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Mono- and Bis-Imidazolidinium Ethynyl Cations and the Reduction
of the Latter to give an Extended Bis-1,4-([3]Cumulene)-p-Carbo-

Quinoid System?

Brian M. Barry®®l R. Graeme Soper®®, Juha Hurmalainen, Akseli Mansikkamakil®, Katherine N.
Robertsonl®, William L. McClennant®, Alex J. Veinot®®, Tracey L. Roemmelel®, Ulrike Werner-
Zwanziger®® ,René T. Boeré*!, Heikki M. Tuononen*, Jason A. C. Clyburne*®, Jason D. Masuda*®®

Abstract: An extended T-system containing two [3]cumulene
fragments separated by a p-carbo-quinoid and stabilized by two
capping N-heterocyclic carbenes (NHCs) has been prepared. Mono-
and bis-imidazolidinium ethynyl cations have also been synthesized
from the reaction of an NHC with phenylethynyl bromide or 1,4-
bis(bromoethynyl)benzene. Cyclic voltammetry coupled with synthetic
and structural studies showed that the dication is readily reduced to a
neutral, singlet bis-1,4-([3]cumulene)-p-carbo-quinoid due to the 11-
accepting properties of the capping NHCs.

Extended cumulenes and polyynes have received much recent
attention. For example, Tykwinskil'?l and others!® have used them
as molecular wires and as linkers between the end caps of
rotaxanes.”! These extended linear carbon atom chains are
conjugated T-systems, which allows for communication across
their length.? Shorter cumulenes, such as [3]cumulenes, were
first reported by Brand in the early 1920’s.[5 ¢ More recently,
Diederich has looked at the synthesis and reactivity of these
systemsl” 8 as well as those of a number of push-pull/donor-
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acceptor [3Jcumulenes. "% In addition, Ueta has reported the
[2+2] cycloaddition of a [3]Jcumulene with tetracyanoethene.!'!]
Para-carbo-quinoids are conjugated molecules with extended
T-systems and, as such, are also of interest. However, stable
para-carbo-quinoids are uncommon. A well-known exception is
tetracyanoquinodimethane (TCNQ)!'3, which is commonly used
in charge transfer salts and was influential in the development of
organic electronics; the TTF-TCNQ complex!'*'® (TTF =
tetrathiafulvalene) is considered to be the first organic metal. Also
included in the category of para-carbo-quinoids are Thiele’s Al'®]
and Tschitschibabin’s!'! (Chichibabin’s!®l) B hydrocarbons, both
initially reported in the early 1900’s. The stability of A and B is
largely attributable to their four phenyl substituents (cf. cyano
groups in TCNQ),['® though compound B is highly oxygen
sensitive as a consequence of its biradicaloid ground state.!"®!
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Unique main group functionalities can be stabilized using
singlet carbenes of which N-heterocyclic carbenes (NHCs)?% and
cyclic alkyl amino carbenes (CAACs) are the most often
employed.?"-22 In terms of carbon-based functional groups, these
singlet carbenes have been used to isolate bent allenes C@%,
(also formulated as NHC—C«NHC carbones)?4 and CAAC-
functionalized [3]cumulenes D, including their dication and radical
mono cations in which much of the spin density is carbon-
based.?5281 A [3lcumulene stabilized by two capping 4-
pyridylidene units has also been reported.?! In a similar vein,
though carbene-centered radicals stabilized via the so-called
capto-dative effect have been known for quite some timef30-3"],
stable NHC- and CAAC-based derivatives E have only recently
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been reported by Bertrand®? 331 and Hudnall.B4 Finally, it would
be remiss to not mention the recent work of Rivard on N-
heterocyclic olefins F&5 which are isolable molecules prepared
from the reaction of an NHC and (Me3Si)CH,CI.3¢]

Here we report the chemistry of the NHC, 1,3-bis(2,6-
diisopropylphenyl)imidazolidin-2-ylidene 1, with ethynyl halides,
further expanding the reactivity of NHCs with carbon-based
functional groups. Specifically, we describe the synthesis of
mono- and bis-imidazolidinium ethynyl cation-based salts 2[Br]
and 3[Br], both propargyl cations, which have been characterized
by a variety of structural methods, including spectroscopy, X-ray
diffraction, and comparative computational studies. The redox
chemistry of the cations 2 and 3 has also been explored and in
the case of 3, a double reduction was found to give a neutral,
singlet bis-1,4-([3]Jcumulene)-p-carbo-quinoid 5. The isolation of 5
can be attributed to the r-accepting properties of the NHC
working in conjunction with the ability of the 1,4-ethynyl benzene
group to readily reorganize to form the bis-1,4-([3]lcumulene)-p-
carbo-quinoid containing a total of 24 m-electrons (including the
N-based lone pairs). This is in contrast to a recent computational
study where derivatives that lack substantial -accepting
properties (e.g. carbene, RC, R = alkyl, aryl, nitrile, acetylene),
form biradical species that maintain the non-quinoidial, -C=C-
CeH4-C=C- bonding pattern.k7

NHC 1 readily reacts with phenylethynyl bromide at room
temperature in pentane to give the salt 2[Br] in reasonable yield
(57%) as a tan colored powder (Scheme 1). However, the reaction
of NHC 1 with 1,4-bis(bromoethynyl)benzene did not go to
completion at room temperature (Scheme 1). Even with extended
stirring, mixtures of 3[Br] were contaminated with compound 4[Br]
(1:0.6 ratio by 'H NMR spectroscopy), most likely due to the
insolubility of 4[Br] in pentane preventing further reaction with
NHC 1. Alternatively, reacting 1 with 1,4-
bis(bromoethynyl)benzene in hot (100°C) toluene overnight gave
3[Br] as the only product in high isolated yield (89%). Compounds
2[Br] and 3[Br] were characterized by elemental analysis, IR, 'H,
and 3C NMR spectroscopies, and single crystal X-ray diffraction
(Figure 1), whereas the impurity 4 was characterized (as its BPhy
salt) by X-ray crystallography (see Supporting Information).

IR and "*C NMR spectroscopies clearly identified the ethyne
groups in 2 and 3 (2: v =2223 cm™, 8 = 72.4 and 110.4 ppm; 3:
v =2227 cm™', 5 =75.0 and 109.8 ppm). In the solid state (Figure
1), both 2 and 3 feature typical Cnhc-Caiyny (2: 1.423(4) and
1.424(4) A; 3: 1.417(4) A)®® and C=C bond lengths (2: 1.196(4)
and 1.203(4) A; 3: 1.197(4) A). In addition, the Cnuc-C=C angle is
nearly linear in one of the two crystallographically inequivalent
cations in 2[Br] (171.3(3)°), slightly more bent in the second
(167.3(3)°), and considerably bent (163.9(3)°) in the dication 3.
Density Functional Theory (DFT) calculations (PBE1PBER®-
42)/(def2-)TZVP“344)) on the cations 2 and 3 showed that a linear
Cnrc-C=C-C arrangement is preferred, implying that the observed
bending is most likely a crystal packing effect due to a shallow
potential for angle bending (see Supporting Information). This
was confirmed by synthesizing a number of other mono-cation
compounds similar to 2, which were characterized using X-ray
diffraction (2[PFs], para-F-2[PFs], para-Ph-2[Br]; see Supporting
Information). An analysis of bond lengths and angles for the Cnhc-
C=C-Ar portion of the cations gave significant variation in the
Cnrc-C=C bond angle (from 163.9(3)° to 180.0°), showing that
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this is indeed the one position in each compound where flexibility
can be induced during packing for crystallization. Finally, it should
be noted that the C-C bond distances in the aryl ring attached to
the acetylene are consistent with those in a normal aromatic ring
(2: 1.348(9) —1.415(6) A; 3: 1.386(4) =1.399(5) A).
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Scheme 1. Synthetic route to compounds 2[Br], 3[Br], and 4[Br], from NHC 1
and ethynyl bromides.

Figure 1. Solid state structure of the cation 2 (top, one of two cations in the
asymmetric unit) and the dication 3 (bottom). Hydrogen atoms, anions, and co-
crystallized solvent molecules have been omitted for clarity.

Compounds 2[Br] and 3[Br] were analyzed by cyclic
voltammetry. The reduction of 2[Br] was found to be a scan-rate
dependent process, whereby the anodic peak current increased
upon faster scanning (v = 0.2-20 V s™") (En, = —1.63V vs Fc*).
No processes were observed upon initial scanning in the anodic
direction to 0 V. However, upon scanning first in the cathodic
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direction an induced process was observed at £ =-0.73 V vs Fc%*
(see Supporting Information). The peak current for this process
was small and decreased with increasing scan rate (such a peak
was not observed in scans greater than 10 V s™'; see Supporting
Information). Attempts to chemically reduce the cation (KCs)
resulted in a dark red colored intractable material that gave a
weak EPR signal. Multiple attempts to obtain pure material were
unsuccessful and attempts to further identify this product were
abandoned. DFT calculations showed that the unpaired electron
in the purported neutral radical is highly delocalized. This does
not, however, preclude the possibility for C-C bond formation via
the terminal phenyl group.

Compound 3 was found to undergo two sequential, reversible
redox processes (i.e. an EreErey mechanism*l) with £, of —1.18
V and —1.48 V vs Fc%* (Figure 2). The first process is likely a one
electron reduction to form a radical cation, followed by a second
reduction to give the neutral species.”! These redox processes
are much lower in potential than those of TCNQ (-0.30 V and —
0.88 V vs Fc%).B71 Chemical reduction of 3[Br] with two
equivalents of KCg in THF resulted in rapid formation of an
intensely blue colored solution with black precipitate (graphite).
Upon workup, a blue-black material was obtained in low isolated
yield (33%) due to its extreme solubility in compatible solvents
(pentane, toluene, or THF). IR spectroscopy showed the
introduction of a new signal at 2082 cm~', and the concomitant
loss of the C=C stretch (v = 2227 cm™ in 3[Br]), which is
consistent with the presence of a cumulene functional group and
the formation of 5 (Scheme 2).
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Figure 2. Cyclic voltammogram of compound 3[Br] in CH2Cl2 containing 0.4M
[BusN][PFe] at a Pt electrode at room temperature; sweep rate 0.2 V s™" with the
potential starting at =0.3 V and sweeping in the anodic direction first.

The neutral reduction product 5 could conceivably exist in any
of three possible forms: a neutral open shell biradical (singlet or
triplet) or as a_neutral closed shell singlet cumulene.['® DFT
calculations indicated that the closed shell singlet form is the
global energy minimum and lies ca. 60 kJ mol~' below the open
shell triplet biradical state; there was no indication of a low-energy
open shell singlet state. Magnetic susceptibility measurements on
the solid confirmed that 5 is diamagnetic and carefully prepared
samples were EPR silent. Although a clean solution state '"H NMR
spectrum of 5 could not be obtained, most likely due to the
presence of very minor amounts of paramagnetic impurities, a
clean solid state '*C NMR spectrum was recorded and showed
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good correlation with the calculated chemical shifts (see
Supporting Information). The solution UV-Vis spectrum for 5
showed one main absorption at 595 nm (pentane, € = 23970 L
mol~' cm™"), which matches with the observed blue color of the
solution. The calculated Amax of 5 is ca. 550 nm in n-pentane (525
nm in gas phase), which is reasonably close to the observed main
absorption and corresponds to a HOMO to LUMO transition with
no charge transfer character (see Supporting Information).

Dlipp Diep 2Br~
N N
[" S =N — S +j
Y Al W
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N N
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Scheme 2. Reduction of 3[Br] to form the cumulene 5.

Dark blue/black crystals of 5 were grown from a cold (-35°C)
pentane solution and were found to be suitable for analysis by X-
ray crystallography (Figure 3, top). Compound 5 crystallizes in the
space group P24/c with the asymmetric unit containing one-half of
the molecule. The metrical parameters for 5 are significantly
different from 3 in each of the bond lengths between the two NHC
fragments (Figure 3, middle). The Cnnc-C bond is shorter by ca.
4%, while the central C-C bond has elongated by ca. 3.5% (i.e.
no longer C=C) and the C-CsH4-C fragment has distinct quinoidal
character with alternating double and single bonds. Fascinatingly,
both the dication 3 and the cumulene 5§ have nearly identical
overall structures (see the overlay in Figure 3, bottom). Thus, the
addition of two electrons to 3 to afford 5 causes no perceptible
change in the separation of the NHC----NHC moieties in these
species (3 10.733(6) A and 5 10.716(10) A) as a result of the
offsetting C-C bond lengthening and shortening in the central
(CC)CsH4(CC) core.

Bond length alternation (BLA) in cumulenes was originally
observed by Tykwinskil*®! using X-ray crystallographic data. It has
been noted that BLA is greatest with [3]Jcumulenes and decreases
as the cumulene chain lengthens. Cumulene 5 has a BLA of
0.085.1When compared to other [3Jcumulenes, 5 has a BLA that
is similar to a standard cumulene (R,C=C=C=CR, R = 3,5-tBuPh;
BLA = 0.086) and much different than that of a polarized
[3Jcumulene, ((Ph(iPr)N)(Ph(Me)N)C=C=C=C(CN),;; BLA =
0.172), which reflects the relatively symmetrical nature of each
[Blcumulene in 5. The Cnic=C=C angle (167.0(5)°) is slightly less
bent than that in the dicationic precursor (163.9(3)°). However, a
computational analysis of 5 showed that a linear Cync-C=C-C
arrangement is again preferred in the gas phase with a shallow
potential for angle bending (see Supporting Information).
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Figure 3. Solid state structure of cumulene 5 (top; 50% ellipsoids, hydrogen
atoms removed), bond lengths (A) of cumulene 5 and dication 3 [in brackets]
(middle), and an overlay of both the dication 3 (grey) and cumulene 5 (orange)
showing the similarity between the structures (bottom).

Nucleus Independent Chemical Shift (NICS) calculations
were performed for 5 and the results were compared to values
calculated for the dication 3 as well as to those of three model
systems: benzene, p-benzoquinone, and a phenyl substituted
[3]cumulene similar to 5.5 The results (Table 1) show that the
central ring in 3 has a NICS(1) value quite similar to that of
benzene (-24 ppm and -30 ppm, respectively), indicative of
aromatic character, whereas the cumulene 5 has a NICS(1),,
value very similar to that calculated for p-benzoquinone (2 ppm

and 3 ppm, respectively), consistent with their antiaromatic nature.

This data, along with the bond lengths from the crystal structures,
reinforces the idea that there is a loss of aromaticity at the central
CsH4 ring when the dication of 3 is converted to the cumulene 5,
and supports the quinoidal description of the central ring in 5. The
quinoidal description of 5 is also supported by the morphology of
the HOMO (i.e. the LUMO of the dication 3), which shows
alternating bonding/anti-bonding character for the C-C bonds of
the central ring (see Supporting Information).
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Table 1. Calculated Nucleus Independent Chemical Shifts
NICS(1).z (ppm)

) -30

Compound

e ;

Ph, /—\ Ph
c=c=Cc=C/ C=C=C=C -6
PH =/ Ph
Dipp Dipp
/ \
N N
[‘ H—O%{vj 24
! i
Dipp 3 Dipp
Dipp Dipp
/ \
N, e N
[ ‘t=c=c=C  c=c=c=C 2
N\ \—/ /N
Dipp 5 Dipp

In conclusion, we have shown that NHCs react with ethynyl
bromides to give mono- and bis-imidazolidinium ethynyl cations.
Although the mono cation 2 produces intractable materials upon
chemical reduction, the bis-substituted dication 3 can be reduced
to give a novel bis-cumulene 5 that is quinoidal in character, as
evidenced by X-ray crystallography and DFT calculations. We
also discovered that there is very little change in the distance
between the NHC moieties upon adding two electrons to the
dication 3 to form 5. This may prove to have useful applications in
materials chemistry where disruption of the solid state structure is
to be avoided, e.g. crystalline redox switches.

While readying this manuscript for submission, we discovered
the recent pre-publication of the first crystalline monomeric
allenyl/propargyl radical stabilized by CAAC ligands by the
Bertrand group.5 This communication highlights the significance
and currency of the results reported herein. Rapid advances in
the chemistry of carbon species enabled and supported by singlet
carbenes can be expected.

As recommended by a reviewer, we attempted the reaction of
5 dissolved in degassed CsDs With one atmosphere of dihydrogen
and noted no reaction at room temperature. Despite the small
singlet-triplet energy gap of 5, the morphologies of its frontier
orbitals are not suitable for this type of reactivity. However,
compound 5 is extremely reactive towards CH,Cl, and CHCls,
resulting in loss of its blue color in such solutions. The reaction
products were not characterized.

Experimental Section

See Supporting Information for experimental, computational, and
extended crystallographic details. CCDC 1549498-1549504 contain the
supplementary crystallographic data. These data can be obtained free of
charge from the Cambridge Crystallographic Database Centre.
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General Synthetic Procedures

All reactions were performed in dry, O,-free conditions under an atmosphere of N, within an mBraun
Labmaster SP inert atmosphere drybox or using standard Schlenk techniques. All reagents were purchased
from Sigma-Aldrich and used as received, unless otherwise noted. Alumina and molecular sieves were pre-
dried in a 150°C oven before bring dried at 250-300°C in vacuo. Solvents were purified using an Innovative
Technology solvent purification system or purchased as ‘anhydrous’ from Sigma-Aldrich. Solvents were
then dried using KH and subsequently filtered through dry alumina and stored over previously dried 4A
molecular sieves. Glassware was dried at 150°C overnight prior to experimentation. Solution NMR spectra
were recorded on a Bruker Avance 300MHz spectrometer. Trace amounts of non-deuterated solvent were
used as internal references for 'H NMR spectra and were referenced relative to tetramethylsilane. The
deuterated solvent was used as an internal reference for *C{*H} NMR spectra and referenced relative to
tetramethylsilane. Coupling constants are reported as absolute values. Melting points were recorded on an
Electrothermal MEL-Temp 3.0 using glass capillaries sealed under inert conditions and are uncorrected.
Ultraviolet-visible (UV-VIS) spectroscopy was performed using a Varian Cary 50 Conc Spectrophotometer.
Elemental analysis was performed by the Centre for Environmental Analysis and Remediation (CEAR) facility
at Saint Mary’s University using a Perkin Elmer 2400 Il series Elemental Analyser or by Canadian
Microanalytics. SiPr!*, phenyl ethynylbromide? and 1,4-bis(bromoethynyl)benzene!® were prepared via
literature procedures. 4-F-phenyl ethynyl bromide and and 4-Ph-phenyl ethynyl bromide were prepared
following literature procedures.®! Phenyl ethynylbromide was purified by vacuum distillation and stored at
-35°C prior to use.

****¥Warning — Although we did not experience any problems, haloalkynes (or their impurities) are known
to be explosive. Due diligence must be observed when purifying these materials (e.g. blast shields)****
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Synthesis of Compound 2[Br]

Bre
iPr iPr
N iPr pentane N® iPr
L0 == =0
N iPr N iPr
iPr iPr
1 2[Br]

In a 100-mL Schlenk flask, a pale yellow coloured solution of bromoethynylbenzene (0.281 g, 1.55 mmol, 1.00 eq.)
dissolved in 10 mL of pentane was stirred with a PTFE-coated magnetic stir bar. In a separate 20-mL scintillation vial,
0.606 g of colourless SiPr carbene 1 were dissolved in 20 mL of pentane, producing a colorless mixture. The SiPr
carbene 1 was not very soluble in pentane, so a PTFE-coated magnetic stir bar was added and the mixture was
stirred for 5 minutes before allowing the contents to settle. The colourless supernatant was removed using a pipette
and added dropwise to the solution of bromoethynylbenzene, producing a colorless precipitate within minutes. The
yellow color also intensified during the addition. This process was repeated once more to dissolve the remaining
carbene, requiring a total volume of 40 mL of pentane. The yellow colored reaction mixture was left to stir for 3 h
before allowing the contents of the flask to settle and decanting the orange colored supernatant. The pale yellow
coloured precipitate was washed twice with 5 mL of pentane, and dried in vacuo to yield 0.246 g of the desired
compound as a beige colored powder. Additional product was isolated from the combined filtrates as a faintly beige
colored powder following a similar work-up procedure, after which was washed once with ca. 10 mL of hot (nearly
boiling) heptane and dried in vacuo yielding a colorless powder 2[Br].

Yield: 0.508 g (57 %); m.p. 244-245 °C; HRMS (ESI): 491.3421; Elemental Analysis calculated for C3sHa3BrN,: C 73.54,
H 7.58, N 4.90 %; Found: C 73.56, H 7.21, N 5.01 %. IR (Nujol mull): 2223 (C=C) cm™. UV-Vis: 376 nm (g = 386 Lmol
em).

IH-NMR (300MHz, CDCls): & 7.66 (tt, = 7.6 Hz, “Jun = 1.3 Hz, 1H, p-PhH), 7.55 (t, 3Juu = 7.8 Hz, 2H, p-DippH), 7.34
(d, ¥ = 7.8 Hz, 4H, m-DippH), 7.26 (M, Juu = 8.0 Hz, 3y = 7.7 Hz, 2H, m-PhH) 6.82 (dd, 3= 8.3 Hz, “Jun= 1.3 Hz,
2H, 0-PhH), 4.96 (s, 4H, SiPr-CH,), 3.06 (sept, 3Jun= 6.8 Hz, 4H, 'Pr-CH), 1.42 (d, 3/uu = 6.8 Hz, 12H, 'Pr-CHs), 1.25 ppm
(d, 3Juu = 6.8 Hz, 12H, 'Pr-CHs). 3C{*H}-NMR (300 MHz, CDCls): § 152.2, 146.7, 133.3 (s, p-(CsHs)), 133.0 (s, 0-(CeHs)),
131.6 (s, p-DippC), 129.9 (s), 129.3 (s, m-(CsHs)), 125.1 (s, m-DippC), 116.4 (s), 110.4 (s, SiPr-C=C-Ph), 72.4 (s, SiPr-
C=C-Ph), 55.0 (s, SiPr-CH,), 29.5 (s, Pr-CH), 24.8 (s, 'Pr-CHs), 24.4 ppm (s, 'Pr-CHs).
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Figure S1: 'H NMR spectrum of Compound 2[Br] in CDCls. * denotes impurity. # denotes residual CHCl3
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Figure S2: 3C NMR spectrum of compound 2[Br] in CDCls. * denotes impurity
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Synthesis of Compounds 2[PF¢], para-F-2[PFs], and para-Ph-2[Br]

These compounds were prepared in a manner similar to compound 2[Br] and only characterized by single crystal X-
ray diffraction. Crystals were grown from dichloromethane/pentane mixtures. Compounds 2[PF¢] and para-F-2[PF¢]

were obtained after metathesis with KPFs.

C) ©
[PFél [PFel
iPr iPr
N© iPr NE iPr
B Ty S
N N —

iPr iPr
iPr iPr\G
2[PF¢] para-F-2[PFg]
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Synthesis of Compound 3[Br]

2Br°
iPr iPr iPr
iPr toluene iPr iPr

N / N\ e N 7\ i
2 [ >: + Br— ——  Br [ N = = S j

N iPr — N ier P O
iPr iPr iPr

1 3[Br]

To a 50 mL reaction vessel containing a PTFE-coated stir bar a solution of the SiPr carbene 1 (1.408 g, 3.60 mmol) in
ca. 20 ml of toluene was added to a solution of 1,4-bis(bromoethynyl)benzene (0.512 g, 1.80 mmol) in ca. 10 ml of
toluene. The resulting yellow/brown colored solution was heated with stirring at 100°C overnight. The resulting tan
colored powder was separated from the toluene by centrifugation. The powder was washed 2x10 mL toluene,
followed by 2x10 mL pentane, each time treated by centrifugation to allow for easy separation. Residual solvent
was removed in vacuo to give compound 3[Br] as a light tan colored powder.

Yield = 1.703 g (88.6%); m.p. 257.4-257.9°C (darkens/decomp); Elemental Analysis calculated for CesHgoBraNa: C
72.17, H7.57, N 5.26, %; Found: C 71.03, H 7.60, N 5.13. IR (Nujol mull): 2227 (C=C) cm™. UV-Vis: 314 nm (e = 4186
Lmoltcm™).

'H NMR (300MHz, CD,Cl,): 6 1.16 (d, 3Jun = 6.9Hz, 24H, (CHs),CH), 1.38 (d, 3J4.n = 6.9Hz, 24H, (CHs),CH), 3.04 (sept,
3= 6.9 Hz, 8H, (CH3),CH), 4.89 (s, 8H, CH,), 6.70 (s, 4H, CeHa), and 7.32 (d, 3Ju.n = 7.7Hz, 8H, m-Dipp), 7.32 (t, 3Ju+
= 7.7Hz, 4H, p-Dipp) ppm. *C NMR (75MHz, CD,Cl,): § 24.49, 24.78, 29.65, 54.98, 74.95, 109.81, , 120.75, 125.50,
129.81, 132.05, 133.42, 146.91, 151.82 ppm.
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Inferior Synthesis of Compound 3[Br] Contaminated with Compound 4[Br]

A solution of SIPr 1 (2.75 g, 7.04 mmol) in ca. 30 ml of pentane was added to a solution of 1,4-
bis(bromoethynyl)benzene (1.00 g, 3.52 mmol) in ca. 10 ml of pentane, resulting in a brownish yellow colored
solution. This mixture was stirred at room temperature overnight, triturated with pentane, and the solvent was
removed in vacuo resulting in a brown colored powder.

Yield = 2.86 g. Analysis by *H NMR showed peaks matching that of compound 3[Br] contaminated with the mono-
substituted product 4[Br] in a 1:0.6 ratio. Partial assignment of key peaks for 4[Br]: *H NMR (300MHz, CD,Cl): § 1.25
(d, 3Juw=6.9Hz, 12H, (CH3),CH), 1.42 (d, 3J4.u= 6.9Hz, 12H, (CHs),CH), 4.84 (s, 4H, CH,), 6.77 (s, 2H, C¢Ha), 6.80 (s, 2H,
CeH). Note that for compounds 3[Br] and 4[Br] the iPr septet(s) at 3.05 ppm and the aromatic region 7.28-7.51 ppm
completely overlap as shown in Figure S5.

From a metathesis reaction of this mixed product with NaBPh, was isolated a few crystals of 4[BPh,] from a
dichloromethane solution layered with pentane. See crystallography section below.
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Figure S5: TH NMR spectrum of 3[Br] + 4[Br] mixture in CD,Cl, ($ denotes 3[Br], & denotes 4[Br], and * denotes
CDHCl,).
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Synthesis of Compound 5

2Br°
iPr iPr [
iPr iPr KCeg iPr iPr

[N\® ./ O\ __ \Nj THF [:/Ec=C:©=C Cg\:j

N — oN

Pr iPr
iPr iPr. iPr iPr.
iPr é/iPr iPr\G ®/iPr
3[Br] 5

A suspension of 3[Br] (0.400 g, 0.375 mmol) in ca. 5 ml of THF was added to a suspension of KCg (0.1522 g, 1.13
mmol) in ca. 10 ml of THF, resulting in a black colored solution. This mixture was stirred at room temperature
overnight, and the solvent was removed in vacuo resulting in a black solid. The residual solid was extracted with
pentane (3x10 ml) then filtered through a bed of diatomaceous earth resulting in an intensely colored blue-violet
solution. The solvent was removed in vacuo yielding compound 5 as a dark violet crystalline material.

Yield = 0.1129 g (33%); m.p. 125-129 °C; IR (nujol mull): 2082(C=C=C) cm™. Elemental Analysis CssHgoNs: C 84.91, H
8.91, N 6.19.; found: C 84.98, H 8.84 N 5.60. UV-Vis: 278 nm (g = 10441 Lmol*cm™?), 595 nm (& = 23970 Lmoltecm?),
628 nm (€ = 16103 Lmol'cm?).

M
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Figure S6: 'H NMR spectrum of compound 5 in CeDe.
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Solid State 3C NMR Spectroscopy on Compound 5

The 3C cross-polarization (CP)/ Magic Angle Spinning (MAS) experiments with TPPM proton decoupling were carried
out on a Bruker Avance NMR spectrometer with a 9.4T magnet (400.24 MHz proton Larmor frequency, 100.64 MHz
13C Larmor frequency). Using a probe head for rotors of 4 mm diameter two *C CP/MAS NMR spectra were acquired
at 5.0 and 7.0 kHz rotation frequencies, accumulating up to 552 scans with cross-polarization times of 2.6 ms. The
repetition delays (4.9 s) were chosen to be -ve times the proton spin lattice relaxation time, T;, measured by
inversion-recovery sequence. The 3C CP/MAS powers were optimized on glycine, whose carbonyl resonance also
served as external, secondary chemical shift standard at 176.06 ppm.
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Figure S7: 3C SSNMR spectrum of compound 5. Only the isotropic shifts are specified, spinning side bands are
labeled with *.
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Figure S8: 3C SSNMR spectra of compound 5 at 7.0 kHz MAS (a) and 5.0 kHz MAS (b). Peaks that shift with spinning
frequency are due to spinning sidebands.

Table S1: Tabulated Values of Spinning Side Band Peaks (SSB) of top spectrum (a) in Figure S8

SSB (ppm)
220.0
217.7
197.5
193.3

80.7
66.7
58.5
54.1
53.0
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Table S2: 13C SSNMR Assignments (ppm) of Compound 5

Experimental Calculated
Optimized G Idealized Dyq X-ray G

Cc1 134.6 140 144 142
Cc2/3 50.6 52 52 41
ca/16 136.0 141 141 144
C5/9/17/21 148.9/148.1 157 156 158
C6/8/18/20 122.8/122.2 130 129 125
C7/19 128.0 134 133 129
C10/13/22/25 29.0 31 32 24
C11/12/14/15/23/24/26/27 | 25.6/24.6/24.1/23.0 26 27 3

C28 103.5 113 106 112
C29 150.9/150.3 163 162 163
C30 99.0 103 101 102
C31/32 123.7 127 126 122
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Alternating Current Magnetic Susceptibility Studies, Experimental Conditions and Results
on Compound 5

Alternating Current Magnetic Susceptibilities (ACMS) experiments were carried out on a Physical Properties
Measurement System (PPMS) by Quantum Design with a working temperature range of 2 - 350 K, equipped with a
19T magnet. The ACMS experiment (DC magnetization in this case) was calibrated with palladium as a reference. A
measurement was taken on the PPMS at constant field and temperature and using the known theoretical magnetic
moment for the Pd which varies according to specific magnetic field/temperature The difference of these two,
calculated and measured, was then in turn calculated. The calibration process was repeated until the difference
between measured and theoretical was less than 0.01 %. The sample space was held at a vacuum of 10 Torr. The
sample’s magnetization was measured as a function of temperature (from 300 - 3 K) under a constant applied field
of 1000 Oersted (Oe). The key result of this experiment is that all the magnetic susceptibility values are negative,
consistent with a diamagnetic material.
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Figure S9: Plot of DC magnetizations (emug™) vs. temperature (K) of compound 5.
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Computational Details

All calculations were performed with the Gaussian 09 program.!*! Density functional theory (DFT) was used at the
PBE1PBE level of theory®™ together with Ahlrics’ TZVP (geometries and properties) and def2-TZVP (geometries) basis
sets.[®”! Chemical shift calculations were performed using the GIAO formalism!® and nucleus independent chemical
shift data are reported as NICS(1), values in which only the magnitude of the tensor perpendicular to the plane of
the ring is used.” Excited state calculations used the time-dependent (TD) approach.!® The effect of solvent (n-
pentane) was taken into account via IEFPCM solvent model.[*

The gas-phase optimized structure of 2 has G, point group with bond lengths and angles that are in excellent
agreement with those observed for the cation in the X-ray structure of 2[Br]. The most notable difference between
the calculated and experimental structures is observed for the Cyuc-C=C angle that is linear in the former and bent
in the latter. We note that the lowest calculated vibrational mode of 2 is less than 10 cm™, which suggests that the
structure (in particular, the capping imidazolidine ring and its diisopropylphenyl substituents) can be easily
perturbed in the solid state by anion-:-cation contacts, co-crystallized solvent molecules or other weak interactions.
Furthermore, a relaxed geometry scan showed that if the Cyuc-C=C angle in 2 is bent from linear to 167.3° (value in
the X-ray crystal structure), the energy increases only ca. 5 kJ mol™. This demonstrates that the potential for angle
bending is very shallow.

Two distinct stationary points were found for the dication 3: one with G symmetry and another one with D, point
group. Irrespective of the size of the employed basis set, the G symmetric structure was found to be lower in energy,
though only by ca. 1 k) mol™. The optimized geometrical parameters are in excellent agreement with those observed
for the dication in the X-ray structure of 3[Br]. The most notable difference between the calculated and experimental
structures is observed for the Cyuc-C=C angles that are linear in the former and bent in the latter. Also notable is the
conformation of the imidazolidine ring that is planar in the optimized structure but slightly twisted in the X-ray
structure. We note that for both G and D, symmetric structures, the lowest calculated vibrational modes are less
than 10 cm®, which suggests that the structure (in particular, the capping imidazolidine rings and their
diisopropylphenyl substituents) can be easily perturbed in the solid state by anion---cation contacts, co-crystallized
solvent molecules or other weak interactions. Furthermore, a relaxed geometry scan showed that if the Cync-C=C
angle in 2 is bent from linear to 163.9° (value in the X-ray crystal structure), the energy increases only ca. 10 kJ mol
!, This demonstrates that the potential for angle bending is very shallow.

Two distinct stationary points were found for the cumulene 5: one with G symmetry and another one with C; point
group. Irrespective of the size of the employed basis set, the G symmetric structure was found to be lower in energy,
though only by ca. 1 k) mol™. The optimized geometrical parameters are in excellent agreement with those observed
for the cumulene in the X-ray structure of 5. The most notable difference between the calculated and experimental
structures is observed for the Cnuc-C=C angles that are linear in the former and bent in the latter. We note that for
both C and C; symmetric structures, the lowest calculated vibrational modes are less than 10 cm™, which suggests
that the structure (in particular, the capping imidazolidine rings and their diisopropylphenyl substituents) can be
easily perturbed in the solid state by weak interactions such as dispersion forces. Furthermore, a relaxed geometry
scan showed that if the Cyuc-C=C angle in 5 is bent from linear to 167.0° (value in the X-ray crystal structure), the
energy increases only ca. 15 kJ mol™. This demonstrates that the potential for angle bending is very shallow.

One noteworthy observation from the optimized geometries of 3 and 5 is the almost non-existent shortening of the
carbon-:-carbon separation in the phenylethynylimidazolidinium framework upon addition of two electrons. The
distance between the two Cync atoms in the dication 3 is 10.84 A, whereas the corresponding distance in the neutral
cumulene 5 is 10.74 A. Consequently, there is only 0.10 A (ca. 1 %) difference between the two Cyuc'+Cic distances
in these two structures. This is also what is observed when comparing the crystal structures of 3[Br] and 5.

S14



Figure S10: Optimized geometries of dication 3 (left) and cumulene 5 (right).

Figure S11: Frontier orbitals of cumulene 5: LUMO (left), HOMO (middle), and HOMO-1 (right).
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Cyclic Voltammetry

Cyclic voltammetry (CV) and square wave (SW) studies were performed in CHsCN or CH,Cl; solutions inside an inert
atmosphere MBraun MB10 Compact Labstar electrochemical glove box at room temperature using both platinum
and glassy carbon electrodes and ["BusN][PFs] (0.1 M) as the electrolyte. CV and SW measurements were performed
with a Princeton Applied Research PARSTAT 2273 potentiostat.

E a EpaZ

p

Current (uA)

Figure S12: CV of 2[Br] in CHsCN containing 0.1 M ["BusN][PF¢] at a Pt electrode at room temperature; sweep rate
0.2 V st with the potential starting at -0.9 V and sweeping in the anodic direction first.

Table S3: CV Data Obtained for 2[Br] in CH3CN?

Compound | Electrode | Ext (V) | E22 (V) | Em (V)2 | Ep®2(V) | Ex2 (V) |En(V)C | Ex* (V)

2[Br] Pt -1.67 -1.59 -1.63 -0.73 — — -1.57
2[Br] GC -1.68 -1.60 -1.64 -0.73 — — -1.59
? Obtained at room temperature using sweep rate 0.2 Vst and 0.1 M ["BusN][PFs].

b En=[E™ + E)fY]/2 = E ).

En = [Ep? + E?]/2 = E%y).

The reduction of 2[Br] was found to be a scan-rate dependent process, whereby the anodic peak current increased
upon faster scanning (v = 0.2-20 V s7%) (Em = —=1.63V vs Fc”*). No processes were observed upon initial scanning in
the anodic direction to 0 V. However, upon scanning first in the cathodic direction an induced process was observed
at £ =-0.73 V vs Fc”* (see Supporting Information). The peak current for this process was small and decreased with
increasing scan rate (such a peak was not observed in scans greater than 10 V s™1). We attribute these observations
to two competing processes (i.e. an ECE mechanism!*?): (1) a one electron reduction to a short-lived neutral radical,
which can be oxidized back to the cation at high scan rates, and, (2) at lower scan rates, the radical undergoes a
structural reorganization or chemical decomposition which is responsible for the offset oxidation at —0.73V.
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X-ray Crystallography

Measurements were made on a Bruker APEX Il CCD equipped diffractometer (30 mA, 50 kV) using monochromated
Mo Ka radiation (A = 0.71073 A) at 125K.1"3! A small crystal was attached to the tip of a MicroLoop with paratone-N
oil. The initial orientation and unit cell were indexed using a least-squares analysis of a random set of reflections
collected from three series of 0.5° w-scans, 10 seconds per frame and 12 frames per series, that were well
distributed in reciprocal space. For most data collections, a minimum of four w-scan frame series were collected
with 0.5° wide scans, and 366 frames per series at varying ¢ angles (¢ = 0°, 90°, 180°, 270°). The crystal to detector
distance was set to 6 cm and for most structures a complete sphere of data (or more) was collected. Cell refinement
and data reduction were performed with the Bruker SAINT!** software, which corrects for beam inhomogeneity,
possible crystal decay, Lorentz effects and polarisation effects. A multi-scan absorption correction was applied
(SADABS).™! The structures were solved using either Superflip!*®! and EDMA™"! or SHELXT-2014!*%! and refined using
a full-matrix least-squares method on F?> with SHELXL-2014.1% The non-hydrogen atoms were refined
anisotropically. Hydrogen atoms bonded to carbon were included at geometrically idealized positions and were not
refined. The isotropic thermal parameters of the hydrogen atoms were fixed at 1.2U.q of the parent carbon atom
(1.5Ueq was used for methyl hydrogens).

Three molecules of toluene were included in the crystal structure of compound 2[Br]. One of these was found to be
disordered and all of its atoms were split over two positions. The occupancies of the two parts were refined to a
62/38 % ratio. A rigid bond restraint was placed over each part of the disordered molecule and also over the pendant
phenyl rings of the cations. The Flack parameter was refined to give a value of 0.037(5), slightly above the expected
value of zero, but in agreement with the Hooft parameter (0.038(2)). Crystals of the dication 3[Br] were found to be
solvated with both water and dichloromethane, neither of which were disordered. The hydrogen atoms in the water
molecule were refined isotropically, with Uiso(H) equal to 1.5Ueq(O) and with the O-H bond lengths restrained to
reasonable distances. The crystals of compound 4[BPh,4] were solvated with dichloromethane. This solvent could
have been the source of the chlorine that was incorporated into the cation. The occupancies of the chlorine/bromine
atoms in the cation were refined and gave a ratio of 0.448 (Br) to 0.552 (Cl). Two reflections were omitted from the
refinement as they were partially obscured by the beam stop. The set obtained in this data collection had a low
value for sine(theta max)/wavelength (0.5699). The large and floppy tetraphenylborate anion, together with the
large cation, gave crystals that, despite our best efforts, did not diffract well. Crystals of compound 5 also gave
problems during data collection. Only very small crystals could be grown that were highly unstable and difficult to
mount without appreciable decomposition. The data finally obtained had a high merging R value (0.23) for both of
these reasons. A better set of data could not be obtained even though numerous attempts were made. The
refinement itself was unexceptional though extinction was refined in this case. All of the compounds reported in
the Supporting Information gave crystals solvated with dichloromethane. In every case, the C-Cl bond lengths in the
disordered part of the molecule were restrained to a distance of 1.75 A. In compounds 2[PF¢] and para-F-2[PF¢] only
one chlorine atom was disordered and this was modelled using two parts of equal occupancy. In para-Ph-2[Br] one
entire molecule was split over two positions and the occupancy of each part refined to give a ratio of 52/48 %.
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Table S4: Crystallographic Details for Compounds 2[Br], 3[Br], 4[BPh4], 5, 2[PF¢], para-F-2[PF¢], and para-Ph-2[Br]

Compound 2[Br] 3[Br] 4[BPhy] 5 2[PFg] p-F-2[PFe] p-Ph-2[Br]
CegHgoN C37H42Br Ca1Ha7N
2(C35H43N2) 6411801N4 371142DB10.45 C35H43N2 C35H42FN2 411147IN2
. ’Z(BI') C|0,55N2 *Br

Chemical formula *2(Br) CesHgoNa *FeP oFgP

'3(C H ) ’4(CH2C|2) ©Cy4H0B ‘Z(CH cl ) ’Z(CH cl ) '3(CH2C|2)

mE *2(H0) *(CHCly) e e

Formula mass 1419.64 1440.87 974.32 905.32 806.53 824.53 902.49
Crystal system monoclinic triclinic monoclinic monoclinic monoclinic monoclinic triclinic
a/A 12.2578(2) | 11.3197(3) | 11.4298(15) | 8.723(5) 15.985(2) 15.932(2) 12.1838(13)
b/A 25.1145(5) | 12.2283(3) | 22.510(3) 16.706(9) 19.267(2) 19.439(2) 12.9293(13)
/A 13.2146(3) | 13.9846(4) | 21.346(3) 19.115(10) | 13.8919(16) | 13.9053(14) | 15.8456(16)
af° 90 109.188(2) | 90 90 90 90 73.5330(10)
8/° 96.1080(10) | 94.029(2) 97.230(2) 92.723(6) 111.843(2) | 111.180(8) | 82.6590(10)
v/° 90 95.233(2) 90 90 90 90 77.0850(10)
Unit cell volume/A3 4045.00(14) | 1810.23(9) | 5448.6(12) | 2782(3) 3971.2(8) 4015.6(8) 2327.6(4)
Temperature/K 125(2) 125(2) 125(2) 125(2) 125(2) 125(2) 125(2)
Space group P24 P1 P21/n P21/c C2/c C2/c P1
No.. of formula units per ) 1 4 ) 4 4 )
unit cell, Z
No. of reflections 70206 28556 47858 26624 19701 9391 23398
measured
No. of independent 19620 9065 8406 5101 3639 3654 8492
reflections
Rint 0.0596 0.0561 0.1055 0.2309 0.0335 0.0976 0.0419
Final R; values (/> 20(/)) | 0.0392 0.0600 0.0496 0.0982 0.0343 0.0583 0.0402
;'c';(al)')WR(Fz) values (1> 1 0890 0.1420 0.1056 0.1885 0.0813 0.1046 0.0824
Final R; values (all data) | 0.0523 0.0999 0.1032 0.2276 0.0474 0.1508 0.0682
Z'antzl)WR(Fz) values @all | 593, 0.1600 0.1278 0.2422 0.0876 0.1362 0.0919
Goodness of fit on F2 0.992 1.042 1.007 1.009 1.055 0.988 1.016
CCDC number 1549498 1549499 1549500 1549501 1549502 154950 1549504
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Figure S13. Solid state structure of cation 2 (top, one of two cations in the asymmetric unit) and dication 3 (bottom).
Hydrogen atoms, anions, and co-crystallized solvent molecules have been omitted for clarity. Selected bond lengths
(A) and angles (°): 2 N3-C36 1.320(3), N4-C36 1.318(4), C36-C63 1.423(4), C63-C64 1.203(4), C64-C65 1.431(4), C65-
C66 1.394(5), C65-C70 1.401(5), C66-C67 1.399(5), C67-C68 1.375(6), C68-C69 1.381(5), C69-C70 1.384(4), N4-C36-
N3 113.1(3), N4-C36-C63 121.1(3), N3-C36-C63 125.8(3), C64-C63-C36 167.3(3), C63-C64-C65 175.0(3); 3 N1-C1
1.328(4), N2-C1 1.317(4), 1.478(4), C1-C28 1.417(4), C28-C29 1.197(4), C29-C30 1.430(4), C30-C31 1.399(5), C31-
C32 1.386(4), C30-C32'1.388(4), N2-C1-N1 112.7(3), C29-C28-C1 163.9(3), C28-C29-C30 176.2(3).
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Figure S14: Solid state structure of compound 4[BPh.] with co-crystallized dichloromethane. The ratio of Cl to Brin
the cation refined to 55% Cl and 45% Br.

F2 Tr'__ " F1

s f . A
W P.IT w W

— . CI2 ,
A R @’\ ‘\‘
\‘ ) . ‘/ F3
‘ c1/2//,, i c21
c1% C8iy
<oz \\ - cHAL
€10\ @h.cs cn‘s’

Figure S15: Solid state structure of compound 2[PFs] with co-crystallized dichloromethane.
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Figure S16: Solid state structure of compound para-F-2[PFs] with co-crystallized dichloromethane.
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Figure S17: Solid state structure of compound para-Ph-2[Br] with co-crystallized dichloromethane molecules.
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Table S5: Bond Lengths (A) and Bond Angles (°) for the Central Region of Compounds 2[Br], 3[Br], 4[BPha], 5, 2[PFs],
para-F-2[PF¢], and para-Ph-2[Br]

Compound Bond 1 Bond 2 Bond 3 Angle 1 Angle 2 Torsion
5 1.359(6) 1.239(6) 1.376(7) 167.0(5) 175.2(5) 23
2[B] Molecule 1 1.424(4) 1.196(4) 1.428(4) 171.3(3) 178.4(4) 34
Molecule 2 1.423(4) 1.203(4) 1.431(4) 167.3(3) 175.0(3) 25
3[Br] 1.417(4) 1.197(4) 1.430(4) 163.9(3) 176.2(3) -17
4[BPh,] 1.426(5) 1.174(4) 1.448(5) 176.0(4) 176.1(4) 136
2[PFe] 1.455(4) 1.100(3) 1.472(4) 180 180 0
para-F-2[PFg] 1.416(8) 1.184(7) 1.426(8) 180 180 0
para-Ph-2[Br] 1.424(3) 1.187(3) 1.431(3) 175.7(3) 179.4(3) 115
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/
N g1 B2 B3 /7
[ o o D s
/0 i\ /
N LA A2 i
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