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ARTICLE

Homoleptic complexes of isocyano- and diisocyanobiazulenes
with a 12-electron, ligand-based redox capacity

Patrick T. Connelly,™ Jason C. Applegate,™ David A. Maldonado,® Monisola K. Okeowo,? Wade C.
Henke,? Allen G. Oliver,? Cindy L. Berrie,*? and Mikhail V. Barybin*?

Received 00th January 20xx, Oligo- and polyazulenes are attractive m-conjugated building blocks in designing advanced functional materials. Herein, we
Accepted 00th January 20xx demonstrate that anchoring one or both isocyanide termini of the redox non-innocent 2,2’-diisocyano-6,6’-biazulenic -

linker (1) to the redox-active [Cr(CO)s] moiety provided a convenient intramolecular redox reference for unambiguously
DOI: 10.1039/x0xx00000x establishing that the 6,6’-biazulenic scaffold undergoes a reversible one-step 2e- reduction governed by reduction potential
compression/inversion. Treatment of bis(n-naphthalene)chromium(0) with six equiv. of 2-isocyano-1,1’,3,3'-
tetraethoxycarbonyl-6,6'-biazulene (6) or [(OC)sCr(n-2,2’-diisocyano-1,1’,3,3’-tetraethoxycarbonyl-6,6’-biazulene)] (11)
afforded homoleptic Cr(0) complexes 13 and 14 with a 12e~ (per molecule) ligand-based reduction capacity at mild £;/, of
-1.29 V and -1.15 V vs. Cp,Fe”*, respectively. The overall reversible redox capacity varies from 15e- for the mononuclear
complex 13 to 21e- for the heptanuclear complex 14. The latter “nanocomplex” has a diameter of ca. 5 nm and features
seven Cr(0) centers interlinked with six 2,2’-diisocyano-6,6’-biazulenic bridges. The X-ray structure of [(OC)sCr(2-isocyano-
1,1’,3,3'-tetraethoxycarbonyl-6,6’-biazulene)] (7) indicated a 43.5° interplanar angle between the two azulenic moieties.
Self-assembly of 11 on a Au(111) substrate afforded an organometallic monolayer film of 11 featuring approximately upright
orientation of the 2,2’-diisocyano-6,6’-biazulenic linkers, as evidenced by ellipsometric measurements and the RAIR
signature of the C4-symmetric [(-NC)Cr(CO)s] infrared reporter within 11. Remarkably, comparing the FTIR spectrum of 11
in solution with the RAIR spectrum of 11 adsorbed on Au(111) suggested electronic coupling at a ca. 2 nm distance between
the Cr(0) and Au atoms linked by the 2,2’-diisocyano-6,6’-biazulene bridge.

uncomplexed isocyanide functionalities.’® This typically gives
Introduction low yields of the desired mononuclear complexes, results in the
formation of unwanted binuclear byproducts, and requires
formidable isolation/crystallization protocols.’> Self-assembly
on metallic surfaces, such as Au(111), is the other strategy to
induce unsymmetric metalation of linear diisocyanoarenes.? 8

Isocyanide-terminated arenes and oligoarenes (:C=N-Ar) have
long been a highly sought-after class of m-conducting molecular
linkers in the design of advanced organoelectronic materials.’
10 1n an organometallic setting, the isocyanide group constitutes
a versatile junction that accommodates metals in a wide range
of oxidation states.™ ! The o-donor/m-acceptor characteristics
of isocyanide ligands CNR, which are isolobal with carbon
monoxide, are tunable through changing the nature of the
substituent R. Such tuning can be quantitatively assessed
spectroscopically (IR, 13C NMR) via synergistic consideration of
the vye 6('3CN), and 8(13CO) signatures in [(OC)sCr(CNR)]
complexes.12-14

Until 2006, there were two general routes available for
accessing unsymmetrically metalated linear diisocyanoarenes.
One approach involves the use of a large (e.g., 10-fold) excess
of a diisocyanoarene ligand with respect to a metal reagent to
form a coordination adduct featuring one metal-bound and one
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Scheme 2: Synthesis and metalation of the 2-isocyano-6,6’-biazulene ligand 6.

In 2006, described an efficient and
heterobimetallic complexation of a 2,6-diisocyanoazulenic
derivative via controlled stepwise installation and complexation
of the isocyanide termini positioned along the molecular axis of
the azulenic framework, which is comprised of fused five- and
seven-membered sp? carbon rings.’® Later, in 2010, we
introduced the first diisocyanobiazulenic n-linker and its self-
assembly on metallic gold surfaces.!” This 2,2’-diisocyano-6,6’-
biazulene derivative 1, shown in Scheme 1, undergoes a
reversible one-step 2e” reduction at a mild potential of -1.02 V
vs. Cp,Fe®* in CH,Cl/["BusN][PF¢]}” as a consequence of
reduction potential compression/inversion.'8-22 The core of the
resulting closed-shell dianion (Scheme 1) may be viewed as a
substituted heptafulvalene.?* Zhuang, Canovas, Feng et al. and
Zhuang, Chen et al. have recently reported intriguing
applications of 1 in designing on-chip microsupercapacitors?*
and quasi-molecular rectifiers.?> Notably, isocyanide ligands,
either free or within a metal complex, that can withstand
oxidation or reduction of their substituent without degradation,
at least on electrochemical timescales, are extremely scarce
(e.g., oxidation of isocyanoferrocene).?5 27

Herein, we present a strategy for accessing unsymmetrically
anchored linear 2,2’-diisocyano-6,6’-biazulenic m-linkers. We

also demonstrate a reversible 12e~ ligand-based reduction

we mono-

-2e || +2e
Et0,C CO,Et
o= @OQ@ o
EtO,C CO,Et

Scheme 1: Atom numbering scheme of the 6,6’-biazulenic scaffold and formation of
a heptafulvalene-like motif upon 2e- reduction of 2,2’-diisocyano-6,6’-biazulene 1.
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Figure 1: ORTEP diagram (50% thermal ellipsoids) of one of the two crystallographically
independent molecules of 7. Hydrogen atoms and the CH,Cl, solvent of crystallization
are omitted for clarity. Selected bond distances (A) and angles (deg): Cr1-C34 1.887(3),
av. Cr1-COg 1.905(3), Cr1-C33 1.969(2), C33-N1 1.165(3), N1-C11 1.374(3), C6-C16
1.497(3); Cr1-C33-N1 179.2(2), C11-N1-C33 176.1(2), torsion C7-C6-C16-C17 43.5(3).

CO,Et

CO,E

capacity?® 2° of homoleptic octahedral Cr(0) complexes
featuring 2-isocyano-1,1’,3,3’-tetraethoxycarbonyl-6,6’-
biazulene or [(OC)sCr(n'-2,2’-diisocyano-1,1’,3,3’-tetraethoxy-
carbonyl-6,6’-biazulene)] ligands. Given the unusual
photophysical properties of azulenic compounds and
materials,3% 31 along with the recently renewed interest in
homoleptic low-spin 3d® complexes of isocyanoarenes,
particularly in the context of optoelectronic applications,3% 33
the above species constitute a fundamentally and practically
attractive expansion of the [M(CNAr)s] organometallic
platform. Self-assembly of [(-NC)Cr(CO)s]-terminated 6,6'-
biazulenic monolayer films anchored on Au(111) surfaces via
isocyanide junctions is described as well.

Results and discussion

Assembling the 6,6’-biazulenic core from two differently
functionalized (at the 2 position) modules would pave the way
to access 6,6’-biazulenes unsymmetrically anchored along their
molecular axes.

Our approach to synthesizing a 6,6’-biazulene featuring just
one isocyanide terminus is summarized in Scheme 2. Suzuki
coupling of the orange-colored 6-pinacolatoborylazulene
derivative 2 with the pink 6-bromoazulene derivative 3 afforded
orange-red 2-amino-6,6’-biazulene 4 in excellent vyield.
Subsequent formylation of 4 with acetic-formic anhydride
cleanly gave red formamide 5. POCls;-induced dehydration of 5

This journal is © The Royal Society of Chemistry 20xx
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Scheme 3: Synthesis of a mononuclear [Cr(CO)s] complex (11) of the 2,2’-diisocyano-6,6’-biazulene ligand 1.
resulted in the formation of red-purple 2-isocyano-1,1’,3,3’- Despite unsymmetric functionalization of the 6,6-
tetraethoxycarbonyl-6,6’-biazulene 6 in an 84% vyield after
workup. Treatment of 6 with Cr(CO)¢ in refluxing toluene in the EtO,C CO,Et
presence of CoCl,6H,0 catalyst provided the maroon-colored _ _
organochromium complex 7 in an 87% yield. Notably, we used (OC)sCr—C=N N=C—Cr(CO)s
commercial CoCl,'6H,0 rather than CoCl,-2H,0, which was Et0,C CO,Et

previously employed by Albers and Coville343¢ in the catalytic
substitution of CO ligands by isocyanides. In principle, complex
7 can also be accessed, albeit in a significantly lower yield of
50%, via photolysis of Cr(CO)g in THF to form Cr(CO)s(THF),13 16
17 followed by substitution of the labile THF ligand with
isocyanobiazulene 6.

The solid-state structure of 7-(CH,Cl,)o375 features two
crystallographically independent molecules of 7 in the
asymmetric unit (Figure $19%). The interplanar angles between
the two azulenic moieties in these two crystallographically
unique complexes are 43.5(3)° and 46.2(3)° (Figure Figure 1 and
Figure S22%). The C-C bond length of 1.497(3) A (C6-C16 in Figure
1) or 1.499(3) A (C6’-C16’ in Figure S20%) linking the two seven-
membered rings in 7 is indistinguishable from the
corresponding C-C bond distance in unfunctionalized 6,6'-
biazulene (1.498(2) A),3” while being only marginally shorter
than the analogous C-C linkage of 1.512(4) A in 1.2 Overall, the
metric parameters of the [(OC)sCr(CNC)] core in 7 are
comparable to those in [(OC)sCr(n-2,6-diisocyano-1,3-
diethoxycarbonylazulene)], in which the diisocyanoazulene
ligand is coordinated via the 2-isocyano group,’® and in
[(OC)sCr(2-isocyano-1,3-diethoxycarbonylazulene)].14 of
particular note is a pronounced trans-effect observed within the
octahedral [(OC)sCr(CN)] core of 7 that makes the Cr-COyqns
bond distance 0.014-0.018 A shorter than the average Cr-CO;
bond length in 7 (Figure Figure 1 and Figure S22%).

Compound 7 constitutes the first X-ray-structurally
characterized 6,6’-biazulene unsymmetrically functionalized
with a non-hydrocarbon substituent. The only other
unsymmetrically substituted 6,6’-biazulenic motifs that have
been crystallographically characterized are within 2,2":6',6"-
terazulene and 6,2":6',6"-terazulene.38

This journal is © The Royal Society of Chemistry 20xx

12

Chart 1: Binuclear [Cr(CO)s] complex of the 2,2’-diisocyano-6,6’-biazulene ligand 1

biazulenyl framework in 6 and 7, their cyclic voltammograms
(CVs) in CH,Cl,/["BusN][PF¢] feature reversible one-step 2e-
reduction of the biazulenic moiety, rather than two separate 1le~
events (Figure S18%). This is especially evident considering the
1:2 peak current ratio for the reversible Cr%* wave versus the
biazulene®?- wave in 7 (Figure S18%). The lack of one of the
electron-withdrawing isocyanide termini in 6 compared to
diisocyanobiazulene 1 causes a pronounced (140 mV) shift, in
the negative potential direction, of the E;;, value associated
with reduction of the biazulenic scaffold (Table 1). Upon
coordination of 6 to the [Cr(CO)s] moiety to form 7, the vyc band
undergoes a 9 cm™! hypsochromic shift (Figure S1*), which is
consistent with the o-donation of the isocyanide’s lone pair
outweighing the extent of m-back-bonding in 7. Since the
isocyanide C atom’s lone pair has a somewhat antibonding
character with respect to the C=N bond,3® the R-N=C:—Cr
interaction increases the C=N bond order.2® In turn, 7 is 20 mV
easier to reduce compared to the free isocyanobiazulene 6
(Table 1) because coordination of 6 to the [Cr(CO)s] unit exerts
a net electron-withdrawing effect with respect to the
isocyanobiazulene ligand.

J. Name., 2013, 00, 1-3 | 3
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Table 1: Cyclic voltammetry data versus Cp,Fe®* for isocyanobiazulene ligands 1 and 6
and their complexes 7, 11, and 12 in CH,Cl,/["BusN][PFg].

Compound Redox couple Ei/ (V) AE, o (MV) i,/
17 Biazulene®?- -1.02 60 1.0
6 Biazulene®?- -1.16 170 0.98
5 Biazulene®?- -1.14 150 1.11
Cro/+ 0.79 120 1.00
1 Biazulene®?- -1.02 206 0.96
Cro/+ 0.81 156 1.04
12 Biazulene®?- -1.00 203 0.99
Cro/+ 0.82 180 0.86
Suzuki coupling between 6-pinacolatoborylazulene 2 and
the bright orange organochromium derivative of 6-

bromoazulene 8 afforded the deep red [Cr(CO)s] complex of 2-
isocyano-2’-amino-6,6’-biazulene (9, Scheme 3). Formylation of
9 with excess acetic-formic anhydride followed by dehydration
of the resulting dark orange formamide 10 gave a 56%
combined yield of purple microcrystals of 11, which is the
diisocyanobiazulene 1 (Scheme 1Scheme 1) unsymmetrically
metalated at only one of its isocyanide termini (Scheme Scheme
3). The 13C NMR chemical shift for the uncoordinated isocyanide
carbon atom in 11 is identical to that previously documented
for 1,7 whereas the 8('3C) corresponding to the isocyanide C
atom coordinated to the Cr(0) center is shifted downfield by ca.
6.4 ppm (Figure S8*). The deep purple complex 12 (Chart 1),
which is the binuclear Cr(0) counterpart of the mononuclear
complex 11, was accessed using the procedure previously

Figure 2: Cyclic voltammograms of ca. 0.02 M solutions of 11 (blue) and 12 (red) in
0.1 M ["Bu,yN][PFg]/CH,Cl, vs. external Cp,Fe®* at 22 °C. Scan rate = 100 mV/s.

reported by us to synthesize [(OC)sW],(u-1).%7
The Anax of the Sy>S; transition for the free
diisocyanobiazulene 1 corresponds to the biazulene-based

EtO,C CO5Et
A= OO0
EtO,C 13 CO,Et -
Geq b ‘
5%
THF, 022 °C
Cr :
Geq 11 64
THF, 22 *C
EtO,C CO,Et
Cr—C=N CO OQ N=C—Cr{CO}s
EtO,C 14 CO,Et

[

Scheme 4: Syntheses of homoleptic Cr(0) complexes of 2-isocyano-
biazulenic ligands 6 and 11.

by an 895 cm™ redshift of the MLCT band to give Ay = 507 nm
(e = 47.4x103 M=t cm™). The bathochromic shift of the MLCT
excitation upon binucleation of 11 to form 12 is consistent with
increased conjugation within the m-system that now includes
the second [Cr(CO)s] fragment in the binuclear species 12
(Figure S15%). This bathochromic shift in the MLCT transition for
the binucleation process 11->12 is approximately half of the
1650 cm™ shift observed for the analogous monoazulenic
systems, [(OC)sCr(nt-2,6-diisocyano-1,3-diethoxycarbonyl-
azulene)]>[(0C)sCrly(n-ntnt-2,6-diisocyano-1,3-diethoxy-
carbonylazulene).t®

To further appreciate the potential compression/inversion
phenomenon associated with the reduction of the 6,6'-
biazulenic core of 1, it is instructive to compare the CV profiles
of 11 and 12 (Figure 2, Table 1). The CVs of both 11 and 12
exhibit two distinct redox waves. For 11, the peak current
intensity at ca. 0.8 V corresponding to the reversible Cro+*

o:idatioln 45 6(biazulene)®/2-
of its sole T
metal
center is 30 -

<
half of =
that - 15 4

o

= 0 -

S

5 [craver cre croe
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HOMO->LUMO excitation and occurs at 509 nm (& = 3.48x103
M- cm™1).17 Upon complexation of 1 with the [Cr(CO)s] unit to
form the mononuclear species 11, a much more intense band
appears at Amax = 485 nm (e = 29.4x103 M=t cm™), which
corresponds to the Cr(dm)->11(pm*) metal-to-ligand charge
transfer (MLCT) transition.
complexation to form the binuclear species 12 is accompanied

Figure é qulic voltemmogrem of a ca. 0'-02 M $O tionlof 13 lin 0.1 M
["Bu,NT| Q]/CHZCIZ vs. external Cp,Fe%* at 22 °C. Scan rate = 100 mV/s.

14 09 04 -01 -06 -11 -16 -2.1
Potential vs. Cp,Fe?*, V

Furthermore, the successive

attributed to the reversible reduction of the biazulenic moiety.
On the other hand, the Cr%* and biazulene®2- waves have

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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essentially identical peak currents for 12, which features two
redox-active chromium termini. Thus, the [Cr(CO)s] fragments
in 11 and 12 effectively serve as reliable intramolecular internal
standards for assessing the electrochemical behavior of the
diisocyanobiazulene 1. Notably, the E;/, values of the Cr%* redox
process in 7, 11, and 12 (Table 1) are nearly identical to that of
0.78 V observed for [(OC)sCr(2-isocyano-1,3-diethoxycarbonyl-
azulene)].1#

Treating a THF solution of bis(n®-naphthalene)chromium(0),
a convenient synthon for Cr(0),%%42 with 6 equiv. of either
isocyanobiazulene 6 or (CO)sCr-capped diisocyanobiazulene 11
under mild conditions afforded the corresponding homoleptic
complexes 13 (green) and 14 (black), as illustrated in Scheme 4.

The vynce(T1,) bands in the FTIR spectra of 13 and 14 in CH,Cl,
occur at 1973 cm~ and 1961 cm™?, respectively (Figure S1 and
Figure S2%). This is in accord with the formulation of these
coordination compounds as binary Cr(0) complexes of
isocyanoarenes exhibiting a substantial extent of Cr(dm)—>
CNR(prt*) back-bonding.??> 43 The 12 cm™! difference between
these vyc values is consistent with the isocyanide ligand 11
being a stronger net m-acceptor compared to 6. Indeed,
incorporation of the [(-NC)Cr(CO)s] substituent at the 2’ position
of the 2-isocyano-6,6'-biazulenic scaffold extends the
conjugation of the ligand’s m-system and thereby lowers the
energy of 11’s LUMO compared to that of 6. Moreover, the
electron-withdrawing nature of the [(-NC)Cr(CO)s] moiety
contributes to depression of the LUMO energy as well.

We assigned the broad band at A,,.x = 857 nm (g = 6.0x10*
M- cm™) in the NIR region of the electronic spectrum of 13 to
the Cr(dn)>CNR(prt*) MLCT transition (Figure S16%). The
Cr(dnt)>CNR(prt*) MLCT** involving the central chromium atom
in heptanuclear 14 occurs at an even longer wavelength, with
Amax = 1000 nm (£ = 10.0x10* M~ cm™?, Figure S17%), which again
underscores the lower energy of the LUMO of 11 versus the
LUMO of 6. In addition, in the case of the heptanuclear complex
14, its electronic spectrum shows an intense band at A, = 489
nm (€ = 17.8x10* M~ cm™1), which corresponds to the Cr(dm)->
diisocyanobiazulene(pmt*) MLCT involving six peripheral Cr(0)
centers.

The CV profile of 13 features four distinct quasi-reversible
redox waves at Ey; = -1.29 V, -0.53 V, -0.04 V, and 0.71 V
versus Cp,Fe®*, with an approximate current intensity ratio of
12:1:1:1, respectively (Figure 3). The lower intensity 1e~ waves
correspond to the Cr%+, Cr*/2*, and Cr2*/3* processes involving
the chromium center, akin to those previously documented for
other homoleptic Cr(CNAr)s complexes.?® 27 43, 45 The intense
12e~ wave reflects 2e™ reductions of six biazulenic moieties
within 13. The Ej;; value of -1.29 V for this ligand-centered
redox couple is 130 mV more negative compared to that
observed for the free ligand 6 because of extensive Cr(dm)->
isocyanobiazulene(prt*) back-bonding. Thus, the overall redox
capacity of 13 is 15e~. The appearance of some structure in the
12e” redox wave at E;;; = -1.29 V is likely caused by minor
adsorption of the analyte on the electrode surface.

This journal is © The Royal Society of Chemistry 20xx
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Table 2: Cyclic voltammetry data versus Cp,Fe%* for homoleptic complexes 13 and 14 in
CH,Cl,/["Bu,N][PFe].

Compound Redox couple Ei/; (V) AE, o (MV) i,/ i,a
6(Biazulene¥?") -1.29 85 1.11
Cro/+ -0.52 65 1.00
13 Cr+/2+ -0.04 60 0.89
Cr2+/3+ 0.71 60 1.00
6(Biazulene®?-) -1.15 250 1.13
1 Cro+ -0.48 110 1.00
Cri/2+ -0.03 160 1.00
6(Cro+) 0.80 220 1.07

Compared to that of 13, the CV of the heptanuclear Cr(0)
complex 14 shows an additional quasi-reversible wave at £/, =
0.80 V (AE, c—p,a = 220 mV) arising from the Cr%* redox processes
involving the six less electron-rich [(-NC)Cr(CO)s] termini in 14
(Figure 4, Table 2). This intense Cr%* feature nearly completely
obscures the Cr2*/3+ redox event at the central chromium atom,
for which only the oxidation wave at £ ,(0x) = 0.60 V is partially
discernable (Figure 4). As expected, the peak currents for the
sequential 1e~ Cr%* and Cr*/2* redox events involving the central
chromium atom are approximately 1/12 the magnitude of that
attributed to the redox activity of the six biazulenic units.
Notably, the apparently greater than expected peak current for
the peripheral Cr%* redox process can be attributed to
heterogenous e~ transfer kinetics in the redox profile of 14.
Indeed, as is evident from Figure 4, the widths of the oxidation

Figure 4: Cyclic voltammogram of a ca. 0.02 M solution of 14in 0.1 M
["BusN][PFs]/CH,Cl, vs. external Cp,Fe%* at 22 °C. Scan rate = 100 mV/s.

and reduction waves associated with the peripherally located
chromium atoms are smaller than those corresponding to the
biazulene®?- and central chromium atom redox events.
Moreover, the AE,.,. peak-to-peak separations for the
electrochemical events observed for complex 14 are greater
than those documented for complex 13 (Table 2). This is
especially pronounced in the two multi-electron waves in Figure
4. This may be attributed to slower electron-transfer kinetics
and/or unresolved coupling that

broadening of the half-waves and increased AE, ., , separation

electronic results in

in the case of the ca. 5 nm-diameter complex 14. Altogether,
incorporation of the six [(-NC)Cr(CO)s] termini expands the 15e~

J. Name., 2013, 00, 1-3 | 5
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overall redox capacity of the mononuclear electron reservoir*®
4913 to 21e” in heptanuclear 14.

Soaking a 1x1 cm? gold-coated silicon substrate, featuring
preferential Au(111) surface face orientation, for ca. 24 hours
in a CH,Cl, solution of 11 led to the formation of a self-
assembled monolayer (SAM) film of 11 (Figure 5a) with an
ellipsometrically determined film thickness of 2243 A. This value
compares well with the estimated thickness of 24 A expected
for a perfectly upright orientation of the molecules of 11 on the
gold surface.?”

The RAIR absorption profile of 11-Au is markedly different
from that of 11 in solution (Figure 5b,c). The vyc band attributed
to the free isocyanide terminus of 11 in solution phase
undergoes a 40 cm~! hypsochromic shift upon chemisorption of
11 on Au(111). This phenomenon arises from the RN=C:—Au
interaction strengthening the N=C bond and mirrors what has
been previously documented for the adsorption of many
isocyanoarenes on metallic gold surfaces,? including
isocyanoazulenes and the diisocyanobiazulene 1.17: 50 On the
contrary, there is a marginal change in the vyc value of the band
corresponding to the chromium-bound isocyanide group upon

Figure 5: (a) Self-assembly of 2-isocyanobiazulene 11 on Au(111) surface. (b) FTIR
spectrum of 11 in CH,Cl,. (c) RAIR spectrum of self-assembled monolayer film of 11 on
Au(111) (11-Au).

SAM formation (2137 vs. 2135 cm™?).

The RAIR spectrum of 11-Au lacks the intense v¢o band of E
symmetry observed in the solution phase because in the upright
coordination of 11, the cis-CO oscillators are positioned
approximately parallel to the metal surface and, therefore, are
forbidden by the surface IR selection rules.>! The nearly
complete vanishing of this vo(E) feature uncovers the veo(A,1?)
band which was obscured by the vco(E) band in the solution
spectrum. Moreover, both vco bands of A; symmetry, especially
A1 (Aveo(A4?) =30 cmt), are shifted to higher energies (Figure
5b,c), signifying a somewhat less pronounced Cr(dm)->CO(prt*)
interaction in the gold surface-bound 11. Thus, coordination of
11 to the gold surface exerts a measurable reduction in the net
o-donor/m-acceptor ratio of the diisocyanobiazulene linker with
respect to the Cr(CO)s moiety at a 2.1 nm distance from the
chromium center in this 2,2’-diisocyano-6,6’-biazulene-bridged
gold/chromium heterobimetallic system 11-Au.

Conclusions

In this work, we introduced an efficient synthetic strategy for
unsymmetric anchoring of a linear, centrosymmetric
diisocyano-6,6'-biazulenic m-linking scaffold. Even when
unsymmetrically terminated, the 6,6’-biazulenic moieties still
undergo a reversible one-step 2e” reduction governed by the
reduction potential compression/inversion phenomenon. The
reduction potential inversion in the electrochemical profile of
the 2,2’-diisocyano-6,6’-biazulenic nt-linker 1 was
unambiguously demonstrated by coordinating it to one or two
redox-active [Cr(CO)s] units, which served as quantitative
intramolecular internal references. The bathochromic shift in
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(a)
%o oc—d#20
P 5
oc—-cf~co oc”L
oc”¢ &
N EtO,C. CO,Et
EtO,C O CO,Et Au(111) z O z
O 1 CH,Cl, l 11-Au
Eo,C O ot EtO,C { 0,Et
N ¢
¢ |
Au (111)
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(b) A@ +E, veso (€) 2049
A3, vezo
1992
Vn=c
vn=c 2137
2175
2200 2100 2000 1900 2200 2100 2000 1900

Wavenumbers (cm™1)

Wavenumbers (cm-1)

the Cr(dm)—>diisocyanobiazulene(prt*) MLCT upon binucleation
of the mononuclear Cr(0) complex 11 to form the dinuclear
Cr(0) complex 12 suggests electronic communication across the
ca. 2 nm-long 2,2’-diisocyano-6,6’-biazulenic m-bridge. The
mononuclear and heptanuclear Cr(0) complexes 13 and 14,
each of which contains six biazulenic moieties, exhibit a
reversible 12e- ligand-based reduction capacity, with their
overall molecular redox capacities being 15e~ and 21le-,
respectively.

The Cy-symmetric [(-NC)Cr(CO)s] moiety served as a
powerful remote vco/vnc infrared reporter'? 13 to demonstrate
the terminal-upright coordination mode of the 2-isocyano-6,6’-
biazulenic scaffold upon forming its SAM film on metallic gold.
Moreover, our RAIR spectroscopic analysis of 11-Au revealed
long-distance (ca. 2 nm) electronic interaction between the gold
and chromium termini mediated by the 2,2’-diisocyano-6,6’-
biazulenic bridge.

Systematic spectroelectrochemical studies pertaining to
intermediates generated upon reductive titration of 13 and 14
are currently underway. In addition, the mononuclear and
heptanuclear Cr(0) complexes 13 and 14 constitute elementary
units in our future construction of 3D metal-organic frameworks
involving 6,6’-biazulenic mt-linkers.

Data Availability

Crystallographic data for 7 have been deposited as CCDC
2270007. Full experimental details and characterization data
are provided in the SI.*
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