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Abstract: Synthesis of the remarkably air- and thermally stable 2,6-diisocyano-1,3-diethoxycarbonylazulene
linker from 2-amino-1,3-diethoxycarbonylazulene in 57% cumulative yield was developed. Incorporation of
the ester “arms” in the design of this first diisocyanoazulene bridge permitted fully controlled stepwise
installation and complexation of its isocyano junction groups. The —CO.Et arms in 2,6-diformamido-1,3-
diethoxycarbonylazulene effectively suppress the rate of dehydration of its 2-NHCHO end relative to that
of the 6-NHCHO end leading to practically exclusive formation of 6-isocyano-2-formamido-1,3-diethoxy-
carbonylazulene upon treatment of the above diformamide with an equimolar amount of POCI;. This
crystallographically characterized 6-isocyano-2-formamidoazulene derivative was employed to access mono-
and heterobimetallic complexes of the 2,6-diisocyanoazulene scaffold with controlled orientation of the
azulenic dipole. A complete series of monometallic, homobimetallic, and isomeric heterobimetallic ((M] =
M(CO)s, M = Cr and/or W) complexes of the 2,6-diisocyanoazulene motif was isolated and studied by a
variety of techniques, including X-ray crystallography. The metal-to-bridge charge transfer in mono- and
dinuclear adducts of 2,6-diisocyanoazulene, the assignment of which was corroborated by time-dependent
density functional theory calculations, occurs at a dramatically lower energy as compared to the analogous
systems featuring the 1,4-diisocyanobenzene scaffold. Moreover, the metal-to-diisocyanide charge transfer
exhibits a substantially greater red shift upon binucleation of the mononuclear [M(CO)s] adducts of the
nonbenzenoid 2,6-diisocyanoazulene linker versus the 1,4-diisocyanobenzene bridge.

Introduction

Azulene (bicyclo[5.3.0]decapentaene, Figure 1a) is an azure-
blue, polar pe = 1.08 D'), nonbenzenoid hydrocarbon with the
aromatic delocalization energy ca. 5 times lower than that of
benzené. Being markedly different from those of benzenoid
aromatics, the physicochemical characteristics of this highly scaffold has rarely been employed in the design of functional
polarizable “molecular diode” have been used in developing organometallic systen¥s,and its use as a supramolecular
novel advanced organic materials, including nonlinear chro- building block in coordination chemistry is virtually unexplored.
mophores, conducting polymer$, optoelectronic molecular ~ Despite intriguing theoretical studies on 2,6-azulene-bridged
switches? liquid crystals® anion receptors/sensorand highly reservoirs?® experimental realization of such frameworks is

Figure 1. (a) The resonance form of azulene emphasizing its polar nature;
(b) hitherto unknown bridging 2,6-diisocyanoazulene motif.

conductive charge-transfer comple®gdowever, the azulenic
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well as a limited availability of 2,6-functionalized azulenes. Very
recently, Chisholm, Dalal, Barybin, and co-workers have shown
that thesr*-system of 2,6-azulenedicarboxylate is exceptionally
efficient in mediating long-range electronic coupling of metal
metal quadruple bonds.

Aromatic diisocyanides (e.g., 1,4-CNCgH;,—NC) continue
to be the subject of intense investigations as building blocks in
coordinatioA* and surfacE215chemistry and as charge-transport
mediators® for possible applications in nanotechnology. 1,4-
Diisocyanobenzene, diisocyanodurene (1,4-@¥yMe;—NC),
1,4-diisocyanonaphthalene, 9,10-diisocyanoanthracene, dnd 4,4
diisocyanobiphenyl are by far the most studied aryl diisocy-
anides in this regar: 16 Aryl diisocyanides exhibit lower
barriers to conduction as compared to the aryl dithiol congeners
thereof, and the lowest barriers to electron transfer appear to
occur in the systems where M¢Jl— bridge(pr*) interaction
can take place (e.g., M Pd).15¢16cwith the exception of 1,1
diisocyanoferrocen¥, all aromatic diisocyanides currently
known possess benzenaidsystems.

Given the unusual nature of the nonbenzenoid azulenic
scaffold® we have initiated systematic studies of the rigid linear
2,6-diisocyanoazulene motif (Figure 1b) as an alternative to the
customarily employed 1,4-diisocyanobenzene-based lirik&.
The asymmetric nature of this hitherto unknown bridge poses
a considerable synthetic challenge when B[M'] in Figure
1b, if controlled orientation of the azulenic dipole is desired.

Recently, we have described all five possible |socyanoazulenes

and shown that up to six azulenyl groups can be electronically
coupled to a low-valent metal center via isocyano litkderein,

we report on the synthesis of the first 2,6-diisocyanoazulene
bridge and demonstrate a conceptually new, highly regioselec-
tive strategy for stepwise installation and complexation of its
NC junction groups.
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Scheme 1. Synthesis of the 2,6-Diisocyanoazulene Derivative 62
NH, NHCHO NHCHO NHCHO NC

Tafafafals
% 91%
1 89% 5

92% 94% 81%
E=COEt

NHCHO
a(i) Br,, 0 °C; (i) HC(O)OAc, RT; (iii) NaNs, 70 °C; (iv) FeCl/Nal/

MeCN, then HC(O)OAc, RT; (v) ex. POGIRT.
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Table 1. IR and 13C NMR Signatures of Isocyano Groups in
6—122
O(13CN), ppm® vy, CMTLe
6-CN—Cy0H4—1,3-(CQEt)H 168.1 2115
2-CN—CygH4—1,3-(CQEt)d 1775 2127
6 170.1,179.9 2116,2125
7a 181.5,185.8 2123,2135
7b 161.1,165.9 2123,2136
8a 169.7,186.6 2115,2135
8b 169.9, 165.9 2112135
9a 182.0,179.3 2125,2125
9b 161.4,179.5 2124,2124
10 167.7 2116
11 178.3 2125
12a 181.8,165.8 2123,2135
12b 160.8,186.0 2125,2133

2 Plain and italicized entries refer to 6-isocyano and 2-isocyano groups,
respectively? In CDCl. € In CH,Cl,. 9 Reference 23.

Results and Discussion

Synthesis of the 2,6-Diisocyanoazulene FrameworKhe
synthesis of a 1,3-substituted 2,6-diisocyanoazulene from
2-amino-1,3-diethoxycarbonylazulerig,in a 57% cumulative
yield is summarized in Scheme 1. After bromination bf
exclusively at position 82 the azulenic moiety was activated
toward nucleophilic substitution by converting ami@i@nto
formamide3. Treatment oB with NaN; gave azidel. Notably,
attempts to install the 6-azido group by combini@gwith
sodium azide invariably led to recovery of the starting materials.
The above lack of reactivity & toward Ny~ may be explained
by the electron-donating nature of the 2-amino group, ivhich
inhibits nucleophilic substitution of the 6-Br substituent. Among
many reductants considered, only the unusual systemsfFeCl
Nal/MeCN! effected clean reduction of the azido functionality
of 4. Without isolation, the reduction product was formylated
to provide diformamidé&, double dehydration of which afforded
diisocyanide6 as lavender leaflets.

Unlike many benzenoid aryl isocyanid®s; is remarkably
air- and thermally stable and can be stored in air at ambient
temperature for months without detectable deterioration. The
ven andd(*3CN) characteristics of the 2- and 6-isocyano groups
in 6 nicely parallel those recorded for theNC substituents in
the corresponding monoisocyano-1,3-diethoxycarbonylazu-
leneZ® (Table 1). Thé3C NMR resonance for the 6@lterminal
carbon atom ir6 is 10 ppm shielded compared to that observed
for the 2-NC carbon. Also, the stretching frequency of the 6-NC
group in6 is 9 cnT?! lower than that of the 2-NC oscillator.
These differences suggest a slightly reduceeNCbond order
within the 6-NC group relative to the 2-NC group @ For

(20) Nozoe, T.; Seto, H.; Matsumura, S. Patent JP 34002977, 1959.
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Ruechardt, CJ. Org. Chem1987, 52, 648-652.
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CO,Et CO,Et Table 2. *3C NMR Signatures of Carbonyl Ligands in 7, 8, 9, 11,
- 4+ + and 122
:C=N OQ NC «C=N C@ NC d(trans-*CO), ppm?® d(cis-*CO), ppm¢
7a 215.4,216.5 213.8,214.5
COEt COzEt 7b 195.0.196.2 193.4.194.0
Figure 2. Interaction of the 6-NC substituent @with the azulenic moiety. 8a 216.3 214.4
8b 196.1 194.0
aryl isocyanides, interaction of theNC substituent with the 9a 215.3 214.1
aromatic ring can be described in resonance terms by the ?ga éigg 1962 211%3;1940
- B=Nt=Ar-— — 22a,24 -9,190. -0,194.
structure: GNT=Ar— (Ar = aryl).?2224 For 6, such an 126 195.1216.4 193.4.214.4

interaction would be somewhat more favorable in the case of
the 6-NC end because disruption of aromaticity of the azulenic
nucleus would be partially compensated by aromatization of
the five-membered ring, as illustrated in Figure 2. In addition,
o inductive influence of the azulenic dipole should also
contribute to slight weakening of the 6=fC bond relative to
the 2-N=C bond in6.

The electronic absorption spectrum@®fn CH,ClI, exhibits
a broad band (Figure S1) in the visible region withx ~ 535
nm (€ = 765 Mt cm™Y). This transition corresponds to the
HOMO — LUMO (HOMO = Highest Occupied Molecular
Orbital, LUMO = Lowest Unoccupied Molecular Orbital)
excitation of6, which for unsubstituted azulene occursiatx
= 576 nm {A — L) in the same solvent. The hypsochromic
(blue) shift of this band fob relative to azulene is primarily a
consequence of inductive stabilization of the HOMO due to the
presence of the electron-withdrawing ester groups at the odd
(1 and 3) sites of the azulenic nucléds?>As we have recently
shown both experimentally and theoretically, the effects of the
isocyano substituents at positions 2 and 6 on the HGMO
LUMO gap of azulene are relatively small and have mutually
opposite signs, thereby partially canceling each otffer.

Monometallic and Homobimetallic Complexation of 6.
Addition of 2 equiv of in situgeneratetf Cr(CO)(THF) or
W(CO)(THF) to 6 yielded its binuclear adductga or 7b,
respectively, in nearly quantitative yields. Since the lone pair
of the terminal carbon atom of an isocyanide ligand is somewhat
antibonding in the &N region, the difference betweery
values for the free and complexed isocyanides may be positive
or negative depending on the relative contributions of RIC(
— M and M(dr) — CNR(pt*) interactions to the synergistic
character of the MCNR bond?* The G-N stretching frequen-
cies for both isocyano groups thundergo ca. 10 cnd shifts
to higher energy upon binding to the zero-valent M(E€QJ
= Cr or W) units, therefore, indicating dominant (but not
exclusive) influence of the RNG] — M interaction onvcy
observed for7alb (Table 1). In contrast, thecy value for
[Cr(CO)X]2(u-CNfcNC) (CNfcNC= 1,1-diisocyanoferrocene),
the only other [Cr(CQJ,(u-diisocyanide) species report&d,
is 24 cnt! greater than that for free CNfcNC, which suggests
lower o-donorft-acceptor ratiét of 6 as a ligand compared to
that of CNfcNC.

E E
(OC)sMCNmNCM(CO)s cn{‘:):}kucmcm5 (OC)sMCN
E

M =Cr:7a
M=W:7b

E

O

m

E
Cr:
W: 8

M
M

Upon going from7a to 7b, there is a 20 ppm increase in
shielding ofd(13C) for all carbon atoms within the [(OE)(CN)]
units (Tables 1 and 2). This phenomenon, known as the “metal
triad 13C shielding trend”, is due in part to the increase in the

2302 J. AM. CHEM. SOC. = VOL. 128, NO. 7, 2006

2Plain and italicized entries refer to the M(GQlnits attached to
6-isocyano and 2-isocyano groups, respectiveO trans to the isocyanide
ligand.¢ CO's cis to the isocyanide ligand.

diamagnetic shielding term of the ligand®®C chemical shift
with increasing size of the met&l2 The 10 ppm difference
between the}(*3C) values for the two isocyano carbon atoms
in 6 shrinks by a factor of 2 upon dinuclear complexatioréof
to give7aor 7b (Table 1). This can be traced to slightly stronger
s-acceptor and/or weakerdonor character of the 6-NC end
of the bridge as compared to its 2-NC end. The marginally
greatemetdonor ability of the 2-NC end o6 is also reflected

by the fact that, for botffa and7b, the 1C resonances for the
“M(CO)s" unit attached to the 2-NC junction are slightly
deshielded (stronger Mfd — CO(pr*) back-bondingj”P-cwith
respect to the corresponding resonances for the “M{CO)
fragment bound to the 6-NC group (Table 2). The ab&@
NMR observations are in accord with our quantitative electro-
chemical demonstration of somewhat higher donor/acceptor ratio
of 2-isocyanoazulene than that of 6-isocyanoazuléne.

Treatment of6 with 1/2 equiv of Cr(CO)(THF) produced
(along with unconsume@) violet 7a (R = 0.79) and two blood
red mononuclear complex8a (R = 0.53) andda (R = 0.39),
all of which were easily separated by flash chromatography on
SiO; using neat ChHCl,. The chromium complexega, 8a, and
9a formed in a 1:2:2 ratio, indicating complete lack of
regioselectivity of complexation. However, when a solution of
1/2 equiv of W(COJ(THF) had been slowly combined with
that of 6, magenta-colored dinuclearb and orangered
mononuclear8b and 9b were obtained reproducibly in a
surprising 1:2:1 ratio. This suggests preference, albeit mediocre,
in complexation of the apparently more hindered 2-isocyano
end of6, which has a marginally strongeetdonor character.
For either Cr or W systems, no isomerization®fnto 9 or
vice versa was detected even upon prolongetday) refluxing
of the individual isomers in THF, a fact consistent with kinetic
control of the interaction of the diisocyanoazulene with
M(CO)s(THF).

Given that mononuclear chromium complexgs and 9a
constitute hybrids 06 and7a, differentiation between isomers
8a and 9a based on theiwvcy and 6(*3CN) values proved
straightforward (Table 1) and was further confirmed via
crystallographic characterization &, as well as an independent

(24) Treichel, P. MAdv. Organomet. Chenil973 11, 21-86.

(25) Shevyakov, S. V.; Li, H.; Muthyala, R.; Asato, A. E.; Croney, J. C.;
Jameson, D. M.; Liu, R. S. Hl. Phys. Chem. 2003 107, 3295-3299.

(26) Herrmann, W. A.; Zybill, C. IrSynthetic Methods of Organometallic and
Inorganic Chemistry (Herrmann/BraugrHerrmann, W. A., Salzer, A,,
Eds.; Thieme: Stuttgart, 1996; Vol. 1, pp 11719.

(27) (a) Cronin, D. L.; Wilkinson, J. R.; Todd, L. J. Magn. Resorl975 17,
353-361. (b) Drago, R. SPhysical Methods in ChemistnSurfside
Scientific Publishers: Gainesville, FL, 1992; Chapter 8, p 323. (c) Gansow,
O. A.; Kimura, B. Y.; Dobson, G. R.; Brown, R. Al. Am. Chem. Soc.
1971, 93, 5922-5924.
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Scheme 2. Controlled Mono- and Heterobimetallic Complexation OHC—NHR bond?? the 'H and 13C NMR spectra of10 in
of 6 CDCI, or CDCk feature only one set of resonances. The very

H g H E small3Jyy coupling constant<2 Hz) observed for the forma-
o\é N ;° o W o NCW(CO)s mido moiety of10is consistent witttis disposition of the &-H
5 O, g i, EtO/C\gEﬂ’ 9%a v YT and N-H bonds (henceransorientation of the &0 and N-H

bonds) with respect to the partially double OHSHR bond
E =-CO4Et :‘g :‘1°°’(°°)5 NCCr(CO); (Scheme 2). This is the thermodynamically preferred geometry
_ o o 122 of a formamide®® Notably, the NH group ofl0 appears to be
(iviw(lc'g)‘:?#"’;)’fg?q' 0°C; (i) Cr(CO}(THF), RT: (iii) POCE, RT, involved in a hydrogen bonding interaction, most likely in-
T tramolecularly with an ester carbonyl, as evidenced by the broad
vnn band at 3286 cmt in CH,Cl,. In contrast, the/yy bands
recorded for 2-formamidoazulene are sharp and occur at 3418
and 3383 cm’ in the same solverif2 Favorability of internal

synthesis oPa (vide infra). The tungsten speci&p, 8b, and
9b have physical (e.gR;, melting point) andvcy properties

very similar to those of the corresponding chromium congeners.h q bonding iri0 b buted 1o lack of ional
The ester “arms” in the structure 6fensure good solubility of ydrogen bonding Iri0 can be attributed to lack of torsiona

its dinuclear adductg in common polar organic solvents. On strain upon closing the H-bonded six-membered ring and low

the contrary, [(OG)W]x(u-1,4-CNGHJNC) is practically in- entropic barrigr .t.o the internal H-bond formatigh. .
soluble in such medi# The air and thermal stability of aH, The accessibility ofL0 allowed us to prepare monometallic
8, and9, as well as their excellent tolerability of chromato- and heterobimetallic adducts 6fin fully controlled fashion
graphic silica, are remarkable. Notably, the benzenoid analogues?ccording to Scheme 2. Complexation of the isocyano end of
[(OC)sCrl(1,4-CNGMesNC) (x = 1 or 2) of 7a and 8a/9a 10 with thg Cr(COy fragment foI_Iowed b)_/ dehydration of the
proved moderately air-sensitive (especially in solution) and 2-formamido group in the resulting spectebafforded mono-
decomposed extensively upon exposure to silica or neutral Nuclear comple®ain ca. 80% cumulative isolated yield. Similar
alumina2® to 10, formamidell exists as a single conformational isomer
Regiospecific Monometallic and Heterobimetallic Com- in CHCl> or CHCl solutions (Figures S2 and S3). Treatment
plexation of 6. If applied to the 2,6-diisocyanoazulene motif, of 9awith 1 equiv of W(CO}(THF) provided Cr,W-heterobi-

the conventional approach for heterobimetallic complexation of metallic Compl_ex12a The isomer ofi2a that features inter-
diisocyanides via mononuclear intermediétesould (1) require changgd .pozng) ns O.f tr?.e cr ar(;(.j.W cgpters d(qom.polsm?
using an excess of the valuable azulenic linker and (2) be was of tained by switc Ing con |t|o_ns (i) and (iv) in Scheme
compromised by the asymmetric nature of the azulenic moiety. 2. While 12a and 12b exhibit superimposabléH NMR and

Thus, developing a strategy foontrolled stepwiseomplexation ETIR C??r:aegtﬂ'étlcs’l theyf catl;] pe _eaS|Iy dls.tmgltj.'Shed on the
of the 2,6-diisocyanoazulene building block constitutes an asis o (*°C) values for their isocyano junction groups,

important synthetic challenge. given that these isomers constitute hybrids of homobimetallic

. . . 7aand7b (Table 1).
Incorporation of two ester arms into the design of the 2,6- . . .
- . - . X-ray Crystallographic Studies. The single-crystal X-ray
diisocyanoazulene linker stemmed, in part, from our earlier

serendipitous discovery that dehydration of 2- or 6-formami- an_aIyS|s of7a (Flg_u re 3 top) revealf_ed that its [(O4Or(CN)]
. units have essentially identical metric parameters (Table 3) and
doazulenes had occurred much faster than that of 2-formamido- : -
. 29 o . feature the CrC distances that are statistically shorter (by at
1,3-diethoxycarbonylazulerd&2° Gratifyingly, when 1.0 equiv least 100) than the corresponding bonds within [Cr(GDl
of POCE had been slowly added to diformami8iéen CH,Cl, P g

l4a icti i _ i _ -
at 0°C, 2-formamido-6-isocyanoazulent0j was produced in CNICNC).* Thus, the synergistic (i.e g-bondingf-back

. . Lo bonding) CrC interactions in7a are stronger than those in
70% vyield, which approached quantitative if corrected for i . .
unconsumed (Scheme 2§! Remarkably, only a nonisolable [Cr(CO)]o(u-CNFENC). Coupled with the analysis ok for

- . ; . 6, CNfcNC, and the bis-[Cr(CG@)adducts thereof (vide supra),
trace of diisocyanideés was observed in the above reaction . - . . )
. . . . this reflects superiorr-accepting capability 06 with respect
mixture by TLC, and no 6-formamido-2-isocyano isomeof "¢ ot cNfeNC. The crystal structures T (Figure 3),12
was detected at all. Hence, theCOEt arms in5 effectively ’ y g ey

suppress the rate of dehydration of its 2-NHCHO egldtive '?'g(tj)Iizgl()':llgnu'[r?e‘l;b{g\?eﬂleIr?é)smci‘rggausom?str':r?;(?/\ic(;(lj’s
to that of the 6-NHCHO end. The transformatior> 10is the ) P |

first example of highly regiospecific monodehydration of an & < 0.13-0.15 A longer than the GrC bonds (Table 3).
xamp gnly regiosp y Consequently, the M-M separation varies in the ordéta
organic bis(formamide), to the best of our knowledge.

i , , (13.95 A) < 12b (14.09 A)~ 12a(14.10 A) < 7b (14.23 A).
Thevcy ando(*3C) signatures of the 6-isocyano grouplid

. ) Notably, both carboxylate moieties ifia’lb and 12ab are
are very similar to the corresponding values documented for

. A . - coplanar with the azulenic framework, and th€OEt arms
the 6-NC substituent in diisocyani@gTable 1). Interestingly, embrace the 2-NC junction (Figures 3 and 4).

while N-monosubstituted formamides, including 2-formamido- In 7a/b and 12ab, the C2-N21—C21 and C6-N61—C61

9a e . L :
f\l;ulenelf, USl{[‘T’l”y T).('St n sol(;mor: a;. e(?umzrlu:ntmlxtutr)estotfh angles exhibit 15bendingout of the aromatic plane (Table 3).
0 conformational ISomers due 1o hindered rotation about tn€ yynjje gistortions of such a magnitude were shown to have

minute energetic consequenée@shis mode of bending at

(28) Rommel, J. S.; Weinrach, J. B.; Grubisha, D. S.; Bennett, DInatg.
Chem.1988 27, 2945-2949.

(29) Holovics, T. C.; Barybin, M. V. Unpublished observations. (32) Kessler, HAngew. Chem., Int. Ed. Endl97Q 9, 219-235.

(30) Grubisha, D. S.; Rommel, J. S.; Lane, T. M.; Tysoe, W. T.; Bennett, D. (33) Schulz, G. E.; Schirman, R. rinciples of Protein StructureSpringer:
W. Inorg. Chem.1992 31, 5022-5027. New York, 1979.

(31) Commercial POGI(50 L) was used as received and might have become (34) Gellman, S. H.; Dado, G. P.; Liang, G. B.; Adams, B.JRAm. Chem.
slightly deactivated by traces of moisture upon handling. Soc.1991, 113 1164-1173.
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Table 3. Selected Bond Distances (A) and Angles (deg) in the X-ray Structures of 7a, 7b, 8a, 10, 12a, and 12b

M-C21 M-C61 C21-N21 C61-N61 N21-C2 N61-C6 C2-C21-N21 C6-N61-C61
7a 1.944(3) 1.948(3) 1.165(4) 1.166(4) 1.371(3) 1.393(3) 164.9(3) 164.9(3)
7b 2.093(6) 2.097(6) 1.165(8) 1.151(8) 1.359(7) 1.394(7) 165.5(6) 165.4(7)
8a 1.953(3) 1.166(4) 1.157(4) 1.375(4) 1.410(4) 167.5(3) 177.3(4)
10 1.359(3) 1.144(3) 1.381(2) 1.412(2) 126.6(2) 176.7(2)
12a 2.087(4) 1.957(4) 1.169(6) 1.163(5) 1.369(5) 1.399(5) 164.3(4) 165.2(4)
12b 1.950(4) 2.088(4) 1.162(5) 1.164(5) 1.373(5) 1.402(5) 163.7(4) 165.6(4)

Figure 5. Molecular structure oB8a, 50% thermal ellipsoids.

happens to enhaneedonor charactéf of the 2,6-diisocyano-
azulene bridge.

The primarily electronic rather than packing origin of the
C—N-C bending in7a/b and 12ab is supported by the fact
that the C2-N21—-C21 angle in mononucle&a, which features
Figure 3. Molecular structures ofa (top) and7b (bottom), 50% thermal different molecular shape and crystal packing, is very similar
ellipsoids. in magnitude to the G2N21—C21 angles ir7a/b and 12ab
(Figure 5, Table 3). Moreover, this€IN—C bending inBa also
occursout of the aromatic plane. The structural parameters of
8anicely parallel those of the corresponding portion in dinuclear
7a, the only prominent difference being nearly perfect linearity
of the uncomplexed C6N61—-C61 unit (Table 3). Compound
8a crystallizes in the chiral space groda2. The supramo-
lecular chirality ofachiral 8ais confined to the solid state and
represents a well-documented, albeit relatively uncommon,
crystallographic phenomend#.

The X-ray structure oL0revealed that its 6-isocyano end is
nearly linear, the formamido group assumes the thermodynami-
cally preferred configuration (NH transto C=0), and the NH
unit is hydrogen-bonded to an ester carbonyl (Figure 6, Table
3). The amide hydrogen atom, H21A, was located during
refinement. The ester moiety engaged in H-bonding is rotated
ca. 180 compared to the orientation of theCOEt arms with
respect to the azulenic nucleusa/b, 8a, or 12&b (Figures
3-5). The plane of the second ester group forms a caaB§le
with the aromatic framework, which is undoubtedly a conse-
guence of steric repulsion between thi€O,Et group and the
—NHCHO end. Thus, the solid-state structural characteristics
Figure 4. Molecular structures of isomerit2a (top) and12b (bottom), of 10, including the intramolecular hydrogen bonding, appear

50% thermal ellipsoids. to be preserved in solution (vide supra). A similar H-bonding
nitrogen is quite different from that observed for [W(GO) interaction within diformamide5 is likely responsible for
(PE®)]2(u-1,4-CNGH4NC) .26 Indeed, the &N—C bending of
ir documented for [\N(CQQPE'@)]2(;4-;,4-CNQ;H4NC) oceurs (39) &?ﬁgﬁ{' 2'&56 (ﬂoji’ gbﬁﬂs-;sMurphy, K. L.; Bennett, D. W.Chem. Inf.
in the plane of the bridge and was attributed to substantialdM(d  (36) Rommel, J. S.; Weinrach, J. B.: Grubisha, D. S.; Bennett, Diritg.
— CNR(pr*) interactions within the comple® It is possible Chem.198§ 27, 2945-2949,

. ! 37) Bohling, D. A.; Mann, K. RInorg. Chem.1984 23, 1426-1432.
that the out-of-plane C—N—C bending in7a/b and 12ab (38) Flack, H. D.Hely. Chim. Acta2003 86, 905-921.

2304 J. AM. CHEM. SOC. = VOL. 128, NO. 7, 2006



The 2,6-Diisocyanoazulene Motif

ARTICLES

Figure 6. Molecular structure ofL0, 50% thermal ellipsoids. Selected
distances (A) and angles (deg) relevant to H-bonding interaction within
10 O11:--N21 2.736(2), N2+-H21A 0.86(3), O1+H21A 2.08(3), N2+
H---O11 132.2, torsion C1C11-011-H21A 3.5(2).

100
90
80
70
60
50
40
30
20
10

0+ : - : : ; ; '
240 320 400 480 560 640 720 800
A (nm)
Figure 7. UV —vis spectra of7a, 8a, and9ain CHCl; at 22°C.
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Table 4. Properties of the MLCT (L = diisocyanoarene) Bands
Observed in the Electronic Spectra of 7, 8, 9, and 122

Amaxe NM Vinax, CM L €x 105, M~tecm?t
7a 522 19 157 43
8a 481 20790 24
9a 480 20833 20
7b 515 19 417 49
8b 466 21459 28
9b 466 21459 32
12a 518 19 305 45
12b 520 19 230 42
(OCxW(;*-DIB)P 354 28 248 not reported
[(OC)sW]2(nt: 5*-DIB)P 370 27 027 not reported

aln CH,Cl, at 22 °C. " Reference 30, DIB= 1,4-diisocyanobenzene.

stabilization of a conformation that restricts facile access of
POCE to the 2-formamido end db, which, in turn, translates
into the relatively slow dehydration of its 2-formamido sub-
stituent.

Metal-to-Ligand Charge Transfer (MLCT, L = 2,6-
Diisocyano-1,3-diethoxycarbonylazulene)The MLCT bands
for 8aand9ahave almost the sanig.y despite the polar nature
of the azulenic nucleus, and undergo dramatic red shifts (ca.
1650 cnt?) upon binucleation to forn7a (Figure 7, Table 4).
This suggests involvement of the aromatiesystem in the
MLCT for 7a, 8a, and9a, as well as greater-delocalization/
resonance stabilization ira versus8a or 9a. A similar, albeit

LUMO, E=-0.12049 A.U.

HOMO, E = - 0.22464 A.U.

HOMO-1, E = - 0.22953 AU,

— oe
A : oy
-
- o HOMO:2,E = -0.23475 A.U.
oo, =
& 1l _\_ L1
sa 3 i - HOMO-3, E = - 0.23494 A.U.
%) R

HOMO-4, E = - 0.23666 A.U.

Figure 8. TD-DFT Frontier molecular orbitals afa (solid-state structure).

less pronounced, phenomenon was discovered by Bennett et
al. for the binucleation of (OGY(1,4-CNGH4NC) to give
[(OC)sW]2(u-1,4-CNGH4NC).20

Our time-dependent density functional theory (TD-DFT)
calculations oryaconfirmed the largely metal-to-bridge charge-
transfer character of the lowest energy electronic transition
observed for this species. Indeed, the lowest energy TD-DFT
excitation with significant oscillator strength predicted #a
is described as (0.5 HOMO + 0.29 x HOMO-3 — 0.31 x
HOMO-4) — LUMO, f = 0.2938. While the HOMO-3 and
HOMO-4 of 7aare CrB(dr)- and CrA(dr)-based, respectively,
delocalization within7a's HOMO involvesboth Cr(CO) units,
as well as ther-system of the linker (Figure 8). The LUMO of
7 is strikingly reminiscent of that of free briddge Notably, the
ester arms do not contribute to any of the Frontier MO’§ af
shown in Figure 8.

In parallel with their chromium congeners, the tungsten
complexes8b and 9b exhibit the MLCT bands of mutually
identical energies (Figure 9, Table 4). The red shift of this
MLCT transition that occurs upon binucleation &b or 9b to
give 7b is even more pronounced than that observed for the
corresponding Cr systems (Table 5), which may be attributed
to greater radial extension (hence better overlap with the linker's
m-system) of the W(d) versus Cr(a) orbitals. As shown in
Table 4, the MLCT transfers fath, 8b, and9b are substantially
more facile energetically than the MLCT’s & 1,4-CNGHJNC)
observed for their corresponding benzenoid analogues §iUi¢)
(1,4-CNGH4NC) (x = 1, 2)30 This is a consequence of the
dramatically reduced aromatic stabilization (and, in turn, lower-
lying LUMO) of azulene versus benzehddoreover, the red
shift of the MLCT for the proces8b/9b — 7b is 820 cnr?
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Figure 9. UV —vis spectra of7b, 8b, and9b in CH.Cl; at 22°C.
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Table 5. Red Shifts of the MLCT (L = diisocyanoarene) Bands
Occurring upon Binucleation of 6 and DIB?2

binucleation process AEypict, cm™t
8a/9a— 7a ~1650
8b/9b— 7b 2042
(OCEW(71-DIB) — [(OC)sW]2(nt: n-DIB) 1221°

apIB = 1,4-diisocyanobenzenéReference 30.

greater than that reported for the analogous [§WJ)1,4-
CNGCgH4NC) — [(OC)sW]2(1,4-CNGH4NC) binucleatiod®
(Table 5). Thus, the 2,6-diisocyanoazulene bridge is more
effective than the 1,4-diisocyanoazulene linker in delocalizing
mr-electrons within the M-bridge—M’ framework. Of note, the
electronic spectra of heterobimetallic isom&Baand12b are
virtually superimposable and feature the MLCT bands Witk
values between those recorded for homobimet&iiand 7b
(Figure S4).

Concluding Remarks

(1) The practical synthesis of the first 2,6-diisocyanoazulene
derivative6 described herein, as well as the remarkable stability
of this molecule and its metal adducts under ambient conditions
opens new opportunities for the long-overdue exploration of
the nonbenzenoid 2,6-azulenic framework as a building block
in coordination and surface chemistry.

(2) While the 2,6-diester functionalization of 1,4-diisocy-
anobenzene is not known and would be difficult to achieve in

practice, the topologically analogous 1,3-diester substitution of

reasonable given that the resonance form of azulene shown in
Figure 1a is rather minor as the fdull charge separation within
the azulenic framework would have produced the dipole moment
of not 1 but 12 D!?

(4) Upon binucleation, the-system of 2,6-diisocyanoazulene
provides greater response than that of 1,4-diisocyanobenzene
in sensing complexation of one of the NC junctions, which
makes the former an attractive alternative to the latter for
mediating metat metal interactions. The metal-to-diisocyanide
charge transfers in the mono- and binuclear adducts of the 2,6-
diisocyanoazulene motif are exceptionally facile (in context of
the diisocyanoarene-linked systems) owing to the much lower
aromatic stabilization of the azulenic nucleus as compared to
benzenoid frameworks.

Investigations of conductivity properties of the 2,6-diisocy-
anoazulene scaffold as well as studies encompassing supramo-
lecular, electro-, and surfa@ehemistry of 2,6-diisocyanoazulene-
bridged organometallics are in progress.

Experimental Section

General Procedures, Starting Materials, and EquipmentUnless
specified otherwise, all operations were performed under an atmosphere
of 99.5% argon further purified by passage through columns of activated
BASF catalyst and molecular sieves. Standard Schlenk techniques were
employed with a double manifold vacuum line. Solvents were freed of
impurities by usual procedures and stored under argon. The syntheses
of 2—5 were conducted under air atmosphere.

Solution infrared spectra were recorded on a Thermo Nicolet Avatar
360 FTIR spectrometer with samples sealed in 0.1 mm gas-tight NaCl
cells. NMR samples were analyzed on Bruker DRX-400 and Bruker
Avance 500 spectrometerdd and**C chemical shifts are given with
reference to residudH and*°C solvent resonances relative to TMS.
Two-dimensional NMR techniques (COSY, HMQC, HMBC) were
employed, when necessary, to obtain unambiguous assignméiits of
and 3C NMR resonance¥. The aromatic hydrogen resonances are
labeled in reference to the corresponding carbon atoms of the azulenic

' framework (see Figure 1a). UWis spectra were recorded in GEl,

at 24 °C using a CARY 100 spectrophotometer. Melting points are
uncorrected and were determined for samples in sealed capillary tubes.
Elemental analyses were carried out by Desert Analytics, Tucson,
Arizona. Mass-spectral analyses were performed in the MS laboratory
of the University of Kansas.
2-Amino-1,3-diethoxycarbonylazulerigacetic-formic anhydridé!

2,6-diisocyanoazulene proved straightforward. Such a deriva-and in situ-generated Cr(CQJHF)*® and W(CO)THF)*® were
tization of the 2,6-diisocyanoazulene motif ensured convenient Prepared according to literature procedures. Other reagents were

solution processibility of its binuclear [M(Cg})(M = Cr and/
or W) adducts. Moreover, incorporation of the ester arms at

1,3-positions of the azulenic nucleus allowed for the substantial

alteration of the relative rates of dehydration of the formamido
ends in 2,6-diformamidoazulene. This led to establishing the
convenient strategy for highly regioselective installation and
complexation of 2,6-diisocyanoazulene’s NC junctions. The

obtained from commercial sources. Davisil (2025 mesh, type 60A)
silica gel was used in all chromatographic manipulations.

Synthesis of 2.This procedure is based on that of Nozoe etal
Bromine (3.84 g, 24.0 mmol) was added dropwise to a chilletiqp
solution of 2-amino-1,3-diethoxycarbonylazulene (6.90 g, 24.0 mmol)
in 250 mL of chloroform with vigorous stirring over a period of 20
min. The ice bath was then removed, and the reaction mixture was
allowed to warm to room temperature. After 30 min of stirring at room

scope of the above strategy is expected to be quite general, asemperature, formation of an orange precipitate was observed. The

long as organometallic formamides, such &% tolerate
dehydration conditions.

(3) The dipolar nature of the azulenic moietgsults in the
2-NC end of6 having slightly strongemet electron-donor

character than the 6-NC end, as evidenced by the FTIR and

13C NMR analyses o6—12. The electronic differences between
the two NC junctions are marginal and have virtually no effect
on either the M-C bond distances in binucled@a/b or the
MLCT energies for mononuclea8a/b versus9a/b. This is

2306 J. AM. CHEM. SOC. = VOL. 128, NO. 7, 2006

mixture was stirred for an additional 30 min period and then poured
into 500 mL of distilled water. The organic layer was separated, and
the aqueous layer was extracted once with 100 mL of GHThe
organic fractions were combined and dried over anhydrouSQa
Filtration followed by solvent removal under vacuum provided dark

(39) Levitt, M. H. Spin Dynamics. Basics of Nuclear Magnetic Resonaimen
Wiley & Sons, LTD: New York, 2001.

(40) Takase, K.; Nozoe, T.; Nakazawa, T.; FukudaT&rahedron1971, 27,
3357-3368.

(41) Krimen, L. I.Org. Synth.197Q 50, 1—-3.
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orange residue, which was recrystallized from benzene to give orangediisopropylamine (20 mL) in 150 mL of Ci€l, at 20°C. The reaction

2 (7.84 g, 21.4 mmol) in an 89% yield. HRMS (ES, positinez):
calcd for GeH17BrNO,4 (M + 1), 366.0341; found, 366.034'H NMR
(400 MHz, CDCH4, 25°C): 6 1.47 (t, 3H, G5, 3uyy = 7 Hz), 4.45 (q,
2H, CHy, 3Jun = 7 Hz), 7.77 (d, 2HH57, 334y = 12 Hz), 8.78 (d, 2H,
H48, 33y = 12 Hz) ppm.23C{*H} NMR (100.6 MHz, CDC}4, 25 °C):
0 14.8 CHs), 60.3 CH), 101.1, 128.5, 129.6, 135.5, 144.4, 162.4
(azulenic C), 166.4QGO.Et) ppm.

Synthesis of 3.Solid 2 (2.84 g, 7.8 mmol) was treated with excess
acetic-formic anhydride (50 mL) and formic acid (10 mL) at room
temperature. After stirring the reaction mixture for 3 h, all volatiles

mixture was stirred fol h after the addition of PO€lhad been
completed and then quenched with 200 mL of 10% aquea@OK

The aqueous phase was extracted with GHZk 50 mL). The organic
fractions were combined and dried over anhydrous Mg$@ration
followed by removal of all volatiles on a rotary evaporator afforded a
dark lavender residue, which was subject to column chromatography
on silica gel using neat CHEIA deep lavender band was collected,
which gave crystalliné (1.306 g, 4.05 mmol) as lavender flakes in an
81% yield after solvent removal and drying at"2Qrorr. Mp: the
product decomposed without melting at ca. 280 Anal. Calcd for

were removed under vacuum. The residue was chromatographed orCigH1aN20s: C, 67.07; H, 4.38; N, 8.69. Found: C, 67.13; H 4.48; N,

silica gel using the 4:1 CH@ELO eluent. A deep redorange band
was collected, which gave crystallir3e(2.80 g, 7.1 mmol) in a 91%
yield after solvent removal and drying at20Torr. Mp 134-138°C.
HRMS (ES, positive'z): calcd for GeH17BrNO4 (M + 1), 394.0290;
found, 394.0296'H NMR (400 MHz, CDC}, 25°C): ¢ 1.47 (t, 3H,
CHs, 3JHH =7 HZ), 4.47 (q, 2H, Ely, S-JHH =7 HZ), 7.99 (d, 2HH5'7,
8Jun = 12 Hz), 8.64 (s, 1H, 60), 9.09 (d, 2HH*E, 33,y = 11 Hz),
10.30 (br s, 1H, ) ppm. 2*C{*H} NMR (100.6 MHz, CDC}, 25
°C): 0 14.6 (CHs), 61.3 CH,), 109.4, 133.9, 134.2, 134.8, 139.9, 147.7
(azulenic C), 165.5¢HO), 166.0 CO.Et) ppm. Addition of formic
acid in this reaction is important to prevent formation of the acetamide
analogue of3. This acetamide is difficult to separate frof by

8.95. IR (CHClp): ven 2125 m, 2116 myco 1692 s cmt. 'H NMR
(400 MHz, CDC}, 25°C): 6 1.52 (t, 3H, Gs, 3Juy = 7 Hz), 4.53 (q,
2H, CHa, 33y = 7 Hz), 7.79 (d, 2HHS", 334 = 11 Hz), 9.80 (d, 2H,
H*8 33y = 11 Hz) ppm.*3C{*H} NMR (100.6 MHz, CDC}, 25°C):
0 14.4 CH3), 61.8 CH,), 114.9, 129.2, 132.4, 137.3, 140.0, 140.9
(azulenic C), 163.0G0O;Et), 170.1 (6€N), 179.9 (2EN) ppm. UV—
vis (CH.Cl,, 4 (log €)): 535 (2.86), 423 (2.79), 408 sh (2.75) nm.
Synthesis of 7aCr(CO)(THF) was generated in situ by photolysis
of Cr(CO) (0.460 g, 2.09 mmol) dissolved in 200 mL of THF using
a Hanovia Hg 450 W immersion lamp. After the formation of Cr(&O)
(THF) had been judged nearly complete by FTIR in the region,
the resulting reetorange solution was added to a solutior6dD.335

chromatographic means. The acetamide impurity, if generated, will not g, 1.04 mmol) in 20 mL of THF dropwise via cannula at room
be detrimental in the subsequent steps, although it will lead to reduction temperature. The mixture was stirred for 15 h, while acquiring a dark

in yield of diisocyanide.

Synthesis of 4.A solution of 3 (5.00 g, 12.7 mmol) and excess
sodium azide (4.4 g, 68 mmol) in 200 mL of dry DMSO was heated
at 70°C for 2 h with stirring. Then, the reaction flask was open to air,
and the mixture was poured et L of distilled water. The organics
were extracted using five 200 mL portions of chloroform. The combined
extracts werghoroughlywashed with water (5 100 mL) to remove
residual DMSO and dried over anhydrous MgS#@fter filtration, the
solvent was removed under vacuum to afford yeltawange crystalline
4(4.17 g, 11.7 mmol) in a 92% yield. Mp 124.28°C (dec). HRMS
(ES, positivevz): calcd for GeH17/BrNO, (M + 1), 357.1199; found,
357.1202. IR (CHG): wnn 2112 vs;vco 1708 m, 1692 m, 1666 m
cmt. *H NMR (400 MHz, CDC}, 25°C): 6 1.46 (t, 3H, GHs, 33y =
7 Hz), 4.46 (q, 2H, ©lz, 334y = 7 Hz), 7.29 (d, 2HH57, 334, = 10
Hz), 8.63 (s, 1H, €0), 9.24 (br d, 2HH*8, 33y ~ 10 Hz), 10.19 (br
s, 1H, NH) ppm.*C{*H} NMR (100.6 MHz, CDC}, 25°C): ¢ 14.6
(CHa), 61.1 CH,), 109.3, 121.2, 122.1, 135.3, 136.0, 150.1 (azulenic
C), 165.6, 166.1GHO, CO.Et) ppm.

Synthesis of 5.A mixture consisting of4 (0.725 g, 2.03 mmol),
Nal (2.82 g, 18.8 mmol), FegH.O); (0.84 g, 3.9 mmol), and
acetonitrile (30 mL) was magnetically stirred at room temperature until
the very dark slurry formed became too thick to stir. Then, the reaction
mixture was poured into 400 mL of CHECand quickly washed with
saturated aqueous sodium thiosulfate«(80 mL) and brine (100 mL).
The resulting organic solution was dried over,8&. After filtration,

350 mL of the solvent was removed under vacuuii at25 °C. Excess
acetic-formic anhydride (15 mL) and formic acid (3 mL) were then

added to the solution. The mixture was stirred for 2 h, while the progress

of the reaction was checked by TLC (4:1 CHELO). All volatiles
were removed under vacuum, and the residue was dried - atTtr
to give red-orange5 (0.681 g, 1.90 mmol) in a 94% yield. Mp: the
product decomposed without meltirgd and*3C NMR spectra o6 in
10:1 CDCI/DMSO feature at least two overlapping sets of signals,
presumably due to hindered rotation around the GINEIR bond of
the 6-NHCHO substituent. While bis(formamide)vas used without
further purification in the next step, it can be purified by chromatog-
raphy on silica gel using CHEEtOH (gradual increase of ethanol
content up to 20%), if desired.

Synthesis of 6 Excess phosphorus oxychloride (3.30 g, 21.5 mmol)
was added to a solution 6f(1.790 g, 5.00 mmol) and freshly distilled

violet color. Then, the content of the reactor was open to air, and all
solvent was removed under vacuum on a rotary evaporator. A minute
amount of unreacted Cr(C@yas sublimed off (18 Torr, 40 °C),

and the residue was passed through a short silica gel column using
neat chloroform. A deep violet band was collected. After solvent
removal and drying at 16 Torr, violet crystalline7 (0.690 g, 0.98
mmol) was isolated in a 94% yield. Mp 17880°C (dec). Anal. Calcd

for CogH14CrN2Og: C, 47.61; H, 2.00; N, 3.97. Found: C, 47.52; H
2.27; N, 4.22. IR (CHCI,): ven 2135 w, 2123 wiyco 2028 m, 2048

m, 1968 vs, 1962 vs cm. 'H NMR (500 MHz, CDC}, 25 °C): o

1.51 (t, 3H, 3, SJHH =7 HZ), 4.59 (q, 2H, El,, SJHH =7 HZ), 7.69

(d, 2H,H>7, 33y = 11 Hz), 9.75 (d, 2HH*8, 23y = 11 Hz). 13C{*H}

NMR (125 MHz, CDC}, 25 °C): ¢ 14.9 (CHs), 61.5 CH,), 114.6,
129.2, 132.5, 137.5, 138.9, 140.9 (azulenic C), 168,Et), 181.5
(6-CN), 185.8 (2€N), 213.8 (CEO, cis), 214.5 (CEO, cis), 215.4
(CrCO, trans), 216.5 (CCO, trans) ppm.

Synthesis of 7b.Substitution of W(CQ) for Cr(CO) in the above
procedure for the synthesis 8& provided dark magentab. Mp 186—
188°C (dec). Anal. Calcd for gH14N2014W2: C, 34.67; H, 1.45; N,
2.89. Found: C, 34.80; H 1.68; N, 2.96. IR (&F,): vcn 2136 w,
2123 W;vco 2028 m, 2048 m, 1968 vs, 1962 vs tin*H NMR (500
MHz, CDClL, 25°C): 8 1.52 (t, 3H, GHs, 334 = 7 Hz), 4.57 (q, 2H,
CHy, 3Jun = 7 Hz), 7.70 (d, 2HH>7, 33y = 11 Hz), 9.78 (d, 2HH*8,
33y = 11 Hz).B3C{*H} NMR (125 MHz, CDC}, 25°C): 6 14.9 (CHa),

61.5 CH,), 115.0, 129.6, 132.4, 137.5, 138.9, 141.0 (azulenic C), 161.1
(6-CN), 163.0 CO.Et), 165.9 (2€N), 193.4 (WCO, cis), 194.0 (WCO,
cis), 195.0 (WCO, trans), 196.2 (WCO, trans) ppm.

Synthesis and Separation of 8a and 9aCr(CO)(THF) was
generated in situ by photolysis of Cr(G£(0.319 g, 1.45 mmol)
dissolved in 500 mL of THF using a Hanovia Hg 450 W immersion
lamp. After the formation of Cr(CQJTHF) had been judged nearly
complete by FTIR in theco region, the resulting orange solution was
added to a lavender solution 6f(0.933 g, 2.89 mmol) in 20 mL of
THF dropwise via cannula at room temperature. The mixture was stirred
for 5 h, while slowly acquiring dark purple color. Then, the content of
the flask was open to air, and all solvent was removed under vacuum
on a rotary evaporator. The residue was chromatographed on silica gel
using neat CHCI, to elute four intensely colored bands that were
separated and collected. Solvent removal from the first bR 0.79)
afforded violet binucleai7a (0.158 g, 0.224 mmol) in a 31% vyield
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based on Cr(CQ)consumed. Solvent removal from the secoRd=
0.53) and third iR = 0.39) bands provided blood r&a (0.223 g, 0.434
mmol) and9a (0.220 g, 0.428 mmol), respectively, both in 30% yields
based on Cr(CQ)used. The final band proved to be unreadsed

8a: blood red, decomposed without melting. Anal. Calcd feiHGs-
CrNOq: C, 53.71; H, 2.74; N, 5.45. Found: C, 53.72; H 2.77; N,
5.52. IR (CHCI,): ven 2135 w, 2115 Wiyeo 2043 m, 1962 vs cnit.

H NMR (500 MHz, CDC}, 25°C): ¢ 1.51 (t, 3H, GHs, 33y = 7
Hz), 4.59 (q, 2H, Gz, 334y = 7 Hz), 7.78 (d, 2HHS7, 33y = 11 Hz),
9.78 (d, 2HH48 33y = 11 Hz).13C{H} NMR (125 MHz, CDC}, 25
°C): 0 14.8 CHs), 61.6 CH»), 114.7, 129.4, 133.3, 135.8, 139.0, 141.5
(azulenic C), 163.0GO.Et), 169.7 (6€N), 186.6 (2€EN), 214.4 (CECO,
cis), 216.3 (CCO, trans) ppm.

9a: blood red, decomposed without melting. Anal. Calcd feiHGs-
CrN:Og: C, 53.71; H, 2.74; N, 5.45. Found: C, 54.24; H 2.73; N,
5.34. IR (CHCly): ven 2125 br w;veo 2033 m, 1965 vs crt. H
NMR (500 MHz, CDC}, 25°C): ¢ 1.52 (t, 3H, GH3, 33y = 7 Hz),
4.57 (q, 2H, Gy, 3Jyy = 7 Hz), 7.70 (d, 2HH>7, 34y = 11 Hz), 9.76
(d, 2H,H%8 33, = 11 Hz).23C{*H} NMR (125 MHz, CDC}, 25°C):

0 14.5 CHs), 61.6 CH,), 114.8, 129.0, 131.7, 138.2, 139.7, 140.2
(azulenic C), 163.1G0,Et), 179.3 (2€N), 182.0 (6-Q\), 214.1 (CCO,
cis), 215.3 (CCO, trans) ppm.

Synthesis and Separation of 8b and 9bSubstitution of W(CQOy
for Cr(CO) in the above procedure for the synthesis8af and 9a
afforded7b, 8b, and9b in a 1.0:2.1:1.2 ratio.

8b: red—orange, decomposed without melting. Anal. Calcd for
CasH1aN2OgW: C, 42.75; H, 2.18; N, 4.34. Found: C, 43.08; H 2.02;
N, 4.44. IR (CHCl,): ven 2135 w, 2114 w;vco 2043 m, 1955 vs
cmt. *H NMR (500 MHz, CDC}, 25°C): 6 1.52 (t, 3H, GHs, 33y =
7 Hz), 4.58 (q, 2H, ©ly, 334y = 7 Hz), 7.78 (d, 2HH57, 334y = 11
Hz), 9.81 (d, 2HH*8, 33y = 11 Hz).:*C{*H} NMR (125 MHz, CDC},
25°C): 0 14.9 CHs), 61.6 CHy), 115.0, 129.5, 133.3, 136.0, 139.1,
141.5 (azulenic C), 162.LCO-Et), 165.9 (2€N), 169.9 (6€N), 194.0
(WCO, cis), 196.1 (WCO, trans) ppm.

9b: red—orange, decomposed without melting. Anal. Calcd for
CosH1aN2OgW: C, 42.75; H, 2.18; N, 4.34. Found: C, 43.15; H 2.18;
N, 4.07. IR (CHCI): ven 2124 br w;veo 2031 m, 1961 vs cnit. H
NMR (500 MHz, CDC}, 25°C): 6 1.52 (t, 3H, GHs, 3Juy = 7 Hz),
4.54 (g, 2H, ©lz, 3uy = 7 Hz), 7.72 (d, 2HHS57, 33y = 11 Hz), 9.78
(d, 2H, H48 334y = 11 Hz).13C{'H} NMR (125 MHz, CDC}, 25°C):

0 14.4 CHs), 61.7 CH,), 114.9, 129.2, 131.9, 138.2, 139.7, 140.3
(azulenic C), 161.4 (€N),163.1 CO-Et), 179.5 (2€N), 193.3 (WCO,
cis), 195.0 (WCO, trans) ppm.

Synthesis of 10The use of dry reagents, solvents, and glassware is
imperative for reproducibility of this reaction. A solution of phosphorus
oxychloride (0.082 g, 0.050 mL, 0.534 mmol) in 10 mL of &Hb
was added to a solution &f (0.180 g, 0.502 mmol) and diisopropyl-
amine (1 mL, ca. 13 mmol) in 60 mL of G&l, under argon at 0C
over the course of 1 h. The reaction mixture was stirred for 30 min
after the addition of PO@lhad been completed and then quenched
with 100 mL of 10% aqueous KHCGOThe organic layer was separated
and dried over anhydrous B&O;. Filtration followed by removal of
all volatiles atT < 32°C afforded a dark red residue, which was subject
to column chromatography on silica gel using neat GHH&lsalmon-
colored band was collected, which gave crystalllog0.118 g, 0.347
mmol) in a 70% yield after solvent removal and drying at4Torr.

Mp 137—139°C. Anal. Calcd for GgH1eN2Os: C, 63.52; H, 4.74; N,
8.23. Found: C, 63.48; H 4.67; N, 8.03. IR (&F,): vnn 3286 br w;
ven2116's, 1710 m, 1693 m, 1666 w cin*H NMR (400 MHz, CDC4,
25°C): 0 1.47 (t, 3H, G, %Jun = 7 Hz), 4.50 (q, 2H, €y, *Juy =

7 Hz), 7.62 (d, 2HH57, 334y = 11 Hz), 8.66 (d, 1H, GO, 3J4y < 2
Hz), 9.29 (d, 2H,H*8, 33y = 11 Hz), 10.45 (s br, 1H, N) ppm.
BC{H} NMR (100.6 MHz, CDC}, 25°C): 6 14.5 (CH3), 61.5 CH,),
128.7, 132.8, 134.8, 141.6 (azulenic C), 163.1 (BHO), 165.2
(COqEY), 167.7 (6€N) ppm. Increasing solvent polarity (20% ethanol)
eluted crude unreactesi(0.064 g, 0.179 mmol).
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Synthesis of 11Cr(CO)(THF) was generated in situ by photolysis
of Cr(CO) (0.071 g, 0.323 mmol) dissolved in 60 mL of THF using
a Hanovia Hg 450 W immersion lamp. After the formation of Cr(6O)
(THF) had been judged nearly complete by FTIR in the region,
the resulting orange solution was added to a salmon-colored solution
of 10 (0.100 g, 0.294 mmol) in 20 mL of THF dropwise via cannula
at room temperature. The mixture was stirred for 4 h. Then, the content
of the flask was open to air, and all solvent was removed under vacuum
on a rotary evaporator. The product was passed through a short silica
gel column using the 1:4 EtOAc/hexanes eluent. An orange band was
collected. After solvent removal and drying at20orr, deep orange
crystalline 11 (0.137 g, 0.257 mmol) was isolated in an 87% yield.
Mp 160-164°C (dec). Anal. Calcd for &H16CrN,O16: C, 51.89; H,
3.03; N, 5.26. Found: C, 51.21; H 2.85; N, 5.00. The value of %C
proved somewhat low upon re-analysis. IR (CH): vcn 2125 W;veo
2040 m, 1962 vs, 1709 m, 1668 w cfn'H NMR (500 MHz, CDC},

25 °C, Figure S2):0 1.47 (t, 3H, (s, 3Juy = 7 Hz), 4.50 (q, 2H,
CHo,, SJHH =7 HZ), 7.63 (d, 2H,H5'7, SJHH =10 HZ), 8.66 (S, 1H,
CHO, 8Jyn ~ 0 Hz), 9.30 (d, 2HH*8, 334y = 10 Hz), 10.43 (s, br, 1H,
NH) ppm. 3C{*H} NMR (125 MHz, CDC}, 25 °C, Figure S3):0
14.6 (CHs), 61.5 CHy), 128.5, 134.4, 134.9, 140.2, 141.5 (azulenic
C), 161.8 (brCHO), 165.3 CO,Et), 178.3 (CEN), 214.1 (CEO, cis),
215.8 (CCO, trang) ppm.

Synthesis of 9a from 11Phosphorus oxychloride (0.038 mL, 0.406
mmol) was added to a cooled C) solution of11 (0.200 g, 0.376
mmol) and diisopropylamine (0.26 mL, 1.8 mmol) in 25 mL of £H}.

The mixture was stirred fa3 h while warming up to room temperature.
Then, the content of the flask was open to air and washed with 25 mL
of 10% NaCQs. The organic layer was washed with>2 50 mL of
water and dried over anhydrous 1$£,. The resulting mixture was
filtered, and all volatiles were removed under vacuum on a rotary
evaporator. The crude product was passed through a short plug of silica
gel using the 1:2 EtOAc/hexanes eluent. A blood red band was collected
which gave crystallin®a (0.175 g, 0.340 mmol) in a 90% vyield after
solvent removal and drying at 10Torr. The product was spectroscopi-
cally (IR, *H, and*3C NMR) identical to bona fid®a described above.

Synthesis of 12aW(CO)(THF) was generated in situ by photolysis
of W(CO) (0.087 g, 0.247 mmol) dissolved in 65 mL of THF using a
Hanovia Hg 450 W immersion lamp. After the formation of W(GO)
(THF) had been judged nearly complete (FTIR), the resulting yetlow
orange solution was added to a blood red solutio®eq0.115 g, 0.224
mmol) in 15 mL of THF dropwise via cannula at room temperature.
The mixture was stirred for 2.5 h. Then, all solvent was removed under
vacuum. The product was subject to chromatography on a short silica
gel column using the 1:1 Gi€l./hexanes eluent. A dark magenta band
was collected. After solvent removal and drying at4Qorr, very
dark magenta (almost blackPa (0.159 g, 0.190 mmol) was isolated
in an 85% yield. Mp 19%195 °C (dec). Anal. Calcd for &His-
CrN2O4W: C, 40.12; H, 1.68; N, 3.34. Found: C, 40.23; H 1.69; N,
3.30. IR (CHCL,): ven 2135 w, 2123 wyco 2026 m, 1962 vs crit.

IH NMR (500 MHz, CDC}, 25 °C): 6 1.52 (t, 3H, Gz, 3Jyu = 7
Hz), 4.58 (q, 2H, €z, 3Jun = 7 Hz), 7.69 (d, 2HH57, 334y = 11 Hz),
9.78 (d, 2HH*8 33,y = 11 Hz) ppm2C{*H} NMR (125 MHz, CDCH,
25°C): 0 14.9 (CHs), 61.5 CH,), 114.9, 129.3, 132.4, 137.6, 139.0,
140.9 (azulenic C), 163.@CO,Et), 165.8 (WCN), 181.8 (CECN), 194.0
(WCO, cis), 196.2 (WCO, trans), 213.8 (CEO, cis), 215.3 (CCO,
trans) ppm.

Synthesis of 12b.Switching conditions (ii) and (iv) in Scheme 2
afforded12b in ca. 80% vyield based oh0. Mp 176-179 °C (dec).
Anal. Calcd for GgH14CrN-O14W: C, 40.12; H, 1.68; N, 3.34. Found:
C, 39.96; H 1.76; N, 3.37. IR (Cil,): ven 2133 w, 2125 wivco
2025 m, 1961 vs crt. *H NMR (500 MHz, CDC}, 25°C): 6 1.51 (t,
3H, CHs, 33wy = 7 Hz), 4.58 (q, 2H, @3, %34y = 7 Hz), 7.70 (d, 2H,
H57, 3Juy = 11 Hz), 9.75 (d, 2HHA*8 33y =11 Hz) ppm.23C{H}
NMR (125 MHz, CDC4, 25 °C): 6 14.8 (CHs), 61.5 CH.), 114.7,
129.4, 132.6, 137.4, 138.8, 141.0 (azulenic C), 160.&R) 163.1



The 2,6-Diisocyanoazulene Motif ARTICLES

(COqEL), 186.0 (CEN), 193.4 (WCO, cis), 195.1 (WCO, trany), 214.4 lowest excited states fofa were determined to be: (1) HOMO-%

(CrCO, cis), 216.4 (CECO, trans) ppm. LUMO, f = 0.0003; (2) HOMO-2— LUMO, f = 0.0003; (3) (0.52
X-ray Work. X-ray quality crystals o7a, 7b, 8a, 10, 123 and12b HOMO + 0.29 x HOMO-3 — 0.31 x HOMO-4) —~ LUMO, f =
were grown at £C by layering pentane over GBI, solutions of the ~ 0-2938 { = oscillator strength).
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