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This review is focused on the emerging chemistry of nonbenzenoid aromatic isocyanides, a relatively
new family of aryl isocyanide molecules. Two types of systems are discussed: (1) isocyanoazulenes,
for which five archetypal isomeric structures may be envisioned, and (2) m-stabilized isocyanocy-
clopentadienides. So far, the latter are represented by isocyanoferrocene, 1,1’-diisocyanoferrocene, and
isocyanocymantrene. In addition, the synthesis and chemistry of the linear 2,6-diisocyanoazulene motif,
including regioselective installation and complexation of its -NC termini with controlled orientation of
the azulenic dipole, are described. Self-assembly of nonbenzenoid aryl isocyanides and diisocyanides on
gold(11 1) surfaces is reviewed as well.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Isocyanides or isonitriles, C=N—R, are highly reactive, albeit
isolable, substances that feature a terminal carbon atom carrying
a lone electron pair. This year marked the 150th anniversary since
unintended isolation of the first organic isocyanide by Lieke who
combined allyl bromide and silver cyanide to yield a liquid with
a remarkably repulsive odor [1]. Amid “complaints in the neigh-
borhood about the vile odor”, Leike abandoned his experiments
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with what he thought was allyl nitrile [1,2]. Nearly a decade later,
Gautier recognized that the disagreeably smelling compounds gen-
erated through alkylation of AgCN were not “nitriles” but rather
isomers thereof [2,3]. The pioneering contributions by Ugi in the
late 1950s-early 1960s provided a reasonably general synthetic
route to organic isocyanides that involved formylation of a primary
amine, RNH,, followed by dehydration of the resulting formamide,
RNHCHO [2]. This breakthrough dramatically expanded the pool of
documented synthetic isocyanides. Since 1950 [4], a large family of
naturally occurring isocyanides has been identified as well [5-7].
During the last 10 years, the commercial availability of iso-
cyanides increased from 12 to 23 compounds, in part, due to
growing demand for new substrates in isocyanide-based mul-
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Fig. 1. 3C NMR chemical shifts of the ligating CNXyl carbon atoms plotted vs. the
corresponding isocyanide C-N stretching force constants for a series of octahedral
tantalum(-I) complexes (the properties of free CNXyl are indicated by an open circle).
Adapted with permission from Ref. [22].

ticomponent reactions (MCRs) employed in combinatorial drug
discovery [8]. However, most of them are cost-prohibitive if
substantial quantities are desired. Of these 23, only 5 possess
aryl substituents attached to the isocyanide group. The limited
commercial accessibility of isocyanides is, undoubtedly, a conse-
quence of highly demanding restrictions on their handling and
storage. Many synthetic isocyanides are thermally unstable and
air-sensitive and those of relatively modest molecular weight are
extremely malodorous [2,9]. Aryl isocyanides that lack hydrocar-
bon substituents ortho to the isocyanide group are especially prone
to deterioration under ambient conditions [9] and often undergo
isomerization into the corresponding cyanides at temperatures
below 50°C[10].

The coordination and organometallic chemistry of isocyanides
has been at the forefront of numerous advances spanning (a)
organic and organometallic synthesis, (b) catalysis, (c) polymer,
surface, and materials sciences, as well as (d) diagnostic medicine. A
number of these topics have been reviewed [ 11-20]. As ligands, iso-
cyanides can offer a wide range of steric flexibility through varying
the substituent R [21]. In addition, some C=N—R ligands proved to
be quite versatile electronically by virtue of being compatible with
both relatively electron-poor and electron-rich transition metal
centers [22]. The latter fact is nicely illustrated in Fig. 1, which

Fig. 2. Hypothetical isocyanocyclopentadienide cation (I) and isocyanotropylium

cation (II).
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Fig. 3. The resonance structures of azulene and the numbering legend for its scaf-
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Fig. 4. Aromatic delocalization energies in kcal/mol [39].
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Fig.5. Schematic drawings of the Frontier molecular orbitals of azulene. The spheres
represent squares of atomic orbital coefficients. Reproduced with permission from
Ref. [42].
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Fig. 6. General strategies for functionalization of the azulene framework.

also reflects the author’s choice of “electron-rich/poor” rather than
“low/high-valent” terminology in referring to metal ions in this
context. Indeed, all complexes considered in Fig. 1 are formally
Ta(-I) species. Yet, the vibrational and 13C NMR signatures of their
2,6-xylyl isocyanide (CNXyl) ligands indicate that the isocyanides
function primarily as o-donors in cis-[Ta(CNXyl)4(NO),]*, while
serving as very strong m-acceptors in [Ta(CNXyl)s]~ [22].

In general, aryl isocyanides are better suited for accommodat-
ing electron-rich transition metals compared to alkyl isocyanides,
presumably, due to the possibility of partial delocalization of back-
donated electron density into the aromatic rings. As a matter of fact,
all six homoleptic isocyanometallates (i.e., complexes of metals in
sub-zero oxidation states containing only isocyanide ligands) iso-
lated thus far incorporate aryl substituents [22-26]. The “world’s
record” in this regard belongs to Ellis and Brennessel who have
recently reported on the isolation and X-ray structural characteri-
zation of [Fe(CNXyl)4]?~ featuring the metal center in the formal
oxidation state of -II [23]. The other structurally characterized
binary isocyanometallates include [Co(CNXyl)4 ]~ (the firstexample
of an isolated isocyanometallate described by Cooper and co-
workers) [24], [Mn(CNXyl)s]~ [25], and [M(CNXyl)s]~ (M =V, Nb,
Ta) [22,26]. Even though very thermally unstable [Ru(CNXyl)4]%~
and [Ru(CN‘Bu)4]2~ are not isolable, they were formulated as
isocyanideruthenates(-II) by Cooper et al. based on their reactivity
with electrophiles [27].

Until the turn of the 21st century, the structural and elec-
tronic diversity of aryl isocyanides had essentially been governed
by C-H substitution at a benzenoid aromatic ring. This review
focuses on the progress made by the author and his colleagues in
the synthesis, coordination and surface chemistry of nonbenzenoid
aromatic isocyanides, which may be formally regarded as deriva-
tives of presently unknown isocyanocyclopentadienide anion (I)
and isocyanotropylium cation (II) (Fig. 2). These include various iso-
cyanoazulenes, isocyanoferrocene, and isocyanocymantrene. For

CN'Az CN?Az CN*Az CNAz CNfAZ

Fig. 7. Five archetypal isocyanoazulenes CN*Az (Az = azulenyl, x indicates position
of substituent’s attachment to the azulene skeleton).
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the sake of complete review of the subject, the chemistry of
1,1’-diisocyanoferrocene, advanced by other researchers, is briefly
surveyed herein as well.

2. The azulenic framework

Azulene is a trivial name for the hydrocarbon bicy-
clo[5.3.0]decapentaene, C1gHg (Fig. 3). The physical and chemical
properties of this polar, nonbenzenoid aromatic species, which
are quite different from those of benzenoid aromatics, have been
taken advantage of in the development of numerous advanced

materials. A few representative examples include conducting poly-
mers [28,29], conducting charge-transfer adducts [30], nonlinear
optical chromophores [31-33], optoelectronic switches [34], liquid
crystals [35,36], and anion receptors [37,38].

The aromatic stabilization energy of azulene is one-seventh
that of its benzenoid isomer naphthalene (Fig. 4) [39] giving in a
rather small HOMO-LUMO (HOMO = Highest Occupied Molecular
Orbital, LUMO = Lowest Unoccupied Molecular Orbital) separation
for the former. The dark-blue color of azulene is a consequence
of the low electron-electron correlation energy associated with
the first excited state of this molecule, which corresponds to the
HOMO — LUMO transition [40-42]. Unlike naphthalene, azulene

c
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features uneven electron density distribution between the two
fused rings and its HOMO and LUMO are largely complementary in
terms of squares of the atomic orbital coefficients as schematically
illustrated in Fig. 5.

Derivatization of azulenes is often accompanied by spectacular
color changes because incorporation of an electron-withdrawing
substituent at an even-numbered carbon atom or an electron-
donating substituent at an odd-numbered carbon atom shrinks
the HOMO-LUMO gap of the system, whereas attachment of
an electron-donating group at an even-numbered carbon atom
or an electron-withdrawing group at an odd-numbered carbon
atom widens the HOMO-LUMO separation [40-42]. The general
strategies for functionalizing azulene shown in Fig. 6 are largely
consistent with the Frontier molecular orbital considerations for
the molecule. However, if a 2-substituted azulene is desired, the
appropriate substituent must usually be in place before assembling
the azulenic skeleton due to the remarkably unreactive C~-H bond at
the 2-position of the azulene scaffold. Very few ways of direct intro-
duction of a substituent at the 2-position of azulene are known. So
far, these are quite limited in scope and involve C-H bond activation
through either lithiation or Grignard chemistry [43-46].

According to the Cambridge Crystallographic Database, the
majority of azulene-containing organometallics exhibit 6, 1>, n*,
13, and/or m? interactions between the azulenic core and one
or more metal centers that are often difficult to predict a pri-
ori [33,47-49]. By embedding azulenic nuclei into polydentate
porphyrin ligands to give azuliporphyrins, Lash obtained elegant
structures featuring bonding of the metal center to only one car-
bon atom of the azulenic framework [50]. Prior to our recent work
reviewed herein, organometallic/coordination compounds with-
out direct bonding between a metal ion and the azulenic scaffold
had been scarce. With few exceptions [50,51], these involve robust
18-electron units containing metal ions “sandwiched” between 1°-
cyclopentadienyl and/or m*-cyclobutadienyl rings [33,52-54]. In
2003, we reported on the first use of isocyanide “alligator clips”
to electronically couple azulenes to a low-valent metal center [55].
Shortly thereafter, the complete class of isocyanoazulenes emerged
(Fig. 7) [42], which facilitated introduction of the azulenic scaf-
fold as a coordination building block in organometallic and surface
chemistry (vide infra).

3. Isocyanoazulenes and n®-bound
isocyanocyclopentadienides

3.1. Synthesis and properties

Schemes 1 and 2 summarize the syntheses of various iso-
cyanoazulenes from relatively readily accessible sources [42,56].
Notably, the intermediates 1-nitroazulene [57], 5-nitro-1,3-di-
tert-butylazulene [58], 6-aminoazulene [59,60], 6-amino-1,3-
diethoxycarbonylazulene [59], and 2-aminoazulene [61] were
previously described by others but all yields and conditions given in
Schemes 1 and 2 reflect the actual experience (including substantial
procedure modifications in a few cases) of the author’s laboratory.
As shown in Scheme 1, CN'Az, CN*Az, and CNPAz are easily syn-
thesized from azulene itself in 2-3 reasonably high-yielding steps.
The 1,3-'Bu,-substituted version of CN°Az can be obtained starting
from azulene as well. Since positions 1 and 3 of the azulene frame-
work are significantly more prone to an electrophilic attack than
positions 5 and 7 (Fig. 5), it is imperative to block the former before
the C-H bond at the 5-position can be activated.

The preparation of CN2Az (Scheme 2) is somewhat more labo-
rious because the 2-amino group in the starting azulene derivative
must be incorporated during the closure of the azulenic nucleus.
Fortunately, 2-amino-1,3-diethoxycarbonylazulene can be reliably

©<Nc AE* = 26.4 kcal/mol ©<CN
H H

Scheme 3.

produced on a large scale from 2-chlorotropone and ethyl cyanoac-
etate in the presence of NaOEt [62]. In addition to the “parent”
CN2Az, the 1,3-diethoxycarbonyl derivatives of both CN2Az and
CN6Az are accessible from this 2-aminoazulene.

The isocyanoazulenes shown in Schemes 1 and 2 can be readily
identified by their characteristic vcy band in IR (2108-2127 cm™1).
They are intensely colored, crystalline substances that have sur-
prisingly mild or even barely noticeable odor. With the exception
of archetypal 6-isocyanoazulene (which is isoelectronic with elu-
sive 6-azulenyldiazonium cation [59]), all of them are stable under
ambient conditions. While solutions of CN6Az can be handled
in air for hours at room temperature without detectable dete-
rioration, its shelf-life in the solid state greatly improves if the
compound is kept in an inert atmosphere below —20°C. Inter-
estingly, a-isocyanonaphthalene, the benzenoid isomer of the
“parent” isocyanoazulenes, was described as an air- and thermally
sensitive, dark-brown (possibly, due to oligomerization) liquid
with a pungent odor [63].

Isocyanoazulenes appear to be robust toward rearrangement
into the corresponding thermodynamically preferred cyanoazu-
lenes when subject to heating to at least 70 °C. This is particularly
remarkable in light of the facts that (a) aryl isocyanides typically
exhibit low barriers to isocyanide — cyanide isomerization [10] and
(b) isocyanocyclopolyenes, such as isocyanocyclopentadienes and
presently unknown isocyanocycloheptatrienes, were shown the-
oretically to have quite low barriers to rearrangement into their
cyanide isomers [64]. For example, the calculated barrier to the
isocyanocycloheptatriene — cyanocycloheptatriene isomerization,
shown in Scheme 3, is only about 26 kcal/mol, which implies that
this process would occur readily at room temperature [64]. Notably,
the formation of an inseparable mixture of isomeric 1-isocyano-
and 2-isocyanocyclopenta-1,3-dienes via photolytic degradation
of 6-azidofulvenes at —50°C was invariably accompanied by gen-
eration of considerable quantities of 1-cyanococlopenta-1,3-diene
[65].

The isocyanoazulenes described above constitute the only class
of nonbenzenoid organic isocyanides currently known. However,
the initial three reports on the first m>-stabilized isocyanocy-
clopentadienide, namely isocyanoferrocene, CNFc (Fc = ferrocenyl),
date back to the late 1980s [66-68]. The isolated complexes
of isocyanoferrocene included (CNFc)Fe(CO)4 and (CNFc)Cr(CO)s
[66-68]. Since then, the chemistry of CNFc remained dormant until
2002 [69]. The apparent lack of interest in this potentially redox-
active isocyanide was, undoubtedly, due to its tedious synthesis
that produced extremely unattractive yields of the compound.
Indeed, (a) the syntheses of aminoferrocene that had been avail-
able at the time provided 8-12% yields of HyNFc starting from
ferrocene; (b) formylation of this amine gave 28-46% yields of FCN-
HCHO depending on the method employed; and (c) dehydration of
the latter afforded “variable, nonreproducible (25-90%) yields” of
CNFc. This means that the overall yields of isocyanoferrocene start-
ing from the commercially available ferrocene were in the range of
0.6 and 5%!

Between 1999 and 2001, three improved syntheses of H,NFc
were published [70-72]. We had taken advantage of one of these
discoveries [70] and, in 2002, communicated a highly reproducible
preparation of peach-colored isocyanoferrocene, as summarized in
Scheme 4 [69]. The overall yield of CNFc based on the starting fer-
rocene was 38%, a factor of 8 improvement with respect to the
previous best case scenario. The synthesis of the H,NFc interme-
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diate included in Scheme 4 is essentially that of Bildstein et al. [70].
Notably, it is imperative to avoid using excess POCl3 to achieve
practically quantitative dehydration of FENHCHO to form CNFc [69].
When pure, isocyanoferrocene is reasonably air and thermally sta-
ble in the solid state.

Similar to those of ferrocene, derivatives of cymantrene,
CpMn(CO)3, are among the most widely used cyclopentadienyl
complexes of transition metals [73]. Thus, it was quite reason-
able to consider the synthesis of isocyanocymantrene, CNCm
(Cm=cymantrenyl (1°-CsH4)Mn(CO)3), in the quest to probe
variability of the transition metal fragment attached to the iso-
cyanocyclopentadienyl ring and its effect on the properties of the
m?°-stabilized isocyanocyclopentadienide ligand [74]. The challenge
of accessing aminocymantrene, which is the most obvious precur-
sor to CNCm, was remarkably reminiscent of the situation with
aminoferrocene: the only available preparation called for a labori-
ous six-step procedure (beginning with cymantrene) to afford only
11-26% yields of HyNCm [74,75].

Fortunately, we discovered a more practical route to aminocy-
mantrene, which involved reacting in situ generated lithiocy-
mantrene with tosyl azide followed by reduction of the resulting
azidocymantrene (no isolation necessary) with NaBH4 (Scheme 5)
[74]. This essentially “one-pot” approach gave a 70% yield of H,NCm
based on cymantrene. Formylation and dehydration of this amine
under standard conditions were uneventful and afforded CNCm in
good yield (Scheme 5). Isocyanocymantrene is a pungent, light and
thermally sensitive, tan-yellow solid which should be kept in the
dark, preferably at about —30°C, for long-term storage. Neverthe-
less, this m°-isocyanocyclopentadienide can be treated as air-stable
for practical purposes.

3.2. Homoleptic complexes

As shown in Scheme 6, the isocyanides CNFc, CNCm, CN*Az
(x=1, 2, 4, 6), 1,3-di-tert-butyl-5-isocyanoazulene, and 1,3-
diethoxycarbonyl-2-isocyanoazulene react smoothly with 1/6
equivalents of Cr(m®-C;gHg);, a labile source of atomic chromium
[76,77], to give low-spin d® octahedral complexes Cr(CNR)g (III)
(e.g., Fig. 8). For R=Fc, Cm, Az, 2Az, 4Az, and ®Az, the species III
were demonstrated to undergo oxidization with one equivalent of
AgX (X=BF,4, SbFg) to afford low-spin d°, 17-electron, paramag-
netic complexes [Cr(CNR)g]* (IV) with peg (25°C)=1.71-2.07 g
in the solid state [42,74]. Further oxidation of IV with AgX pro-
vided isolable, low-spin d4, 16-electron Cr(Il) complexes (V) in the
cases of R=Fc and Cm that have solid state pqs (25 °C) of 2.76 and
3.01 g, respectively (Scheme 6) [74].

[Cr(CNR)I*X" " p— [Cr(CNR)g]** X",
- = [BF, ", [SbF
v [BF4I", [SbFg] v
. !H\ o
K| G2
"
e =
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N ) av) P D 3 i @]
3 @)
N A S Sy
f » L7 N
iCr
Q o)\ S|
i &) . A . e
», G J A 7 “\|
o) @ o

Fig. 8. ORTEP diagram of Cr(CNCm)g [74].

Crystallographic characterization of the air-stable elec-
trochromic series [Cr(CNFc)g]®1*2* revealed that the Cr-C
bonds undergo elongation, while the C-NFc distances shorten
upon proceeding from [Cr(CNFc)s]® to [Cr(CNFc)]'* to
[Cr(CNFc)s]?* (Fig. 9). At the same time, the average C-N-C
angle within the isocyanide ligands widens upon succes-
sive oxidation of the Cr center. The structural trends akin
to those described above for the [Cr(CNFc)g]®1*2* set were
also observed for the systems [Cr(CNPh)g]%1*2* [78,79] and
[V(CNXyl)g]'—%1* [26] and are consistent with continuous weak-
ening of back-bonding that accompanies the M(0)— M(I) — M(II)
oxidations.

Z=0 Z=1+ Z=2+
cr-C, A 1.937(7) 1.972(13) 2.019(17)
C-NFc, A 1.178(5) 1.160(3) 1.150(5)
C-N-C, () 162(4) 171(4) 175(3)

Fig. 9. Trends in the average X-ray metric data for [Cr(CNFc)g [? [74].
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Fig.10. ORTEP diagram of [Cr(CNFc)s|*[V(CO)s]~. Hydrogen atoms are omitted [ 74].

The zero-valent compounds of the type III exhibit markedly
different reactivity toward hexacarbonyl vanadium(0), a mild 17-
electron oxidant, which allows probing the electron richness of the
“Cr(CN)g” core and qualitatively assessing the relative o-donor/-
acceptor strength of the isocyanide ligands. Among the examples
studied (Scheme 7), only Cr(CNFc)s and Cr(CN'Az)g effect the
complete formation of the corresponding charge-transfer salts
[Cr(CNR)s]*[V(CO)s]~ upon exposure to 1equiv. of V(CO)g, the
Cr(I)/V(-I) nature of which was unequivocally established by X-ray
crystallography (Figs. 10 and 11) [42,74]. A stronger oxidant (e.g.,

Fig. 11. ORTEP diagram of [Cr(CN'Az)s]*[V(CO)s]~. Hydrogen atoms are omitted
[42].

Ag") is required to irreversibly pull an electron from the electro-
neutral species Cr(CNCm)g and Cr(CN*Az)s (x=2, 4, 6) to afford
the corresponding Cr(I) complexes (Fig. 12) [42]. Based on the
reaction outcomes shown in Scheme 7, the following order of the
isocyanide o-donor/m-acceptor ratios [12] can be suggested: CNFc,
CN'Az<CN2Az<CNCm<CN4Az, CN6Az.

The above qualitative considerations are in full accord with the
more rigorous cyclic voltammetry studies summarized in Table 1.
The data in this table quantify the o-donor/m-acceptor strength
of the isocyanide ligands based on the half-wave potentials cor-
responding to the reversible (ic/iz ~1.0) consecutive oxidations
Cr(0) — Cr(I) and Cr(I) — Cr(II). Notably, Cr(CNFc)g can be reversibly
oxidized by up to 8-electrons on the electrochemical scale [74]. A
number of important conclusions can be drawn from the informa-
tion provided in Table 1.

(1) Contrary to the previous suggestions of electronic similarity
between the CNFc and CNMe ligands based on the electrochem-
istry of (OC)sCr(CNR) (R=Fc, Me) [67,68] and the essentially
identical Hammett constants for the ferrocenyl (o =—0.180)
and methyl (op = —0.180) substituents [84], the electronic prop-
erties of isocyanoferrocene as a ligand are actually much closer
to those of a typical aryl isocyanide rather than methyl iso-
cyanide. Indeed, the [Cr(CNMe)s]° — [Cr(CNMe)g]* process has
the predicted Eqj; value of —1.67V against Cp,Fe/Cp,Fe* in
CH,Cl, [85], nearly 0.7V lower compared to that documented
for the [Cr(CNFc)g]%* couple under the same conditions. Given
the relatively minor role of Cr(dm)— CNR(p7*) interaction in
(0C)5Cr(CNR) (R=Fc, Me) due to the presence of five car-
bonyl ligands, which are stronger m-acceptors than either CNFc

Fig. 12. From left to right: ORTEP diagrams of the cations [Cr(CN?Az)s]*, [Cr(CN4Az)s]*, and [Cr(CN®Az)s]*. Hydrogen atoms and the accompanying [BF4]~ or [SbFs]~

counter-ions are omitted for clarity [42].
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Table 1

Half-wave potentials for [Cr(CNR)s [7**! couples in CH,Cl/["BusN][PFs]. The Ej, values are given in volts vs. Cp,Fe/Cp;Fe*.

e

o )
weMn
e

Q Et0,C O£t
o O

Couple Substituent R
L nl
4 N =t &
T O & QU ©
[Cr(CNR)g%/1* -1.54 —0.98 -0.97 —0.87 —0.83
[Cr(CNR)g]1*/2* ~0.77 ~0.42 ~035 ~0.29 ~021
Reference [80] [42] [74] [42]

[81,82]

—0.69 -0.67 —0.53 -0.49 —0.44
-0.16 -0.14 —-0.04 —-0.03 +0.02
[42] [83] [74] [42] [42]

o-donor|m-acceptor ratio decreases —

or CNMe, the previously proposed electronic equivalence of
the CNFc and CNMe ligands should apply only to their donor
characteristics. Notably, our DFT analysis of isocyanoferrocene
indicated that its LUMO and LUMO + 2 are particularly suited for
delocalizing some of the back-donated electron density beyond
the —-NC unit [74].

(2) Isocyanocymantrene is clearly a significantly stronger -
acceptor than isocyanoferrocene as evidenced by the large
difference in the E;p values recorded for the [Cr(CNR)g]%/1*
(R=Fc, Cm) couples. Thus, the electronic characteristics of the
m?°-stabilized isocyanocyclopentadienide ligand, especially its
mr-acidity, can be tuned to a substantial extent by varying the
metal fragment bound to its ring.

(3) The o-donor/m-acceptor potential of the isocyanoazulene lig-
ands is a sensitive function of the atom of attachment of the
azulenyl moiety. The first oxidation potentials of the Cr(CN*Az)g
isomers (x=1, 2, 4, 6) span an interval of greater than half of
a volt. Also interesting is the observation that the Cr(0) cen-
ter in Cr(CN*Az)s and the Cr(I) ion in [Cr(CN'Az)s]* appear
to be practically identical in terms of their electron richness.
The isocyanoazulenes CN4Az and CN6Az exhibit the lowest
o-donor/m*-acceptor ratios of all currently known organic iso-
cyanides that feature a purely hydrocarbon substituent.

(4) The two series of the [Cr(CN*Az)g[##*! (x=1, 2, 4, 6; z=0, 1+)
redox potentials given in Table 1 serve as quantitative descrip-
tors of the electronic inhomogeneity of the azulenic scaffold.
Remarkably, the findings of this organometallic electrochem-
ical assessment correlate quite well with the trend in pK;'s
determined for the corresponding azuloic acids, *AzCO,H, only
three of which (x=1, 2, 6) are known thus far [86] (Fig. 13).

(5) The binary complexes Cr(CNR)s (R=2Az or 1,3-
diethoxycarbonyl-2-azulenyl) have almost the same redox
properties (Table 1), which implies nearly identical electronic
characteristics of their ligands. This is not exceptionally sur-
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Fig. 13. Correlations between E;, potentials for [Cr(CN*Az)sJ##* (x=1,2,6;2z=0, 1)
couples and pK, values for the corresponding azuloic acids, *AzCO,H (x=1, 2, 6).

prising given that the LUMO of azulene lacks contribution
from the carbon atoms at positions 1 and 3, while the carbon
atom at position 2 does not contribute to its HOMO (Fig. 5).
Thus, to a first approximation, neither r-acidic nor o-donor
properties of the CN2Az ligand should be significantly affected
by the 1,3-diester substitution of its azulenic scaffold. A similar
argument could, in principle, be made for the 1,3-diester
derivatization of CN6Az and the 2,6-diisocyanoazulene motif
(vide infra).

The octahedral, low-spin d°, paramagnetic complexes of general
formula IV are EPR-silent but exhibit well-resolved 'H, 13C, and
14N NMR spectra due to a very short electron-spin relaxation time,
Tie, ensured by their approximately degenerate 2T ground state.
Careful analysis of these NMR patterns provided important insight
into unpaired spin delocalization within complexes IV. For exam-
ple, in the case of [Cr(CN6Az)g]", relatively large magnitudes and
upfield direction of the 'H paramagnetic shifts (with respect to the
signals recorded for the free diamagnetic ligand CN®Az) observed
for the hydrogen atoms at positions 2, 5, and 7 of the Az groups
(Fig. 14) indicate presence of excess unpaired spin in the p-orbitals
of the corresponding carbon atoms (i.e., #2, 5, and 7). DFT consider-
ation of the nearly degenerate, ty¢-like set of the highest occupied
molecular orbitals for [Cr(CN6Az)g]* (Fig. 15, top) nicely supports
this conclusion and clearly shows that the excess unpaired spin
within the m-systems of the azulenyl substituents is, at least in part,
a consequence of Cr(dw)—CN6Az(pm*) back-bonding interactions
[42]. Such interactions within [Cr(CN®Az)g]* can also be illustrated
by invoking the classic model for M(dm)—L(pm*) delocalization as
illustrated in Fig. 15, bottom.

4. The 2,6-diisocyanoazulene linker: regioselective
installation and complexation of the -NC junctions

The azulenic motif occurs naturally as a defect in certain car-
bon nanotubes and is thought to be responsible for modulating
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Fig. 14. 'H NMR spectrum of [Cr(CN6Az)s][BF4] in CD,Cl, at 25°C. The insert is the
TH NMR pattern for free CN®Az in the same solvent. S=residual NMR solvent peak.
Adapted with permission from Ref. [42].
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Fig. 15. Top: the nearly degenerate, tys-like set of the highest occupied molecular
orbitals for [Cr(CN®Az)s]*, adapted with permission from Ref. [42]. Bottom: reso-
nance structures for the Cr(dm)—CNSAz(pm*) interactions within [Cr(CN6Az)s|*.

unusual electronic characteristics of these nanostructures [87]. It
has been theorized that a framework composed exclusively of car-
bon pentagons and heptagons could have metallic properties [88].
In 1998, architectures involving a discrete bridging 2,6-azulenic
moiety (Fig. 16) was predicted to have intriguing charge transport
properties [89]. If an organometallic approach toward experimen-
tal realization of such a system is considered, linking two metal
termini with the 2,6-azulenic motif directly as shown in Fig. 16
would present an immense synthetic challenge and would prob-
ably be impractical due to the likely instability of the resulting
species in ambient environment. Given the growing interest in

CO,Et CO,

metal atom 6
or surface

metal atom
or surface

Fig. 16. The hypothetical 2,6-azulenic linker.

linear aromatic diisocyanides as charge transport mediators for
potential nanotechnological applications and our ability to elec-
tronically couple the azulenic scaffold to an electron-rich metal
center by means of the isocyanide junction, we set out to synthesize
the 2,6-diisocyanoazulene motif [90].

Our five-step conversion of 2-amino-1,3-diethoxycarbony-
lazulene to 2,6-diisocyano-1,3-diethoxycarbonylazulene (5) in the
overall yield of 51% is shown Scheme 8. The critical steps include
(a) changing the electron donating 2-amino group of 1 into
the electron-withdrawing formamide (2) to activate the azulenic
nucleus toward nucleophilic attack at its 6-position by the azide
(2—3) and (b) employing a rather unorthodox reducing com-
bination FeCl3/Nal/MeCN to effect clean reduction of the azide
functionality in 3, which is accompanied by generation of the I,
by-product. The 2,6-diisocyanoazulene derivative 5 turned out to
be a remarkably air- and thermally stable substance and is storable
for many months in ambient conditions without noticeable decom-
position. The vy stretching frequencies for 5 are observed at 2116
and 2125 cm~! in CH,Cl,, which are essentially identical to those
documented for CN6Az and CN2Az, respectively.

Complexation of both isocyanide junctions of 5 occurred
nearly quantitatively upon treating this 2,6-azulenic linker with
2 equiv. M(CO)s(THF) (M=Cr, W) to give bimetallic adducts 6a/b
(Scheme 8). However, when only 0.5 equiv. of the “M(CO)s” syn-
thon was used (Scheme 9), two isomeric monometallic adducts

2Et CO,Et

Et CO.
89% 91% 92%
OQ NH, ——— > Br OQ NH, ———— > Br OQ NHCHO ———— N, OQ NHCHO
Br,, CHCI3, HC(O)OAc NaNj3, DMSO,
CO,Et 0°C 1 CO,Et 2 CO,Et 70°C 3 CO,Et
deep yellow orange red-orange yellow-orange
1. CH3CN, Nal
FeCly 3H,0 | 94%
2. HC(0)OAc
CO,Et CO,Et CO,Et
~94% 81%
(OC)sM—CENNEC—M(co)s - =N OQ N=C ~——02 OHCHNNHCHO
2 M(CO)s(THF) ex. POCl;,
CO.Et 5 CO,Et Pr,NH 4 CO,Et
M = Cr: 6a, violet lavender red-orange
M = W: 6b, dark-magenta
Scheme 8.
CO,Et
—> (OC);M—C=N OQ nEc—meo, M-8k _o70
o - ° M=w:6b
CO,Et
co, CO,Et
=Cr: 7a
_ 1.0.5 M(CO)s(THF) _ O __ M=cCn R =053
C=N N= » (OC) M—C=N—“—N=C ¢ =0.
2. SiO, column : Q M=W:7b
5 CO,Et in neat CH,Cl, CO,Et
CO,Et
— M=Cr: 8a
—> C=N O N=C—M(CO) R;=0.39
.‘ ° M=w:8b

CO,Et

Scheme 9.
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Fig. 18. ORTEP diagram of 9 [90].

7a/b and 8a/b were obtained that show complexation of either
of the inequivalent isocyanide termini of 5 (e.g., Fig. 17). For
M =Cr, compounds 6a, 7a, and 8a were produced in a statistical
ratio (i.e., no complexation regioselectivity was observed), whereas
minor preference for the complexation of the 2-isocyano end of
5 was noted for M=W. Remarkably, complexes 6a/b, 7a/b, and
8a/b were easily separable by column chromatography on silica
in neat dichloromethane and absolutely no scrambling of coordi-
nation (i.e., isomerization of 7 into 8, 8 into 7, or formation of 6) was
observed after refluxing THF solutions of the individual isomers 7
or 8 for 24 h.

Interestingly, when less than 1.0 equiv. of POCl3 was adminis-
tered drop-wise at 0°C to dehydrate bisformamide 4 (Scheme 10),
the essentially exclusive formation of 6-diisocyano-2-formamido-
1,3-diethoxycarbonylazulene (9) was documented. The solid state
conformation of 9 (Fig. 18) appears to be preserved in solution. The
intramolecular H-bonding interaction in 4, similar to that shown
for 9 in Fig. 18, may be responsible for locking the conformation
that obstructs access of the dehydrating agent to the 2-NHCHO
end of 4, thus resulting in significant suppression of the dehy-

NHCHO

EtO,C O COEt oo

NHCHO

EtO,C O CO,Et 70% - 95%
_—

NHCHO

Et0,C Q COEt g0

M.V. Barybin / Coordination Chemistry Reviews 254 (2010) 1240-1252

Fig.19. ORTEP diagram of 11a (top) and 11b (bottom). Hydrogen atoms are omitted
[90].

dration rate for the 2-NHCHO end of 4 compared to that for its
6-NHCHO end. The above behavior of 4 toward dehydration is con-
sistent with our observation that the dehydrations of $AzZNHCHO
and 2AzNHCHO proceed significantly faster compared to that of
1,3-diethoxycarbonyl-substituted 2AzZNHCHO [90].

The access to 6-isocyano-2-formamide 9 in high yield provided
a convenient route for efficient regioselective installation and com-
plexation of the isocyanide junctions of 5 as shown in Scheme 10
for the synthesis of the Cr/W heterobimetallic complex 11a. The
isomer of 11a with the interchanged Cr/W sites (11b) (Fig. 19) can
be prepared simply by reversing the order of addition of the two
M(CO)5(THF) reactants in Scheme 10. It is important to emphasize
that the scope of the above strategy for synthesizing heterobimetal-
lic adducts of 5 with controlled orientation of the azulenic dipole is
limited by the tolerance of mononuclear species akin to 10 toward
dehydration reaction conditions.

Despite the asymmetric nature of the 2,6-diisocyanoazulene
motif 5, the mononuclear isomers 7a and 8a exhibit the metal-to-
ligand charge-transfer (MLCT, L=5) transitions of virtually identical
energies. The same is true for the pair 7b/8b. Binucleation of the
mononuclear complexes of 5 (i.e., 7a or 8a— 6a; 7b or 8b — 6b)
results in large red shifts of these MLCT bands, which clearly implies
involvement of the entire 2,6-diisocyanoazulene unit (not just the
NC junctions) in the charge transfer. The data in Table 2 show that
the nonbenzenoid 7 system of 5 provides greater response in sens-
ing complexation of the second NC junction compared to that of the
analogous 1,4-diisocyanobenzene-bridged system [91] described
earlier by Bennett and co-workers.

Also noteworthy is the fact that the metal-to-diisocyanide
charge transfers for complexes 6-11 have remarkably low ener-
gies in context of the diisocyanoarene-bridged ensembles. For
instance, the Amax and vmax of this MLCT band for the binuclear
tungsten-diisocyanoazulene complex 6b in CH,Cl, are 515nm

NCW(CO)s

EtO,C Q COEt oo Et0,C O CO,Et

—_—
Q 1.0 eq. POCl, O Cr(CO)s(THF) Q POCIy, PryNH O W(CO)5(THF) Q
iPr,NH, 0 °C
NHCHO NCCr(CO)s NCCr(CO)s NCCr(CO)s
4 9 10 7a 11a

Scheme 10.
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Table 2
Red shifts (AEwcr, L=diisocyanoarene) occurring upon binucleation of 5 or 1,4-
diisocyanobenzene (DIB). Adapted with permission from Ref. [90].

Binucleation process AEwpicr, cm™!

7a/8a— 6a ~1650°
7b/8b — 6b 20422
(0C)sW(1'-DIB) - [(OC)s W]z (m':m' -DIB) 1221°
a Ref. [90].

b Ref. [91].

and 19,417 cm™!, respectively, whereas those for the analogous
diisocyanobenzene-linked species [(CO)sW],(pw-1,4-CNCgH4NC)
are 370nm and 27,027 cm™ 1.

Concurrently with the development of the 2,6-
diisocyanoazulene-bridged systems, we also engaged in
collaboration with the Chisholm group to consider carboxy-
late junctions for linking metal-metal quadruply bonded units
through the 2,6-azulenic framework (Fig. 20) [92]. From the
electron delocalization perspective, the mixed-valence ensembles
generated by one-electron oxidation of structures such as 12 in
Fig. 20 are more amenable to quantitative spectroscopic analy-
sis than the classic “t2g5—bridge—t2g5" systems due to relative
simplicity of the M(dd)— L(pw’) interaction vs. M(dm)— L(pm*)
back-bonding (the latter involves several d-orbitals of 7 symme-
try) [92]. For M=W, the strongly coupled (Class III), metal-based
radical-cation, 12b**, featuring a nearly 14A-long separation
between the M, termini was documented by the Chisholm and
Dalal groups through a comprehensive series of spectroscopic
and theoretical studies [92]. The unpaired electron is delo-
calized over all four W-atoms within 12b**, albeit unequally
because of asymmetry of the 2,6-azulenic bridge [92]. One-
electron reduction of complex 13 (Fig. 20), which involves a
W-W quadruply bonded fragment ligated by two mutually trans
2-azulenecarboxylate ligands, provided a complementary mixed-
valence scenario [93]. The thermally unstable, azulene-based
radical-anion 13~* exhibits strong coupling between the two azu-

S COM 97% & CONs o

Iée Fe

<= —Nco
o 4,110°C Fe
&> com ; f\lca?\lc')% CsHsN. 40°C X _c(oN, & &S —neo
- 3

tBu Bu

y ’
/

/o
0—M~-0 0—M~~0
— —)‘\FJ.Lo A e
o / o /
o o)
}’ M = Mo, 12a }
‘Bu Bu
M=W, 12b
ipr
ipr
Pr
o)
o—w2o
s o iy S
o)
ipr. 13
ipp

ipr

Fig. 20. 2,6-Azulene-dicarboxylate-bridged ensembles 12 (top) and their comple-
mentary system 13.

lenic 7 systems mediated by the ligand(p)-W5(dd)-ligand(pr)
interaction.

5. Diisocyanoferrocene and its coordination complexes

In 2001, Hessen and van Leusen described a reasonably con-
venient, multigram preparation of 1,1’-diisocyanoferrocene from
1,1’-diisocyanatoferrocene (Scheme 11) [71]. The diisocyanate pre-
cursor is easily accessible from 1,1’-ferrocenedicarboxylic acid
[94]. A more traditional route to 1,1’-diisocyanoferrocene would
have involved formylation of 1,1’-diaminoferrocene followed by

NHCHO NC
<= 50% =
—> | Fe —————> Fe

1HCou | 3 wworo | POC P Dy

Scheme 11.

q 4

Fig. 21. ORTEP diagram of a fragment of the one-dimensional polymer [(ClAu),(-1,1’-diisocyanoazulene)]., generated using the CIF file provided in Ref. [96]. Hydrogen
atoms are omitted.
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double dehydration of the corresponding diformamide but the
diamine had been an ill-defined substance at the time [71]. Since
then, a greatly improved synthesis and structural characteriza-
tion of 1,1’-diaminoferrocene was reported by Arnold et al. [95].
However, it remains to be seen whether the (still hypothetical)
formylation/dehydration route to 1,1’-diisocyanoferrocene from
1,1’-diaminoferrocene would be competitive with the above Hes-
sen’s synthesis of this nonbenzenoid diisocyanide.

The coordination chemistry of 1,1’-diisocyanoferrocene
debuted in 2005, when Siemeling et al. communicated on
the structurally characterized complexes [(OC)sCr]a(p-1,1-
diisocyanoferrocene) and (ClAu),(p-1,1’-diisocyanoferrocene)
[96]. The former exhibits a synclinal orientation of the
“(0C)sCr(NC)” moieties with respect to the 1,1’-ferrocene scaffold
while the latter features an eclipsed geometry of the isocyanocy-
clopentadienyl rings and constitutes an elegant one-dimensional
polymer, in which the monomeric units are held together by
means of aurophilic interactions (Fig. 21) [96,97]. The motif shown
in Fig. 21 may serve as an attractive initial experimental model for
understanding adsorption of 1,1’-diisocyanoferrocene on metallic
gold surfaces [96,98].

Other complexes of 1,1’-diisocyanoferrocene described by

Siemeling et al. include [Ag,(p-1,1-diisocyanoferrocene)]
[NO3],-H,0 [98] as well as several of its adducts with
dinuclear gold(I) acetylides [{Au(C=C—para-CgH4R)}2(-1,1'-

diisocyanoferrocene)] (R=H, NMe,, OMe) [97]. Surprisingly, the
reaction between 1,1’-diisocyanoferrocene and [Au(C=CFc)],
led to a highly wunusual, and certainly unexpected,
hexanuclear gold ensemble [(n°-FcC=C—Au—C=N—CsH,)Fe(n’-
CsH4—N=C{Au}—C=CFc)]3 (Fig. 22) in a 72% yield [99].
Because the chemically identical isocyanide groups of the 1,1~
diisocyanoferrocene ligand underwent two drastically different
types of reactions to form the Aug cluster (a simple coordination
to a gold atom vs. an insertion of the isocyanide carbon atom into
a gold-acetylide bond), Siemeling et al. provocatively termed this
inexplicable and unprecedented reactivity as “schizoid” in the title
of the their original communication [99].

6. Self-assembled monolayers (SAMs) of nonbenzenoid
aromatic isocyanides on gold(11 1) surfaces

Exposure of freshly prepared gold films to CH,Cl, solutions
of various derivatives of isocyanoazulenes and diisocyanoazulene
shown in Fig. 23 affords well-defined, self-assembled monolay-
ers of these nonbenzenoid aryl isocyanides. The SAMs invariably
exhibit upright m! coordination of the isocyanoazulene molecules
to the gold(1 1 1) surface through their terminal isocyanide carbon
atom, as established by grazing incidence reflection absorption FTIR
and optical ellipsometry for each of the cases depicted in Fig. 23
[56]. For example, Fig. 24 illustrates FTIR changes in the vcy and veo
stretching regions that occur upon chemisorption of compound 8a
(Fig. 17) from its CH,Cl; solution to the Au(1 1 1) surface.
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of
FcC=C—Au—C=N—CsHy4)Fe(°®-CsHs—N=C{Au}—C=CFc)|;
the CIF file provided in Ref. [98]. Hydrogen atoms are omitted.

22. ORTEP the [(m?-

using

Fig. diagram hexanuclear gold cluster

generated

The solution FTIR spectrum of 8a features vcy bands at 2115
and 2135cm!, which correspond to stretching vibrations of the
“free” 6-isocyano substituent and the 2-isocyano group coordi-
nated to the Cr center, respectively (Fig. 24, top). The intense bands
at 2043cm~! (A;) and 1962cm~"! (E) are due to v vibrations of
the [Cr(CO)s] unit [90]. Upon adsorption to the Au surface, the peak
at 2115cm! is completely replaced by a new band at 2174cm™!
(Fig. 24, bottom). Since the terminal carbon atom’s lone pair is
somewhat antibonding with respect to the C=N bond [12], the
isocyanide binding to the Au(11 1) surface in the upright n! fash-
ion is accompanied by the shift of vcy to a higher frequency. The
changes in relative intensities of the vcg bands for 8a that occur
upon the SAM formation are also indicative of a roughly perpen-
dicular orientation of the molecules of 8a to the metal surface
[56]. In addition, the ellipsometric thickness of 18(2) A measured
for this monolayer is in full accord with the expected thickness
of 17 A, if the upright m! coordination of 8a to the gold surface is
assumed.

Interestingly, comparison of the solution and surface FTIR spec-
tra for the 2,6-diisocyanoazulene 5 with the corresponding patterns
for 2-isocyano-1,3-diethoxycarbonylazulene and 6-isocyano-1,3-
diethoxycarbonylazulene indicates that 5 undergoes preferred, if
not exclusive, binding to the gold surface via its 2-NC terminus (i.e.,
as drawn in Fig. 23). This is consistent with the 2-isocyano end of 5
being a somewhat stronger net electron donor than its 6-isocyano

H {I:r(CO)s Cl:r(CO)s
|
O EtO,C 0 CO,Et
COZEt
N i N o
C Cc

-0
—O0

Fig. 23. The family of various 2- and 6-isocyanoazulenes, for which SAMs featuring upright ' coordination of the aryl isocyanide molecules to the gold(1 1 1) surface have

been formed [56].
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Fig. 24. FTIR spectra of compound 8a (see Fig. 17) in a dichloromethane solution
(top) and adsorbed to the gold surface (bottom) [56].

end, as suggested by the IR and 13C NMR characteristics of 5-11
[90] and the redox properties of Cr(CN*Az)g (x=2, 6) [42].

The experimental accessibility of isocyanoazulenic SAMs
already stimulated theoretical studies of such ensembles. The first
computational (DFT and Molecular Dynamics) report in this regard
addressed self-assembly of CN2Az and its 1,3-diethoxycarbonyl-
substituted derivative on Au(111) and concluded that these
isocyanoazulenes could form ordered face-to-edge SAMs with ver-
tical orientation of the adsorbed molecules with respect to the gold
surface [100].

All of the isocyanoazulenic SAMs, schematically represented
in Fig. 23, were prepared in air atmosphere and most did not
deteriorate significantly following their storage without protec-
tion from air for at least a few weeks. In contrast, typical SAMs
of aryl isocyanides on Au(111) should be prepared and stored
under an inert atmosphere as they readily undergo decom-
position via gold-promoted oxidation [101] of the isocyanide
junctions to form isocyanates (R—N=C=O0), if exposed to air
[102,103]. Arecently encountered exception involves adsorption of
8,16,24,32-tetraisocyano|2.2.2.2metacyclophane to the Au(111)
surface [104]. We have demonstrated that these films exhibit
enhanced kinetic stability toward oxidation because they essen-
tially feature four chemisorbed isocyanoarene moieties linked
together through the aryl substituents [104].

Recently, Siemeling and co-workers described the formation
and thorough characterization of well-ordered SAMs of 1,1'-
diisocyanoferrocene on gold(11 1) [96,98]. Both isocyanide groups

of this molecule undergo upright ! coordination to the gold sur-
face, upon which the vcy band shifts from 2118 cm~! for the free
diisocyanide to 2181 cm~! for the bidentate adsorbate. The dipodal
mode of adsorption of the 1,1’-diisocyanoferrocene framework was
also confirmed by X-ray photoelectron spectroscopy (XPS), which
revealed only one N 1s emission [98]. The average tilt of the iso-
cyanide group with respect to the gold surface was determined to
be about 36° by means of near-edge X-ray absorption fine structure
spectroscopy (NEXAFS).

7. Concluding remarks

The isocyanoazulene chemistry reviewed herein should greatly
facilitate capitalizing on the unusual physicochemical characteris-
tics of the azulenic framework in new coordination, organometallic,
and surface settings. Isocyanoazulenes, such as CN2Az and CN*Az,
proved to be stronger net electron acceptors as compared to con-
ventional benzenoid aryl isocyanides, so their availability may
be instrumental for accessing new stable isocyanometallates,
which would further narrow the fundamental gap between carbon
monoxide and organic isocyanides at the electron-rich extreme of
the chemistries of these ligands. The 2,6-diisocyanoazulene motif
appears to be an attractive platform for fabricating new types
of azulene-based nanoarchitectures for their ultimate inclusion
in molecular charge transport devices. The properties of m°-
isocyanocyclopentadienides can be tuned to a substantial degree
by changing the metal fragment bound to the five-membered
aromatic ring. The potential redox addressability of the isocyano-
ferrocene and 1,1’-diisocyanoferrocene moieties in both molecular
and surface applications is intriguing. In addition, planar-chiral
functionalization of the m?°-stabilized isocyanocyclopentadienide
ligands may be envisioned [105].
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