 reagent utilized, and substitution on the pyridyl com-

ponent makes this route a modular strategy for assembling 3-

bora-9-aza indene ring systems. In addition, and distinct from 

the previously reported methods, in this route the boron retains 

a halogen function in the products, allowing for further deri-

vatization of the core framework. For example, as shown in  

Scheme 4. Reactions of 4H.  

 

 

Figure 1. Thermal ellipsoid (50%) diagrams of the molecular 

structures of 4H (left) and 6H (right); Hydrogen atoms have been 

removed for clarity in both structures and for 6H, the [(2,2,2-

cryptand)K]+ is omitted. Below each structure, the bond distances 

for the bonds of the 3-bora-9-aza rings are given; for clarity, the 

e.s.d. values are omitted, but none are greater than 4. 

Scheme 4, this halide can be exchanged for other anions via 

abstractive protocols, or removed via two-electron reduction to 

form a BN-indenylide anion. Treatment of 4H with trimethylsi-

lyl triflamide, TMSNTf2, rapidly produces TMSCl and a new 

3-bora-9-azaindene, 5H, in which the NTf2 anion has replaced 

the chloride ion. The X-ray structure of 5H was determined 

(see Figure S2 in the Supporting Information) and despite 

some disorder in the NTf2 anion, it is apparent that in the solid 

state it remains coordinated to the boron center through one of 

the oxygen atoms (B1-O1 = 1.565(6)Å). The bond distances 

within the BN-indene ring of 5H do not differ significantly 

from those seen in 4H (Figure 1) and the 11B NMR resonance 

for 5H (10.5 ppm) compared to 4H (5.8 ppm) suggests, despite 

the slight downfield shifted, that the borenium ion character in 

this compound is low. Still, in the 19F NMR spectrum, the CF3 

groups appear as a single resonance even at low temperatures, 

suggesting some lability in the anion and the potential for 5H 

to serve as a borocation59 synthon. 

Electrochemical measurements on 4H suggest that it can be 

reduced by two electrons, using strong reducing agents, to 

produce the BN analogue of the indenyl anion. Accordingly, 

treatment of THF solutions of the chloroborane with KC8 led 

to a rapid yellow to red color change and after workup, the 

potassium salt could be isolated as an orange powder. Use of 

2,2,2-cryptand allowed us to obtain crystals suitable for X-ray 

diffraction, but for reactivity studies, the cryptand is not nec-

essary. The structures of both 4H and 6H are depicted in Figure 

1 for easy comparison. It is apparent that the boron center goes 

from tetrahedral to planar and this is reflected in the downfield 

shift of the boron resonance for 6H to 24.5 ppm. A comparison 

of the bond distances within the fused BN framework shows 

that in 4H there is bond alternation in the five-membered ring, 

while in the six-membered pyridyl ring the congruent distanc-

es indicate delocalization. The situation is reversed in the 10 

anion 6H, where bond equalization is apparent in the BN con-

taining ring, while localization occurs in the pyridyl ring. This 

is supported by Nucleus Independent Chemical Shift (NICS) 

computations using Density Functional Theory (DFT), which 

show that the five membered ring is aromatic with NICS(0) 

and NICS(1) values of –13.1 and –11.1 respectively, while the 

six membered ring is non-aromatic with NICS values near 

zero (see Table S11 in the Supporting Information). 

Having demonstrated the efficacy of the zirconocene-based 

methodology for assembling 3-bora-9-aza indenes, we sought 

to apply it to the synthesis of a new BN heterocyclic frame-

work. s-Indacene (II, Chart 1) is an interesting conjugated 

hydrocarbon due to its ambiguous aromaticity. Although it is a 

12  system, and therefore formally antiaromatic, experi-

mental41, 60-61 and computational studies42, 62-63 show that there 

is significant carbon–carbon bond equalization on the perime-

ter of the molecule, leading to its description as a “quasi-

aromatic” system. These studies thus suggest that it assumes a 

D2h instead of a C2h structure (Chart 1) in which the C=C 

bonds are more localized. Nonetheless, the synthesis of s-

indacene derivatives is a challenge,43 and must include steri-

cally bulky substituents in the 1,3,5,7-positions,41 or electron 

donating groups in the 4,8-positions64 to prevent decomposi-

tion pathways that arise because of the considerable diradical 

character of the ground state D2h structure.62 Suitably substi-

tuted derivatives can be reduced by one65 or two66 electrons 

and have promise as structural subunits in conductive organic 

materials.67-68 Readily accessible BN-s-indacenes,69,70 there-

fore, may be of interest for incorporation into devices that 

utilize such materials, but are also of fundamental significance 

in  
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Scheme 5. Synthesis of 1,5-dibora-4a,8a-diaza-1,2,3,5,6,7-

hexaaryl-4,8-dimethyl-s-indacenes.  

 

addressing the effect of BN substitution on bond delocaliza-

tion within the cyclic framework. 

Accordingly, we sought to apply our methodology to this 

problem. In order to direct the synthesis to the desired 1,5-

dibora-4a,8a-diaza BN-indacene, 2,5-dimethylpyrazine was 

selected as the substrate for C–H activation with [Cp2ZrCH3]
+ 

(Scheme 5). Unfortunately, the pyrazine could not be doubly 

protonated to prepare a suitable NTf2 salt and so 

[Cp2ZrCH3][B(C6F5)4] had to be employed for this synthesis 

for direct reaction with the pyrazine. The dimeric 2-pyridyl 

dication expected from double C–H activation of the pyrazine 

substrate (not shown in Scheme 5) formed smoothly, and in 

the optimized syntheses was used without isolation to generate 

the two zirconacycles 7H•B(C6F5)4 and 7tBu•B(C6F5)4 in excel-

lent yields as deep purple solids on scales of up to 2 grams. 

Both compounds have been fully characterized, including via 

X-ray crystallography in the case of 7H•B(C6F5)4 (see Figure 

S3 in the Supporting Information). The structure is similar in 

nature to that found for 2H•B(C6F5)4 and the purple color in 

comparison to the orange hue of 2H•B(C6F5)4 is presumably 

due to the more extended conjugation in 7H•B(C6F5)4. As 

shown in Scheme 5, the zirconacycles were carried forward to 

the pink colored boracycles 8R via treatment with 

[Bu4N][PhBCl3]; compounds 8R
 are produced as essentially 

1:1 mixtures of the cis and trans isomers as defined by the 

disposition of the substituents on boron across the plane of the 

polycyclic framework. The isomers are distinguishable by 

NMR spectroscopy, and they can be enriched by careful frac-

tional crystallization methods because the cis isomer is more 

soluble in CH2Cl2/hexanes mixtures than the trans. In this 

way, the molecular structures of both cis-8H and trans-8H were 

determined (Figure S4 in the Supporting Information) and the 

nature of the isomers produced in this reaction confirmed. In 

terms of bond distances within the heterocyclic framework, 

the two isomers are very similar, and since separation of these 

isomers is not necessary for the next step, they will not be 

discussed in detail here. Interestingly, a cis-enriched sample of 

8H (95:5) could be equilibrated back to a 50:50 mixture by 

heating to 50 C for several hours, indicating that this is the 

thermodynamic ratio of the cis and trans isomers. The mecha-

nism of equilibration is unknown, but involvement of boreni-

um ions59 accessible via chloride dissociation is the most like-

ly scenario. 

Compounds 8R serve as ideal precursors to the target 1,5-

dibora-4a,8a-diaza BN-indacenes via reduction by two elec-

trons using KC8. These reactions proceed efficiently at room 

temperature in THF. For the reduction of cis/trans-8H, the 

product 9H precipitates as a yellow powder from the reaction 

mixture and was found to be sparingly soluble in all common 

solvents. It was therefore difficult to purify and obtain NMR 

data on this species. A molecular structure with poor bond 

precision was obtained and established the connectivity of the 

structure conclusively. The compound 9tBu, however, was 

more well-behaved and fully characterized by all the usual 

means. A resonance at 42.3 ppm was observed in the 11B 

NMR spectrum, and the patterns of resonances in both the 1H 

and  

 

Figure 2. Thermal ellipsoid (50%) diagrams of the molecular 

structure of 9tBu; Hydrogen atoms have been removed for clarity. 

Below the structure, the bond distances for the bonds within the 

tricyclic ring system are given, along with those for the parent 

hydrocarbon as its 1,3,5,7-tert-butyl-substituted derivative;61 for 

clarity, the e.s.d. values are omitted, but none are greater than 5. 



 

13C NMR spectra were fully consistent with the proposed 

structure. The compounds were not stable on exposure to am-

bient atmosphere, with both solutions and solid samples re-

turning to a dark pink color in the presence of O2/H2O. The 

nature of the products was not determined. 

Single crystals of 9tBu were obtained from THF/pentane and 

the molecular structure is depicted in Figure 2. The C8B2N2 

heterocyclic ring system is planar, with the range of deviation 

from the least squares plane defined by these atoms being 

0.008–0.070 Å. The bond distances within the tricyclic 

framework are depicted below the structure, along with the 

values found for 1,3,5,7-tert-butyl-s-indacene (IItBu).61 It can 

be seen that the bond alternation in 9tBu
 is pronounced in com-

parison to the delocalization observed in the all-carbon tricy-

cle. In particular, short B–N distances of 1.442(5) and 

1.456(5) Å are suggestive of double-bond character, and the 

distances of 1.369(5) Å for C1–C2 and 1.368(5) Å for C5–C6 

indicate localized C=C bonds. DFT level NICS computations 

are consistent with this picture, as the NICS(1) and NICS(0) 

values for both the five-membered ring (-3.2; -2.0) and the 

central six-membered ring (-0.3, 1.4) indicate that they are 

nonaromatic (Table S11 in the Supporting Information). Thus, 

in comparison, the 12- BN-s-indacene ring system is signifi-

cantly more localized than that in the all-carbon analogue. 

In order to further compare the electronic structures of 9R 

and s-indacene, gauge-including magnetically induced current 

(GIMIC) calculations were performed at the DFT level.71-72 In 

short, GIMIC analysis allows for the determination and visual-

ization of magnetically induced diatropic (clockwise) and par-

atropic (anti-clockwise) ring currents (Figure 3) that are asso-

ciated with aromaticity and antiaromaticity, respectively.72 

Specifically, for aromatic molecules, diatropic current on the 

outside of the rings (depicted by blue surface in Figures 3a and 

3d) dominates over the paratropic current (red surface in Fig-

ures 3a and 3d) that lies mostly inside the rings, while the rela-

tive strengths of the currents are reversed for antiaromatic 

molecules. For comparative purposes, a net ring current can be 

calculated for each ring in the molecule by averaging the net 

currents of individual bonds in the ring (calculated by integrat-

ing the diatropic and paratropic currents through a cross sec-

tion of the bond).  

In the case of s-indacene, the II-D2h symmetric structure 

with a broken symmetry singlet ground state was calculated to 

be the global minimum, in agreement with the diradical char-

acter of II.62 Although the II-C2h structure was found to be a 

local minimum 3.1 kcal mol–1 higher in enthalpy than II-D2h, 

it was nevertheless used in the GIMIC analysis to represent a 

formally anti-aromatic reference system.73 Furthermore, in-

stead of employing 9H or 9tBu in the GIMIC analysis, the par-

ent 12- BN-s-indacene IH (Figure 3e) was used to simplify 

the interpretation of results.  

For II-C2h, the magnetically induced current profiles across 

inequivalent bonds (Figure 3c) and integrated current contri-

butions (Table 1) indicate that paratropic (negative) contribu-

tions to the net current are much stronger than diatropic con-

tributions for all of the bonds apart from the bond connecting 

the five- and six-membered rings. Consequently, the net ring 

currents calculated as averages of the integrated current 

strengths of individual bonds were found to be strongly para-

tropic for both the five (–7.6 nA T–1)- and six-membered (–5.6 

nA T–1) rings, in line with the 12- antiaromatic nature of the 

structure. By comparison, the current strength profiles of IH 

bonds (Figure 3f) indicate comparable contributions from both 

paratropic and diatropic parts of the magnetically induced 

current that result in weak net ring currents for both the five 

(2.6 nA T–1)- and six-membered rings (–1.0 nA T–1). The weak 

net currents are consistent with the non-aromatic nature in-

ferred for 9tBu from NICS calculations and bond distance anal-

ysis. The observed change towards nonaromaticity upon BN 

for CC substitution is reminiscent of the decrease in the degree 

of aromaticity in 1,2-dihydro-1,2-azaborine74 and BN substi-

tuted fused polyaromatic hydrocarbons75 compared to their all-

carbon analogues. 

From the individual contributions of diatropic and paratrop-

ic currents to the net current (Table 1), the GIMIC analysis 

shows that the strengths of diatropic bond currents increase 

only slightly going from II-C2h to IH whereas the paratropic 

currents decrease significantly. The analysis also reveals dis-

tinct fluctuations in the strengths of diatropic and paratropic 

currents going from one bond to the next, but the net currents 

across the perimeter bonds of a particular ring in II-C2h or IH 

stay roughly the same regardless of the atoms involved in the 

bonds. This demonstrates that the BN for CC substitution in IH 

affects the net currents across all the bonds in the molecule 

and the observed differences in ring currents between II-C2h 

and IH are not simply due to localized contributions from the 

BN heteroatom bonds. 

Table 1. Integrated diatropic and paratropic magnetically in-

duced current contributions to the net current strengths in in-

equivalent bonds of II-C2h and IH [in nA T–1]. See Figures 3b 

and 3e, respectively, for color coding of bonds.  

 Bond Diatropic Paratropic Total 

II-C2h ■ C-C 7.8 –16.6 –8.8 

 ■ C-C 12.1 –11.3 0.8 

 ■ C-C 6.8 –16.4 –9.6 

 ■ C-C 6.6 –15.4 –8.8 

 ■ C-C 7.7 –17.3 –9.6 

 ■ C-C 7.0 –16.9 –9.9 

 ■ C-C 5.8 –15.7 –9.9 

IH 

■ C-N 8.4 –8.2 0.2 

 ■ C-N 6.8 –10.3 –3.5 

 ■ B-N 9.9 –5.6 4.3 

 ■ C-C 9.3 –8.9 0.4 

 ■ C-C 10.6 –6.5 4.1 

 ■ C-C 9.8 –5.5 4.3 

 ■ C-C 12.9 –8.7 4.2 

 

The differences observed in the GIMIC analysis of II-C2h 

and IH are also borne out in the electronic structure of the two 

compounds. The UV–vis spectrum of 9tBu exhibits two main 

absorptions at 314 and 458 nm, the latter being ascribed to a 

HOMO to LUMO excitation by TDDFT analysis (Table S12 

in the Supporting Information). Cyclic voltammetry (CV) 

measurements showed that the compound undergoes two irre-

versible reductions at –2.28 V and –2.67 V (vs Fc/Fc+) and an 

irreversible oxidation at –0.73 V (Figure S25 in the Supporting  



 

 

Figure 3. Results from GIMIC analyses for II-C2h (left) and IH (right). a) and d): Isosurface (0.015) of the signed modulus of the calculat-

ed magnetically induced current density (blue, diatropic current; red, paratropic current); b) and e): color coding for inequivalent bonds; 

and e) and f): current strength profiles across the bonds. 

Information). From the intersection of the normalized UV–

vis absorption and emission data, a HOMO/LUMO gap of 

2.43 eV was obtained, which compares reasonably well with 

the computed value of 3.44 eV obtained from the TDDFT 

analysis. This gap is substantially larger than that calculated 

for the hydrocarbon IItBu (2.76 eV), which is more readily and 

reversibly reduced to its radical anion65 or dianion66 than the 

BN-s-indacene compounds reported here. NICS computations 

on the putative dianion of 9tBu indicated that this 14- species 

exhibits levels of aromaticity in the flanking five-membered 

rings similar to those of 6H (Table S11 in the Supporting In-

formation), but it is 26.3 kcal mol–1 less stable than the neutral 

species in the gas phase. Although such an energy difference 

could be offset by anion–cation interactions in the solid state, 

attempts to chemically reduce 9tBu with KC8 or potassium 

naphthalenide did not lead to isolable products. This is at-

tributed to the apparent instability of reduced 9tBu seen in CV 

measurements, presumably due to the high energy LUMO of 

9tBu.  Interestingly, the anion 6H is highly reactive towards 

electrophiles, and it may be that the dianion of 9tBu is even 

more reactive and also a strong reducing agent. Further studies 

are underway to explore this reactivity. 

CONCLUSIONS 

This study reports a scalable new method for assembling 

BN heterocycles using established zirconocene-mediated 

pyridyl C–H functionalization chemistry. The methodology 

was optimized in the preparation of examples of 3-bora-9-aza-

indenes and then applied to the more interesting 1,5-dibora-

4a,8a-diaza BN analogues of the unique hydrocarbon s-

indacene, which were fully characterized using spectroscopic, 

structural and computational tools. These investigations reveal 

that the BN substitution favors a more localized bonding 

framework, as would be found in the C2h isomer of s-indacene, 



 

which has been shown to be less favored than the more delo-

calized D2h isomer. The BN-substituted material also features 

a larger HOMO–LUMO gap than the all-carbon framework. 

EXPERIMENTAL SECTION 

General. All experiments were performed under a purified argon 

atmosphere either using a MBraun Unilab glove box or a double-

manifold high-vacuum line following standard techniques, unless 

otherwise specified. Hexanes, pentane, diethyl ether and tetrahydrofu-

ran were dried and purified using a Grubbs/Dow solvent purification 

system and stored in 500ml thick-walled Kontes flasks over sodi-

um/benzophenone ketal. Dichloromethane and chlorobenzene were 

stored in the same manner except for being dried over calcium dihy-

dride instead of sodium/benzophenone ketal. All dried solvents were 

degassed and vacuum-distilled prior to use. All other commercially 

available starting materials were used without further purification. 

Compounds 1•B(C6F5)4 and 2•B(C6F5)4 were prepared as previously 

reported.1 The reagents pyridinium triflamide52 and tetrabutylammo-

nium trichlorophenyl borate55 were prepared by literature methods. 

NMR spectra were obtained using either a Bruker RDQ-400, Bruker 

Ascend-500, or Bruker Avance-600 MHz NMR spectrometer with 

solvent peaks referenced to tetramethylsilane as an internal standard 

for 1H and 13C. UV–Vis fluorescence data was collected using a Hori-

ba FluoroMax-4 spectrometer. Cyclic voltammetry was collected with 

a CHI660D potentiostat. The bulk purity of synthesized compounds 

reported was assessed by elemental analysis on the batch of com-

pound the yield is reported for, unless otherwise specified. 

Synthesis of 2H•NTf2. A 100 ml round bottom flask was charged 

with pyridinium triflamide (2.545 g, 7.06 mmol), dimethylzircono-

cene (1.776 g, 7.06 mmol), PhCl (25 ml), and a Teflon stirbar, imme-

diately producing a yellow solution with effervescence. The flask was 

then attached to a reflux condenser apparatus under flow of argon 

creating an open system to accommodate the loss of methane, and the 

mixture was stirred for 1.5 h. The mixture was then heated at 80 C 

for 24 h yielding an amber solution. A slight excess of diphenylacety-

lene (1.385 g, 7.77 mmol) was then added and the mixture heated at 

110 C for 24 h producing an orange solution. Pentane (25 ml) was 

then vacuum-transferred into the flask with stirring, producing an 

orange precipitate, and the supernatant was decanted off via cannula 

transfer. The solid was then washed with pentane again (2  15 ml), 

after which it was dried in vacuo, yielding the product 2H•NTf2 as an 

orange solid (4.549 g, 6.00 mmol, 85%). Crystals suitable for X-ray 

were grown from a solution of 2H•NTf2 dissolved in PhCl and layered 

with pentane at –35 C.  1H NMR (500 MHz, Toluene-d8) δ 8.53 

(ddd, J = 5.9, 1.7, 0.8 Hz, 1H, Py-H), 7.07 – 7.02 (m, 2H, Ar-H), 6.96 

– 6.90 (m, 3H, Ar-H), 6.87 (ddd, J = 8.1, 7.4, 1.7 Hz, 1H, Py-H), 6.85 

– 6.82 (m, 2H, Ar-H), 6.78 – 6.71 (m, 2H, Py-H and 1 Ar-H), 6.70 

(ddd, J = 8.1, 1.5, 0.8 Hz, 1H, Py-H), 6.68 – 6.64 (m, 2H, Ar-H), 6.01 

(s, 10H, 2  Cp). 13C NMR (126 MHz, Toluene-d8) δ 211.61, 164.38, 

150.13 (C-Ha), 149.60, 141.92, 140.84 (C-Hc), 139.70, 130.50, 

128.47, 128.01, 126.97, 125.94, 124.84, 123.68, 120.85, 120.53 (q, J 

= 321.5 Hz, -CF3), 114.63 (2  Cp) .19F NMR (471 MHz, Toluene-d8) 

δ –79.31. Elemental analysis calculated for C31H24F6N2O4S2Zr (%):C, 

49.13; H, 3.19; N, 3.70. Found: C, 48.77; H, 3.52; N, 3.69. 

Synthesis of 2tBu•NTf2. A 100 ml thick-walled glass vessel was 

charged with pyridinium triflamide (143 mg, 0.40 mmol) and dime-

thylzirconocene (100 mg, 0.40 mmol), PhCl (25 ml), and a Teflon 

stirbar, immediately producing a yellow solution with effervescence. 

The headspace of the vessel was evacuated, and the mixture was 

stirred for 1.5 h. The headspace was evacuated a second time, and the 

mixture was heated at 80 C for 24 h yielding a colorless solution. A 

slight excess of 1,2-bis(4-(tert-butyl)phenyl)ethyne (131 mg, 0.45 

mmol) was then added and the mixture heated at 110 C for 21 h, 

producing a red solution. The mixture was then transferred to a 50 ml 

two-necked round-bottom flask, to which pentane (25 ml) was vacu-

um-transferred, producing an orange precipitate. The supernatant was 

decanted off via cannula transfer, and the solid washed with addition-

al pentane (2  10ml). The solid was then dried in vacuo, yielding the 

product 2tBu•NTf2 as an orange solid (201 mg, 0.23 mmol, 58%). 1H 

NMR (500 MHz, Toluene-d8) δ 8.65 (dt, J = 5.6, 1.2 Hz, 1H), 7.17 – 

7.11 (m, 2H), 6.99 (d, J = 8.4 Hz, 2H), 6.82 (d, J = 8.2 Hz, 2H), 6.81 – 

6.77 (m, 2H), 6.71 – 6.64 (m, 3H), 5.97 (s, 10H), 1.19 (s, 9H), 1.15 (s, 

9H). 13C NMR (126 MHz, Toluene-d8) δ 212.20, 165.09, 150.53, 

149.42, 147.73, 147.29, 142.07, 140.57, 130.33, 128.24, 125.98, 

125.16, 123.56, 120.56, 120.37 (q, J = 321 Hz, -CF3), 114.08, 34.48, 

34.24, 31.34, 31.32. 19F NMR (471 MHz, Toluene-d8) δ –79.28. Ele-

mental analysis calculated for C39H40F6N2O4S2Zr (%):C, 53.84; H, 

4.63; N, 3.22. Found: C, 53.55; H, 4.52; N, 3.28. 

Synthesis of 4H.  

 
A 50 ml round-bottom flask was charged with 2H•NTf2 (248 mg, 

0.33 mmol), [nBu4N][PhBCl3] (144 mg, 0.33 mmol), dichloromethane 

(15 ml), and a Teflon stirbar, producing an orange solution. The mix-

ture was stirred for 16 h, producing a yellow solution. The mixture 

was then run through a silica/dichloromethane plug under atmospher-

ic conditions, where a faint yellow band passed through and was col-

lected. The solvent of the collected solution was then removed in 

vacuo, yielding the product as a yellow powder (99 mg, 0.26 mmol, 

79%). Crystals suitable for X-ray study were grown from a solution of 

4H dissolved in dichloromethane and layered with pentane at –35 C. 

1H NMR (500 MHz, Methylene Chloride-d2, 295K) δ 8.36 (dt, J = 

5.7, 1.2 Hz, 1H Ha), 7.95 (td, J = 7.9, 1.5 Hz, 1H Hc), 7.58 – 7.50 (m, 

2H, Ar-H), 7.52 – 7.44 (m, 2H, Ar-H), 7.47 – 7.39 (m, 1H, Ar-H), 

7.42 – 7.35 (m, 3H, Hd + 2 Ar-H), 7.31 (ddd, J = 7.2, 5.7, 1.2 Hz, 

1H, Hb), 7.30 – 7.17 (m, 5H, Ar-H), 7.15 – 7.04 (m, 3H, Ar-H). 13C 

NMR (126 MHz, Methylene Chloride-d2) δ 168.76, 160.47, 144.60, 

143.44 (C-Ha), 142.98 (C-Hc), 138.06, 135.77, 135.24, 132.27, 

130.13, 129.95, 129.50, 128.37, 128.04, 127.99, 127.82, 127.39, 

121.80 (C-Hb), 119.69 (C-Hd). 11B NMR (128 MHz, Methylene Chlo-

ride-d2) δ 5.79 (br s). Elemental analysis of C25H19BClN Calcd. 

(%):C, 79.08; H, 5.04; N, 3.69. Found: C, 78.88; H, 5.13; N, 3.56. 

Synthesis of 4tBu.  

 
A 50 ml round-bottom flask was charged with 2tBu•NTf2 (100 mg, 

0.12 mmol), [nBu4N][PhBCl3] (50 mg, 0.12 mmol) and dichloro-

methane (15 ml), producing an orange solution. The mixture was 

stirred for 41 h, producing a yellow/green solution. The mixture was 

then run through a silica/dichloromethane plug under atmospheric 

conditions, where a faint yellow/green band passed through and was 

collected. The solvent of the collected solution was then removed in 

vacuo, yielding the product as a yellow/green powder (43 mg, 0.09 

mmol, 77%). 1H NMR (500 MHz, Methylene Chloride-d2) δ 8.30 

(ddd, J = 5.8, 1.5, 0.9 Hz, 1H, Ha), 7.91 (ddd, J = 8.2, 7.4, 1.6 Hz, 1H, 

Hb), 7.56 (dt, J = 6.8, 1.5 Hz, 2H, Hc), 7.55 – 7.51 (m, 2H, Hd), 7.35 – 

7.30 (m, 2H, He), 7.30 – 7.22 (m, 5H, Hf), 7.22 – 7.19 (m, 2H, Hg), 

7.13 – 7.08 (m, 2H, Hh), 1.40 (s, 9H, Hi), 1.21 (s, 9H, Hj).
13C NMR 

(126 MHz, Methylene Chloride-d2) δ 167.38 (C1), 161.09 (C2), 151.49 

(C3), 151.17 (C4), 145.19 (C5), 143.14 (C6), 142.76 (C7), 135.17 (C8), 

134.72 (C9), 132.71 (C10), 132.23 (C11), 130.15 (C12), 129.63 (C13), 

128.06, 127.35, 126.59 (C16), 124.99 (C17), 121.40, 119.65, 35.02 

(C20), 34.79 (C21), 31.51 (C22), 31.25 (C23). 11B NMR (161 MHz, 

Methylene Chloride-d2) δ 6.32. HRMS (EI-TOF): m/z [M+] Calcd for 



 

C33H35B35ClN 491.2551; Found 491.2557. [M+] Calcd for 

C33H35B37ClN 493.2522; Found 493.2569. 

Synthesis of 5H. Chloroborane 4H (50 mg, 0.132 mmol) was taken 

up in 5 ml of CH2Cl2, and to this a solution of TMSNTF2 (47 mg, 

0.132 mmol) in CH2Cl2 was added dropwise. As the solution of 

TMSNTf2 was added the solution turned from pale yellow colour to 

darker yellow. The reaction was stirred for 30 min at room tempera-

ture, at which point volatiles were removed under vacuum, and pen-

tane (30 ml) was added to the remaining solid. This suspension was 

then filtered in a swivel-frit apparatus, yielding a pale yellow solid, 

compound 5H (55 mg, 0.088 mmol, 67%).1H NMR (500 MHz, Meth-

ylene Chloride-d2) δ 8.29 (d, J = 5.7 Hz, 1H), 8.13 (td, J = 7.9, 1.5 

Hz, 1H), 7.57 – 7.49 (m, 2H), 7.48 – 7.42 (m, 7H), 7.39 – 7.34 (m, 

3H), 7.18 – 7.05 (m, 5H). 13C NMR (126 MHz, Methylene Chloride-

d2) δ 160.23, 159.03, 144.29, 142.34, 139.60, 138.47, 135.43, 133.26, 

131.78, 130.14, 129.23, 128.87, 128.73, 128.18, 127.93, 127.76, 

127.53, 127.17, 121.78 (q, -CF3), 119.71. Note: one carbon from the 

NTF2
– anion is not visible due to high coupling and crowding in the 

aromatic region. 19F NMR (471 MHz, Methylene Chloride-d2) δ -

79.02 (Br). 11B NMR (161 MHz, Methylene Chloride-d2) δ 10.96. 

Elemental analysis calculated for C27H19BF6N2O4S2: C 51.94%, H 

3.07%, N 4.49%, found C 51.38%, H 3.22%, N 4.39%. While the 

percentage of C is slightly outside the allowable limit for analytical 

purity, these values are provided to illustrate the best values obtained 

to date. 

Synthesis of 6H. To a solution of chloroborane 4H (150 mg, 0.395 

mmol) in THF (10 ml), solid KC8 (107 mg, 0.790 mmol) was added, 

causing the pale yellow solution to turn dark orange with the simulta-

neous formation of black graphite precipitate. This solution was 

stirred for 5 min and then filtered through a swivel frit apparatus. 

After volatiles were removed under vacuum, benzene (10 ml) was 

added, yielding an orange solid with a dark orange supernatant, which 

was filtered through the swivel-frit apparatus. The solid was washed 

several times with pentane (10 ml) and dried under vacuum yielding a 

bright orange solid 6H (60 mg, 0.156 mmol, 39%). Crystals suitable 

for X-ray diffraction were acquired through the addition of 0.16 mmol 

of 2,2,2-cryptand to a THF solution of 6H, yielding single crystals at 

room temperature after one hour. 1H NMR (500 MHz, Tetrahydrofu-

ran-d8) δ 7.77 (dd, J = 7.0, 1.3 Hz, 1H, Py-H), 7.59 – 7.51 (m, 2H), 

7.23 – 7.16 (m, 2H), 7.15 – 7.04 (m, 5H, 1 Py-H), 7.04 – 6.95 (m, 

3H), 6.94 – 6.87 (m, 1H), 6.78 (t, J = 7.7 Hz, 2H), 6.60 – 6.52 (m, 

1H), 5.67 (ddd, J = 8.8, 5.9, 1.2 Hz, 1H, Py-H), 5.59 (ddd, J = 7.1, 

5.7, 1.4 Hz, 1H, Py-H). 13C NMR (126 MHz, Tetrahydrofuran-d8; 

note: carbons attached to boron not visible in NMR spectra): δ 

147.09, 142.19, 134.80, 131.16, 130.71, 128.01, 127.67, 127.58, 

127.47, 127.11, 124.49, 122.83, 119.91, 118.97, 117.24, 108.73, 

106.36. Elemental analysis calculated for C25H19BKN C 78.33%, H 

5.00%, N 3.65%, found C 78.45%, H 4.68%, N 3.34%. 

Synthesis of 7H•B(C6F5)4.  

 
A solution of Ph3CB(C6F5)4 (1.10 g, 1.20 mmol) in PhCl (5.0 ml) 

was added drop-wise to a solution of dimethylzirconocene (300 mg, 

1.20 mmol) in PhCl (5.0 ml) while stirring under an argon atmosphere 

on a swivel-frit apparatus. 2,5-dimethylpyrazine (65 mg, 0.60 mmol) 

in PhCl (1.0 ml) was then added drop-wise to the reaction mixture 

with stirring, turning the solution from dark brown colour to pale 

yellow and causing a yellow solid to precipitate: this mixture was 

stirred at room temperature for one hour. To this suspension, diphe-

nylacetylene (214 mg, 1.20 mmol) in PhCl (5.0 ml) was added and the 

reaction was heated at 80 C for 12 h, yielding a purple solution that 

upon cooling to room temperature precipitated a dark purple solid that 

was then filtered and rinsed several times with pentane (25 ml) to 

yield compound 7H as a dark purple solid (1.28 g, 0.57 mmol, 95%). 

Crystals suitable for X-ray diffraction analysis were grown through 

slow diffusion of pentane into a concentrated chlorobenzene solution 

of compound 7H.  1H NMR (500 MHz, Tetrahydrofuran-d8) δ 7.27 (d, 

J = 1.7 Hz, 2H, H1), 7.26 (d, J = 2.1 Hz, 4H, H2), 7.15 (dd, J = 8.2, 

7.4 Hz, 4H, H3), 7.08 – 7.03 (m, 4H, H4), 7.02 – 6.95 (m, 2H, H5), 

6.85 (dd, J = 8.2, 1.3 Hz, 4H, H6), 6.69 (s, 20H, Cp-H), 0.95 (s, 6H, 

Me-H). 13C NMR (126 MHz, Tetrahydrofuran-d8) δ 151.55 (C1), 

149.15(C2), 148.88 (dm, B(C6F5)4), 145.70 (C3), 138.87 (dm, 

B(C6F5)4), 138.59 (C4), 138.43 (C5), 136.78 (dm, B(C6F5)4), 130.65 

(C6), 129.51 (C7), 128.98 (C8), 128.89 (C9), 128.84 (C10), 126.50 

(C11), 125.83 (C12), 124.90 (m, B(C6F5)4), 117.52 (Cp), 22.72 (Me). 

Elemental analysis calculated for C102H46B2F40N2Zr2 C 54.12%, H 

2.05%, N 1.24%, found C 53.79%, H 1.92%, N 1.19%. 

Synthesis of 7tBu•B(C6F5)4. A solution of Ph3CB(C6F5)4 (2.121 g, 

2.30 mmol) in PhCl (5.0 ml) was added dropwise to a solution of 

dimethylzirconocene (575 mg, 2.30 mmol) in PhCl (20 ml) with stir-

ring under an argon atmosphere on a swivel-frit apparatus. 2,5-

dimethylpyrazine (125 mg, 1.15 mmol) in PhCl (1.0 ml) was then 

added dropwise to the reaction mixture with stirring, turning the solu-

tion from dark brown to pale yellow and causing a yellow solid to 

precipitate. To this suspension, di(p-tBu-phenyl)acetylene (700 mg, 

2.41 mmol) in PhCl (10 ml) was added and the reaction was heated at 

80 C for 12 h, yielding a purple solution that upon cooling precipitat-

ed a dark purple solid that was then filtered and rinsed several times 

with pentane (25 ml) to yield compound 7tBu•B(C6F5)4 as a dark pur-

ple solid (1.75 g, 0.74 mmol, 64%). 1H NMR (500 MHz, Tetrahydro-

furan-d8) δ 7.26 (d, J = 8.4 Hz, 4H), 7.16 (d, J = 8.5 Hz, 4H), 6.92 (d, 

J = 8.4 Hz, 4H), 6.72 (d, J = 8.4 Hz, 4H), 6.68 (s, 20H, Cp-H), 1.23 

(s, 18H), 1.20 (s, 18H), 1.09 (s, 6H). 13C NMR (126 MHz, Tetrahy-

drofuran-d8) δ 152.17, 151.35, 149.54, 149.19, 148.87 (dm, B(C6F5)4), 

143.00, 138.86 (dm, B(C6F5)4), 138.76, 136.81 (dm, B(C6F5)4), 

135.90, 130.33, 125.99, 125.84, 125.41, 124.82 (m, B(C6F5)4), 

117.28, 35.02, 34.71, 31.23, 31.21, 23.10. 19F NMR (471 MHz, Tet-

rahydrofuran-d8) δ –132.97 to –134.53 (m), –165.54 (t, J = 20.3 Hz), 

–169.13 (t, J = 19.1 Hz). Elemental analysis: calculated for 

C118H78B2F40N2Zr2: C 56.97%, H 3.16%, N 1.13%, Found: C 56.60%, 

H 3.22%, N 1.15%. 

Synthesis of cis/trans-8H: A 100 ml round-bottom flask was 

charged with 7H•B(C6F5)4 (1.00 g, 0.423 mmol) and [nBu4N][PhBCl3] 

(0.370 g, 0.846 mmol). Under an argon atmosphere this was attached 

to a reflux condenser and 50 ml of DCM was vacuum-transferred at   

–78 C; this mixture was allowed to warm to room temperature, and 

stirred for 2 h. Upon addition of dichloromethane and subsequent 

warming to room temperature, the dark purple solution turned pale 

yellow. The reaction was then heated at 50 C for 12 h, during which 

the mixture turned a fluorescent pink. The product was then purified 

by silica gel chromatography using DCM:Hex (3:5), where a pink 

fraction was collected containing both the cis and trans isomers in a 

roughly 50:50 ratio, with a yield of 180 mg (60%). It was then possi-

ble to isolate near pure samples of each isomer through selective re-

crystallization. Crystals of mostly the trans isomer were grown 

through slow diffusion of hexanes (12 ml) into a solution of the iso-

mers (100 mg) in DCM (8 ml). While mostly one isomer was crystal-

lized it proved impossible in our hands to isolate completely pure 

trans form. When the supernatant of the recrystallization was placed 

in the –35 C freezer for 4 days single crystals of approx. 98% of the 

cis isomer were formed.  NMR data for only the cis isomer is listed, 

but 1H spectra of the mixture is also given in Figure S18 in the Sup-

porting Information. 1H NMR (500 MHz, Methylene Chloride-d2) δ 

7.49 – 7.41 (m, 8H), 7.41 – 7.37 (m, 2H), 7.33 (td, J = 7.5, 1.6 Hz, 

2H), 7.32 – 7.25 (m, 4H), 7.23 (t, J = 7.7 Hz, 2H), 7.10 – 7.04 (m, 

2H), 7.03 (dd, J = 7.1, 1.5 Hz, 2H), 6.97 (td, J = 7.6, 1.7 Hz, 4H), 

6.81 – 6.74 (m, 4H), 2.16 (s, 6H). 13C NMR (126 MHz, Methylene 

Chloride-d2) δ 175.23 (br), 151.07, 147.19, 138.47 (br), 136.77, 

134.86, 133.58, 131.02, 129.55, 129.46, 128.28, 128.02, 127.70, 

127.56, 126.84, 126.76, 19.21. Elemental analysis of mixture of two 

isomers, calculated for C46H36B2Cl2N2 C 77.89%, H 5.12%, N 3.95%, 

found: C 78.00%, H 5.42%, N 3.93%. 

Synthesis of cis/trans-8tBu. A 100 ml round-bottom flask was 

charged with 7tBu•B(C6F5)4 (1.75 g, 0.740 mmol) and 
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[nBu4N][PhBCl3] (0.647 g, 1.40 mmol). Under an inert atmosphere 

this was attached to a reflux condenser and 50 ml of DCM was added 

at –78 C; this mixture was allowed to warm to room temperature, 

and stirred for 2 h. Upon addition of dichloromethane the dark purple 

solution turned pale yellow. The reaction mixture was then heated at 

50 C for 12 h, during which the mixture turned a fluorescent purple, 

and formed some dark purple precipitate. After heating, the reaction 

mixture was filtered under atmospheric conditions to give a dark 

purple solid which was one of the two possible isomers (called here 

isomer a) in a yield of 210 mg (30%). The remaining supernatant 

from filtration was then purified through column chromatography 

using silica gel and DCM:Hex (3:1) to give mostly isomer b, with 

minor amounts of isomer a present in a yield of 160 mg (23%), and an 

overall yield for both isomer of 370 mg (53%). NMR data are given 

for isomer b, as it was the only one with high enough solubility to 

make characterization possible. 1H NMR (500 MHz, Methylene Chlo-

ride-d2) δ 7.53 (t, J = 6.7 Hz, 3H), 7.37 – 7.25 (m, 5H), 7.06 (d, J = 

8.2 Hz, 1H), 7.02 (dd, J = 8.6, 1.7 Hz, 2H), 6.85 – 6.80 (m, 2H), 2.14 

(d, J = 1.4 Hz, 3H), 1.35 (d, J = 1.7 Hz, 9H), 1.19 (d, J = 1.6 Hz, 9H). 
13C NMR (126 MHz, Methylene Chloride-d2) δ 174.00 (br), 152.21, 

151.89, 151.38, 147.97, 140.46 (br), 134.54, 134.07, 133.44, 131.99, 

130.12, 129.62, 128.54, 127.60, 126.43, 124.76, 34.99, 34.75, 31.45, 

31.17, 19.99. Elemental analysis of mixture of two isomers, calculat-

ed for C62H68B2Cl2N2 C 79.75%, H 7.34%, N 3.00%, found: C 

79.51%, H 7.36%, N 2.93%. 

Synthesis of 9tBu.  

 
A 50 ml round-bottom flask was charged with cis/trans-8tBu (80 

mg, 0.086 mmol) in THF (15 ml), and KC8 (23 mg, 0.17 mmol) was 

added the flask attached to a swivel-frit apparatus. Immediately upon 

addition of KC8 the bright purple solution turned dark yellow. This 

mixture was stirred under an argon atmosphere for 1 hour and then 

filtered through the swivel-frit and washed with THF three times. 

Pentane (20 ml) was then vacuum-transferred into the swivel-frit 

apparatus and a yellow solid precipitated. This was filtered back 

through the frit, washed several times with pentane and all solvent 

removed in vacuo yielding a yellow solid (35 mg, 47%). Crystal suit-

able for X-ray diffraction analysis were grown through the slow diffu-

sion of pentane into a concentrated THF solution of 9tBu.  1H NMR 

(500 MHz, Tetrahydrofuran-d8) δ 7.32 (dd, J = 6.3, 3.0 Hz, H1, 4H), 

7.27 (d, J = 7.9 Hz, H2, 4H), 7.20 – 7.13 (m, H3, 6H), 7.07 (d, J = 7.8 

Hz, H4, 4H), 6.85 (d, J = 8.1 Hz, H5, 4H), 6.57 (d, J = 8.4 Hz, H6, 4H), 

1.64 (s, H7, 6H), 1.26 (s, H8, 18H), 1.12 (s, H9, 18H). 13C NMR (126 

MHz, Tetrahydrofuran-d8) δ 150.71 (C1), 150.02 (C2), 147.85 (C3), 

146.56 (br, C4), 141.10 (br, C5), 136.48 (C6), 136.44 (C7), 132.65 

(C8), 132.60 (C9), 130.13 (C10), 129.80 (C11), 129.46 (C12), 127.98 

(C13), 127.78 (C14), 125.50 (C15), 124.14 (C16), 34.96 (C17), 34.56 

(C18), 31.44 (C19), 31.41 (C20), 20.36 (C21). 11B NMR (161 MHz, 

Tetrahydrofuran-d8) δ 42.3. Elemental analysis, calculated for 

C62H68B2N2: C 86.30%, H 7.94%, N 3.25%, found: C 85.93%, H 

7.85%, N 3.36%. 

Computational details. All DFT calculations were performed with 

the Turbomole 7.1 program package.76 Structures were optimized 

using BH-LYP77-79 hybrid functional and Ahlrich’s small triple-zeta 

valence quality def-TZVP basis sets.80 Frequency calculations were 

performed to ascertain the nature of stationary points on the potential 

energy surface. Electronic excitation energies were calculated using 

the time-dependent density functional formalism (TDDFT) on opti-

mized structures. The module mpshift76 was used to calculate the 

nucleus independent chemical shifts (NICS)81 and produce XDENS 

files that contain the one-particle densities and the magnetically per-

turbed densities in AO basis, required by the Gauge including mag-

netically induced current (GIMIC) analyses.71-72 GIMIC analyses 

were calculated with the GIMIC program,82 while figures of GIMIC 

surfaces were generated with the gOpenMol program.83 
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