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Accepted 11 December 2011 and alkyne [Co(n*-C4Phs)(n°-CsH4C=CH)], 3a. Both 4a and 4b undergo the normal aldehyde reac-

tions with malononitrile and 2,4-dinitrophenylhydrazines to give their respective condensation

products  [Co(n*-C4Ph4){n>-CsH4C=C—CH=C(CN),}], 5a, and [Fe(n>-CsHs){n>-CsHsC=C—CH—
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Cobalt C(CN)2}1, 5b; [Co(n*-C4Pha)(n’-CsHaC=C—CH=N—N(H)CsH3(NO,)-2,4}], 6a, and [Fe(n’-CsHs){n’-
Tetraphenylcyclobutadiene CsH4C=C—CH=N-N(H)CgH3(NO;),-2,4}], 6b, as separable mixtures of syn- and anti-isomers; and
Ferrocenyl the anti-isomers of [Co(n*-C4Phs){n’-CsH4C=C—CH=N—N(Me)CH3(NO3);-2,4}], 7a, and [Fe(n°-
Alkyne C5H5){T]5—C5H4CEC—CH=N—N(ME)C6H3(N02)2—2,4}], 7b. With [Fey(n-Cs5Hs),(CO),(pn-CO)(pn-CMe)]
Aldehyde reactions [BF4] 4a and 4b form blue-green [Fey(1n-CsHs)(CO)y(pn-CO)(p-C—CH=CH-C=C—CsH4-1>)Co(n*-

C4Phy4)][BF4], [8a][BF4], and black [Fey(n-CsHs)2(CO)x(p-CO)(p-C—CH=CH—C=C—CsH4-1°)Fe(n>-
CsHs)][BF4], [8b][BF4] salts. 4a and 4b also react with the Wittig reagent [Fe(n’-CsHs)(n>-CsHs—
CH,PPh3)][I]/"BuLi to give mixtures of Z and E-[Co(n*-C4Phy)(n’-CsHs—C=C—CH=CH—CsHs-1")
Fe(n°-CsHs)], 9a, and [Fe(n’-CsHs)(n’-CsH4—C=C—CH=CH—CsH4-1°)Fe(n°-CsHs)], 9b, which are
separable for 9b but not 9a. The Wittig reagent obtained from [Co(n*-C4Ph4)(n>-CsHs—CH,PPh3)]
[CI]/™Buli failed to react with 4a or 4b, but the reaction of 4a with [CICH,PPhs][Cl]/'BuOK gives
very low yields of one expected product, E-[Co(n*-C4Ph4)(n’-CsHs—C=C—CH=CH—CsH4-1>)Co(n*-
C4Phy)], E-10a, together with a number of other unidentified compounds. The IR, 'TH NMR and '3C
NMR, and UV/Vis spectra of 4—9 are reported, assigned and discussed. They confirm that 4—9 are
Donor—m—Acceptor complexes in which Co(n*-C4Phs)(n°-CsHs—) is a weaker donor than Fe(n®-
C5H5)(n5—C5H4—), the acceptor strength increases for Acceptor = CH=CHFc < CH=N-N(R)
CeH3(NO2)2-2,4 < CHO < CHC(CN); < (—CH=CH—C;)(1-CO)(CO)2Fea(n’-CsHs)z, and that an ethyne
linker, 7 = C=C(, is less effective than an ethene linker, * = CH=CH, in promoting electronic
communication between the Donor and Acceptor. The molecular structures of 2a, 3a, 4a, 4b, 5b, syn-
6a, syn-6b (two crystal forms) and anti-7b have been determined by X-ray diffraction. They have
normal molecular dimensions, and the CsH4—C=C—CH=Y moiety does not deviate greatly from
planarity with angles between the CsH4 and =C—C(H)=Y planes of 4.2—19.6°. This contrasts with the
structures of Fc—C=C—R (R = aryl) complexes where the CsH4 and aryl planes are orthogonal or close
to it. The electrochemistry of 3a/3b, 4a/4b, 5a/5b, syn-6a/6b, anti-7a/7b, E/Z-9a, Z-9b, E-9b and
[Co(n*-C4Ph4)(n°-CsH4—C=C—CgHs)] has been studied. The Co(n*-C4Phs)(n°-CsHs—) complexes
undergo reversible 1e oxidations at higher E° than their Fe(n>-CsHs)(1°-CsH4—) counterparts with E°
increasing as the electron-withdrawing ability of the acceptor group increases. Furthermore, like
their ferrocenyl counterparts, the alkyne derivatives [Co(n*-C4Phy)(n°-CsHs—C=C—X)] are oxidised
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at a more positive E° than the alkene complexes [Co(n*-C4Ph4)(n°-CsHs—CH=CH—X)]. The UV/Visible
spectrum of the oxidized species [Co(n*-C4Ph4)(1°-CsHs—C=C—CgHs)]* shows an absorption band at
960 nm due to a CgHs — Co(n4-C4Ph4)(n5-C5H4f) charge transfer transition; its equivalent in the
spectrum of [Fe(n’-CsHs)(n°-CsHa—C=C—CgHs)]* is found at 797 nm. This implies that {Co(n*-
C4Phy)(m°-CsHa—)}" is a stronger acceptor than {Fe(n>-CsHs)(n°-CsHa—)}".

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Arich vein of chemistry has been the study of compounds which
contain the structural motif EG—conjugated—EG’ where two end-
groups EG— and EG'— are linked by an unsaturated conjugated
spacer which allows electronic communication between them. The
two end-groups can be the same or different. In the case of the latter
one may act as an electron D(onor) and the other as an electron
A(cceptor) in D—m—A systems. The conjugated linker may be based
on an odd or even number of carbon atoms incorporating CR, ene,
yne, aromatic and/or heteroaromatic systems with the proviso that
each C atom in the linking chain is sp? or sp hybridised [1-3].
Surprisingly, among the less common are linkers which contain
both ene and yne components i.e. EG—C=C—CH=CH—EG' systems
[4—8], and here we describe some compounds containing them.

In a number of papers we have described EG-conjugated-EG’
compounds in which at least one of the end-groups is an organo-
metallic moiety such as Fe(n>-CsHs)(n>-CsHa—) {= Fc—} [9,10],
Co(n*-C4Phy)(n*-CsHs—) {= Cb®—} [11-13], Ni(n>-CsHs)(PPhs)—
[14] and Fey(1-CsHs)2(CO)a(p-CO)(u-C—)°* groups [15]. In the first
two the conjugated system of the linker interacts with the metal
atom via the n’-cyclopentadienyl ligand but in the last two it is
bonded directly to the metal atom(s). Herein we describe the
preparation of [Cb®—C=C—CHO] from [Cb®—CHO] and its conver-
sion to various [Cb?—C=C—CH=Y] derivatives where CH=Y=CH=
C(CN);, CH=N—N(H)CgH3(NO),-2,4, CH=N—N(Me)CgH3(NO),-2,4,
Fey(n-CsHs)2(CO)2(u-CO)(u-C—CH=CH-)", CH=CHCb® and CH=
CHFc. The corresponding [Fc—C=C—CH=Y] complexes have also
been prepared, and the spectra, structures and electrochemistries of
the two series are compared, and their bonding discussed.

This work extends and complements the existing literature on
[Co(n*-C4Phy)(n>-CsHy-C=C—X)] complexes [ 16—19]. There are a vast
number of derivatives where a ferrocenyl group is conjugated through
a 1°-CsHa—C(sp?) or n°-CsHs—C(sp) bond to (poly)ene, (poly)yne or
related systems. A few recent examples are given [20], many others
can be found in references [2, 6—10, 13—15], others will be referred to
in the course of this paper.

2. Experimental

Unless otherwise stated, all reactions were carried out at room
temperature under an atmosphere of nitrogen in dried and deox-
ygenated solvents.

Previously reported procedures or closely related ones were
used to prepare [Co(n*-C4Phs)(n>-CsH4CHO)] 1a [16], [Fe(n®-
CsHs)(n°-CsH4CHO)] 1b [21], [Fe(n*-CsHs)(n>-CsH4CH,PPhs3)]1 [22],
[CICH,PPh3]Cl [23], 1-methyl-1-(2,4-dinitro-phenyl)hydrazine [24],
and [Fe(1n°-CsHs)o(CO)2(u-CO)(pu-CCH3)][BF4] [25]. Other reagents
were purchased from commercial sources unless otherwise stated.
Column chromatography was performed on alumina (activity II or
III) or silica (Merck 7734).

Infrared spectra were recorded on a Perkin Elmer Paragon 1000
FTIR spectrometer (resolution = 4 cm™!), UV/visible spectra on
a UNICAM UV?2 spectrometer and NMR spectra on Varian Inova 300
or 500 MHz spectrometers. Elemental analyses were carried out in
the Microanalytical Laboratory, University College Dublin, however

most results were outside the generally accepted limits for
conformity. There is crystallographic evidence for inclusion of
solvent in two compounds and NMR suggests this is a likely com-
pounding factor in other samples.

Cyclic voltammetric and differential pulse experiments were
carried out at 20 °C in CH;Cl, solutions degassed with nitrogen. A
three-electrode cell was used with Cypress Systems 1 mm diameter
Pt working, Ag/AgCl reference and platinum wire auxiliary elec-
trodes. Solutions were ~103 M in electroactive material and
contained 0.1 M [BuyN][PFs] as the supporting electrolyte. Vol-
tammograms were recorded using a Powerlab/4sp computer-
controlled potentiostat. All potentials are referenced to the
reversible formal potential (taken as E° = 0.00 V) for the deca-
methylferrocene [Fe(n°-CsMes),]™/® process [26] where E° was
calculated from the average of the oxidation and reduction peak
potentials under conditions of cyclic voltammetry. Under the same
conditions, E° calculated for [F¢_=.(1]5—C5H5)2]+/0 was 0.55 V.

2.1. Preparation of [Co(n*-C4Ph4)(n>-CsHs—CH=CBr,)], 2a, and
[Fe(1°-CsHs)(n°-CsHy—CH=CBr>)], 2b

A solution of PPhs (0.65 g, 2.50 mmol) and CBry (0.42 g,
1.25 mmol) in anhydrous CH,Cl, (50 mL) at 0 °C was stirred for
10 min until it turned dark orange. [Co(n*-C4Ph4)(n>-CsHs—CHO)],
1a(0.51 g, 1.0 mmol) was added and the reaction mixture stirred at
room temperature. After 2 h, pentane (250 mL) was added to it, and
the precipitate filtered off. This was dissolved in CH,Cl, and
precipitated again with pentane. The procedure was repeated until
the filtrate was almost colourless. The filtrates were combined,
concentrated, and chromatographed (silica-pentane) to afford
[Co(n*-C4Ph4)(n>-CsHs—CH=CBr3)], 2a, as a brown crystalline solid
(Yield 0.49 g, 74%).

This procedure was used to convert [Fe(n’-CsHs)(n’-
CsH4—CHO)], 1b, to [Fe(n’-CsHs)(n°-CsH4—CH=CBr,)], 2b, an
orange crystalline solid (Yield 0.33 g, 90%).

2.1.1. [Co(n*-C4Ph4)(n°-CsH4—CH=CBr>)], 2a

TH NMR (CDCl3): 6 7.20—7.44 (20H, m, CgHs), 6.42 (1H, s, CH—
CBry), 5.01 (2H, t, C5H4Co), 4.72 (2H, t, CsH4Co). >C NMR (CDCl3):
6 137.7 (CH=CBr3), 135.5, 129.2, 128.3, 125.4 (C¢Hs), 92.1, 84.8, 83.1
(n°-CsH4Co), 85.1 (CH=CBry), 77.0 (C4Phg). UV—Vis, Amax/nm
(e x 1073/dm®mol~'em™") (CH,Cl,): 260 (48), 300 (33), 391 (10).

2.2. Preparation of [Co(n*-C4Phy)(n°-CsH4—C=CH)], 3a, and
[Fe(n*-CsHs)(n°-CsHa—C=CH)], 3b

A 1.6 M solution of "BuLi (1.40 mL, 2.20 mmol) in hexane was
added drop-wise to a stirred solution of 2a, (0.66 g, 1.0 mmol) in
anhydrous Et,O/THF (2/1; 60 mL) at —78 °C. After 1 h, the mixture
was allowed to warm to room temperature. After a further 2 h, the
mixture was added to water (50 mlL), the organic layer was
extracted with CH,Cl; (3 x 20 mL), and the combined extracts dried
over MgSO4. Removal of the solvent gave the crude product which
was chromatographed on silica (pentane/CH,Cly; 1/1) to afford
[Co(n4-C4Ph4)(n°-CsHs—C=CH)], 3a, as a brown crystalline solid
(Yield 0.42 g, 83%).
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2b was converted to dark orange crystalline [Fe(n>-CsHs)(n-
CsH4—C=CH)], 3b, using the same procedure (Yield 0.19 g, 90%).
Characterisation for 3a and 3b is as previously reported (see also
Supplementary material).

2.3. Preparation of [Co(n*-C4Ph4)(n°-CsHs—C=C—CHO)], 4a, and
[Fe(n’-CsHs)(°-CsH4—C=C—CHO)], 4b

A 1.6 M solution of "BulLi (1.60 mL, 2.50 mmol) in hexane was
added to one of 3a, (1.21 g, 2.40 mmol) in tetrahydrofuran, THF,
(20 mL) at —78 °C followed, after 30 min, by an excess of DMF
(0.50 mL, 6.50 mmol). After a further hour at —78 °C, the mixture
was brought to room temperature and poured over ice-water
(25 mL) containing concentrated hydrochloric acid (2 mL). The
violet mixture was neutralised with NaHCOs3 solution to give a red
solution which was extracted with Et;0. The extracts were dried
over MgS0,, filtered and chromatographed on silica (pentane/
CHyCly; 1/1). Removal of the solvent gave [Co(n*-C4Phg)(n’-
CsH4—C=C—CHO)], 4a as an orange/brown crystalline solid (Yield
0.79 g, 62%).

3b was converted to red crystalline [Fe(n’-CsHs)(n’-
CsH4—C=C—CHO)], 4b, using the same procedure (Yield
0.52 g, 91%).

2.3.1. [Co(n*-C4Phy)(n’-CsH4—C=C—CHO)], 4a

IR v/em™': »(C=C) 2181, »(CHO) 1649 (CH,Cl,); »(C=C) 2178,
»(CHO) 1646 (KBr). '"H NMR (CDCl3): 6 8.83 (1H, s, CHO), 7.11—-7.53
(20H, m, CgHs), 4.95 (2H, t, CsH4Co), 4.82 (2H, t, CsH4Co). >°C NMR
(CDCl): 6 176.6 (CHO), 134.9, 129.1, 128.4, 127.1 (CgHs), 95.5
(C=CCHO), 88.6 (C=CCHO), 88.0, 86.9, 74.1 (CsH4C0), 77.5 (C4Phy).
UV—Vis, Amax/nm (¢ x 1073/dm>® mol~! cm™1) (CH,CL,): 272 (38),
335 (sh, 20), 392 (sh, 4.3).

24. Preparation of [Co(1*-C4Phy)(n°-CsHy4—C=C—CH=C(CN)»}],
5a, and [Fe(n°-CsHs){n°-CsH4—C=C—CH=C(CN),}], 5b

To solutions of the acetylenic aldehydes, 4a or 4b (1.0 mmol), in
anhydrous CH,Cl, (50 mL) was added a ca. equimolar amount of
malononitrile (0.075 g, 1.10 mmol) and 3 drops of Et3N. The reaction
mixtures immediately changed colour and were stirred for 2 h in
the absence of light. They were concentrated to dryness and the
residues chromatographed on silica (Et,O/pentane; 1/1) to afford
dark red crystals of [Co(n*-C4Phy)(n°-CsHs—C=C—CH=C(CN)y}],
5a, (Yield 0.47 g, 80%) or violet crystals of [Fe(n>-CsHs){n°’-
CsH4—C=C—CH=C(CN),}], 5b, (Yield 0.27 g, 95%).

24.1. [Co(n*-C4Phy){n>-CsH4—C=C—CH=C(CN),}], 5a

IR »/cm™!: ¥(C=N) 2224, »(C=C) 2176 (CH,Cl,); ¥(C=N) 2224,
»(C=C) 2172 (KBr). 'H NMR (CDCl3): 6 7.20—7.48 (20H, m, CgHs),
6.51 {1H, s, CH=C(CN),}, 4.97 (2H, t, C5H4Co), 4.91 (2H, t, C5H4Co).
13C NMR (CDCl3): 6 142.0 {CH=C(CN)3}, 134.0, 129.0, 128.0, 127.0
(CeHs), 116.5 {CH=C(CN),}, 113.5, 113.0 (CN) 88.0, 87.8, 74.2
(CsH4Co), 88.2 {C=CCHC(CN)y}, 85.8 {C=CCHC(CN)y}, 77.8 (C4Phy).
UV—Vis, Amax/nm (e x 10~3/dm>mol~'em~1) (CH,Cly): 276 (30), 343
(12), 465 (6.7).

2.4.2. [Fe(n’-CsHs){n’-CsHy—C=C—CH=C(CN)y}], 5b

IR v/em': »(C=N) 2230, »(C=C) 2175 (CH,Cly); »(C=N) 2230,
»(C=C) 2175 (KBr). '"H NMR (CDCl3): 6 7.03 {1H, s, CH=C(CN),}, 4.66
(2H, t, CsH4Fe), 4.56 (2H, t, CsH4Fe), 4.30 (5H, s, CsHsFe). 13C NMR
(CDCl3): ¢ 141.4 {CH=C(CN);}, 120.9 {CH=C(CN),}, 113.6, 112.4
(CN), 90.3 {C=CCHC(CN),}, 84.7 {C=CCHC(CN),}, 73.7, 72.5, 60.4
(CsH4Fe), 712 (CsHsFe). UV—Vis, Amax/nm (e x 1073/
dm>®mol~'em™1) (CH,Cly): 281 (17), 362 (35), 560 (10).

2.5. The reactions of [Co(n*-C4Ph4)(n’-CsH4—C=C—CHO)], 4a, and
[Fe(n°-CsHs)(n°-CsHy—C=C—CHO)], 4b, with 2,4-dinitrophenylhydr
azine and 1-methyl-1-(2,4-dinitrophenyl)hydrazine

To a solution of the acetylenic aldehydes, 4a or 4b (1.0 mmol) in
anhydrous CHCl, (50 mL) was added an equimolar amount of 2,4~
dinitro-phenylhydrazine (0.28 g, 1.0 mmol) plus 4 drops of glacial
acetic acid. The reaction mixtures were stirred at room temperature
for 3 h, after which time the solvent was removed under reduced
pressure. The residue was chromatographed on silica (pentane/
CH,Cly; 1/1) to afford similar amounts of syn- and anti- isomers of
the hydrazones [Co(n*#-C4Phs){n>-CsHs—C=CCH=N—N(H)
CeH3(NO»),-2,4}], 6a, or [Fe(n-CsHs){n>-CsH4—C=CCH=N—N(H)
CgH3(NO3),-2,4}], 6b, as dark red crystalline solids in 30—45%
yields.

Under the same conditions 4a and 4b react with 1-methyl-1-(2,4-
dinitrophenyl)hydrazine to give [Co(n*-C4Phs)}{n’-CsHs—C=CCH=
N—N(Me)CgH3(NO, ),-2,4}], 7a, or [Fe(n>-CsHs){n’-CsHs—C=C—CH—
N—N(Me)CgH3(NO3),-2,4}], 7b, as orange red crystalline solids in
yields of 55 and 80% respectively.

2.5.1. Syn-[Co(n*-C4Phy){n°-CsH4—C=C—CH—=N—N(H)
CgH3(NO>)>-2,4}], syn-6a

IR v/cm™!: »(C=C) 2184 (CH,Cl,); »(C=C) 2183 (KBr). 'H NMR
(CDCl3): 6 11.45 (1H, s, CH=NNH), 9.15 {1H, d, J = 2 Hz, CgH3(NO2),},
8.36 {1H, dd, J = 2, 10 Hz, C¢H3(NO,),}, 7.92, ] = 10 Hz {1H, d,
CeH3(NO2)3}, 7.15—7.44 (20H, m, CgHs), 6.70 (1H, s, CH=NNH), 5.12
(2H, t, CsH4Co), 4.82 (2H, t, CsH4Co). 13C NMR (CDCl3): 6 144.1,138.6,
130.0, 129.5, 123.4, 116.8 (CgH3(NO,),}, 134.9, 128.8, 128.1, 126.6
(CgHs), 126.5 (CH=N), 103.9 (C=CCH=N), 79.5 (C=CCH=N), 87.3,
86.1, 75.4 (CsH4Co), 771 (C4Phy). UV—Vis, Amax/nm (¢ x 1073/
dm®mol~lem™1) (CH,Cly): 268 (63), 334 (31), 374 (32), 412 (27).

2.5.2. Anti-[Co(n*-C4Phy){n’-CsH4—C=C—CH=N—N(H)
CgH3(NO>)»-2,4}], anti-6a

IR »/cm™!: ¥(C=C) 2205 (CH,Cl); »(C=C) 2197 (KBr). 'H NMR
(CDCl3): 6 11.30 (1H, s, CH=NNH), 9.12 {1H, d, ] = 2 Hz, CsH3(NO5),},
8.30 {1H, dd, J = 2, 10 Hz, CsH3(NO,);}, 7.90 {1H, d, J = 10 Hz,
CeH3(NO,)3}, 7.12—7.39 (20H, m, CgHs), 7.02 (1H, s, CH=NNH), 4.93
(2H, t, CsH4Co), 4.72 (2H, t, CsH4Co). 1>C NMR (CDCl3): 6 144.2,135.1,
131.8, 130.2, 129.9, 1171 {CgH3(NO,),}, 135.1, 128.9, 128.1, 126.7
(CgHs), 123.9 (CH=N), 95.2 (C=CCH=N), 82.6 ((=CCH=N), 86.6,
85.9, 77.5 (CsH4Co), 76.8 (C4Phy). UV—Vis, Amax/nm (e x 1073/
dm®mollem™1) (CH,Cly): 329 (12), 464 (9).

2.5.3. Syn-[Fe(n’-CsHs ){n’-CsHy—C=C—CH=N—N(H)CH3(NO>)»-
2,4}], syn-6b

IR v/em™!: »(C=C) 2186 (CH,Cl,); v (C=C) 2178 (KBr). '"H NMR
(CDCl3): 6 1212 (1H, s, CH=N—NH), 919 (1H, d, ] = 2 Hz,
CeH3(NO>)}, 8.38 {1H, dd, J = 2, 10 Hz,C¢H3(NO3),}, 8.00 {1H, d,
J = 10 Hz, CgH3(NO,),}, 6.93 (1H, s, CH=N—NH), 4.74 (2H, t,
CsHaFe), 4.43 (2H, t, CsH4Fe), 4.28 (5H, s, CsHsFe). 13C NMR (CDCls):
6 144.2,138.7,130.1,129.8,123.5, 117.1 {CsH3(NO,),}, 126.9 (CH=N),
107.8 ((=CCH=N), 76.8 (C=CCH=N), 72.7, 70.8, 60.9 (CsH4Fe),
70.7 (CsHsFe). UV—Vis, Apax/nm (¢ x 1073/dm>mol 'em™)
(CH,Cly): 266 (37), 314 (sh), 374 (27), 444 (sh).

2.54. Anti-[Fe(n’-CsHs){n’-CsH4—C=C—CH=N—N(H)CH3(NO>)-
2,4}], anti-6b

IR »/cm~!: ¥(C=C) 2203 (CH,Cly); »(C=C) 2191 (KBr). 'TH NMR
(CDCl3): 6 11.45 (1H, s, CH=NNH), 9.14 {1H, d, ] = 2 Hz, CsH3(NO5),},
8.36 {1H, dd, J = 2, 10 Hz, CgH3(NO3),}, 8.04 {1H, d, J = 10 Hz,
CeH3(NO3)3}, 7.47 (1H, s, CH=NNH), 4.58 (2H, t, CsH,Fe), 4.36 (2H, t,
CsHg4Fe), 4.28 (5H, s, CsHsFe). 12C NMR (CDCls): 6 144.4,138.2,131.3,
130.1, 123.2, 117.2 {CsH3(NOy),}, 123.3 (CH=N), 81.5 ((=CCH=N),
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70.7 (C=CCH=N), 72.2, 70.6, 62.1 (CsH4Fe), 70.3 (CsHsFe). UV—Vis,
Amax/nm (¢ x 10~3/dm>mol~'em™1) (CH,Cl,): 267 (43), 314 (6.8),
375 (30), 494 sh (3.1).

2.5.5. Anti-[Co(n*-C4Phy){n’-CsH4—C=C—CH—=N—N(Me)
CgH3(NO>)>-2,4}], anti-7a

IR »/em™!: »(C=C) 2207 (CH,Cl,); »(C=C) 2188 (KBr). '"H NMR
(CDCl3): 6 8.68 {1H, d, J = 2 Hz, CgH3(NO5)}, 8.30 {1H, dd, J = 2,
10 Hz CgH3(NO3),}, 7.66 {1H, d, J = 10 Hz, CgH3(NO,),}, 7.22—7.47
(20H, m, CgHs), 6.48 (1H, s, CH=N), 4.84 (2H, t, CsH4Co), 4.72
(2H, t, C5H4C0), 3.26 (3H, s, NCH3). 3C NMR (CDCl3): 6 145.8, 142.7,
127.2, 122.5, 121.5, 118.0 {CsH3(NO,),}, 135.2, 128.9, 128.0, 126.4
(CgHs), 123.4 (CH=NN), 91.4 (C=CCH=N), 86.4, 85.1, 76.9 (CsH4C0),
82.7 (C=CCH=N), 76.4 (C4Phs), 36.9 (NCH3). UV—Vis, Aqax/Nm
(e x 10~3/dm®mol~'em™1) (CH,Cly): 272 (42), 335 (24), 413 (22).

2.5.6. Anti-[Fe(n’-CsHs){n’-CsH4—C=C—CH=N—N(Me)
CgH3(NO>)>-2,4}], anti-7b

IR v/cm™: (CH,Cly) »(C=C) 2205 (CH,Cly); »(C=C) 2200, »(C=
N) 1597, »(C=C) 1599, 1500, ¥(NO) 1541, 1316 (KBr). 'H NMR
(CDCl3): 6 8.65 (1H, d, J = 2 Hz, CgH3(NO3)z), 8.32 {1H, dd, J = 2,
10 Hz, CgH3(NO3)3}, 7.63 {1H, d,J = 10 Hz CgH3(NO3),}, 6.99 (1H, s,
CH=NN), 4.57 (2H, t, CsHqFe), 4.37 (2H, t, CsH4Fe), 4.30 (5H, s,
CsHsFe), 3.35 (3H, s, NCH3). 3C NMR (CDCl3): ¢ 145.8, 140.8, 139.3,
127.3,122.5, 121.3 {CsH3(NO3 )2}, 123.2 (CH=N), 94.7 (C=CCH=N),
81.3 (C=CH=N), 718, 69.8, 63.3 (CsH4Fe), 70.2 (CsHsFe), 36.5
(NCH3). UV=Vis, Amax/nm (¢ x 10-3/dm>mol~'cm~') (CH,Cl,): 308
(18), 395 (28), 464 (sh).

2.6. The reactions of [Co(n*-C4Phy)(n’-CsHs—C=C—CHO)], 4a, and
[Fe(n’-CsHs)(n’-CsH4—C=C—CHO)], 4b, with [Fe(n-CsHs)2(CO)(u-
CO)(u-CCHs)][BF4]

[Fea(n°-CsHs)2(CO)x(n-CO)(u-CCH3)][BF4] (0.36 g, 0.83 mmol)
was dissolved in CH,Cl, (70 mL) and the solution brought to reflux.
The acetylenic aldehydes 4a or 4b (1.0 mmol, 1.2 equiv.) were then
added and the solutions allowed to stir under reflux in the dark for
24 h. The volume of the filtered solutions were then reduced to
approximately 20 mlL, layered with Et,0, and allowed to stand
at —5 °C. The products, green-black [Fex(n-CsHs)2(CO)2(pu-CO)(u-
C—CH=CH—C=C—Cb®)|[BFg4], [8a][BE4], {Cb® = Co(n*-C4Ph4)(n°-
CsHa—)} or black [Fea(n-CsHs)2(CO)(pu-CO)(u-C—CH=
CH—C=C—Fc)|[BF4], [8b][BF4], {Fc = Fe(n’-CsHs)(n’-CsHa—)}
precipitated as microcrystalline powders in yields of 80% and 90%
respectively.

2.6.1. [Fex(n°-C5Hs)2(C0)a(1-CO)(u-C—CH=CH—C=C—CsH41°)
Co(n*-C4Phy)][BF4], [8a][BF4]

IR »/em™!: »(C=C) 2148, »(CO) 2033, 2004, »(u-CO) 1848
(CHyCL,); »(C=C) 2154, »(CO) 2024, 1995, »(n-CO) 1845 (KBr). 'H
NMR (CDCls): 6 8.92 (1H, d, ] = 14 Hz, C,— CH=CH), 7.12—7.47 (20H,
m, CgHs), 6.58 (1H, d, ] = 14 Hz, C,—CH=CH), 5.37 {10H, s,
(CsHs)aFes), 5.08 (2H, t, CsH4Co), 4.99 (2H, t, CsH4Co). C NMR
(CDCl3): 6 435.8 (Cy), 254.1 (u-CO), 209.3 (t-C0), 159.9 (C,—CH=
CH), 134.6 (C,—CH=CH), 135.7, 130.0, 129.5, 128.2 (CeHs), 118.7
(C=CCH=CH), 94.0 (C=CCH=CH), 91.5, 89.4, 88.8 (CsH4C0), 93.4
(CsHsFe), 79.4 (C4Phy). UV—Vis, Amax/nm (e x 10~3/dm>mol~lem™1)
(CH,CL,): 275 (50), 416 (20), 659 (19).

2.6.2. [Fex(n°-CsHs)3(C0)(u-CO)(u-CCH=CH—C=C—CsH4-1°)
Fe(n>-CsHs)][BF4]. [8b][BF4]

IR v/cm™': »(C=C) 2147, »(CO) 2033, 1996(sh), »(1-CO) 1844
(CH,CL,); »(C=C) 2149, »(CO) 2012, 1998, »(u-CO) 1831(KBr). 'H
NMR (CDCl3): 6 9.35 (1H, d, J = 14 Hz, C,—CH=CH), 6.96 (1H, d,
J = 14 Hz, C,—CH=CH), 5.36 {10H, s, (CsHs)2Fes}, 4.78 (2H, t,

CsH4Fe), 4.73 (2H, t, CsH4Fe), 4.44 (5H, s, CsHsFe). UV—Vis, Amay/Nm
(e x 10-3/dm>mol~Tem™") (CH,Cl,): 329 (12), 464 (9), 644 (6.6),
722 (6.0).

2.7. The reactions of [Co(n*-C4Phy)(n’-CsH4,C=CCHO)], 4a, and
[Fe(1°-CsHs)(n°-CsHy—C=C—CHO)], 4b, with [Fe(n>-CsHs)(n’-
C5H4—CH2PPh3)][I]/nBULi

A hexane solution of "BuLi (1.6 M, 0.72 mL, 1.10 mmol) was
added to an orange suspension of [Fe(1°-CsHs)(1°-CsHs—CH,PPh3)]
[1] (0.58 g, 1.0 mmol) in anhydrous THF (30 mL) at —78 °C. After
stirring at —78 °C for 1 h the acetylenic aldehydes, 4a or 4b
(1.0 mmol) were added to the reaction mixtures which were then
allowed to warm to room temperature, stirred for 2 h, and added to
deionised water (10 mL). The organic phases were extracted with
CH,Cl,, dried over MgS0O4 and concentrated to dryness. The crude
products were chromatographed on silica (pentane/CH;Cly; 2:1) to
yield a Z/E mix of [Co(n*-C4Ph4)(n°-CsHs—C=C—CH=CH—Fc)], 9a,
(Yield 0.28 g, ~5:3 Z:E from NMR), and resolved Z and E isomers of
[Fe(n>-CsHs)(1n>-CsHs—C=C—CH=CH—Fc)], 9b, (Yields 0.08 g, 20%
each isomer).

2.7.1. E/Z-[Co(n*-C4Phy)(n’-CsH4—C=C—CH=CH—CsH4-n° JFe(1>-
C5H5)], E/Z-9a

IR »/em™!: »(C=C) 2194 (CH,Cl,); »(C=C) 2184 (KBr). UV—Vis,
Amax/nm (e x 10~3/dm>mol~Tem~") (CH,Cl,) 260 (50), 290 (sh
40), 335 (29), 386 (sh 12), 464 (sh 6.4).

Z-9a. '"H NMR (CDCl3): 6 7.16—7.50 (20H, m, CgHs), 6.32 (1H, d,
J = 11 Hz, C=CCH=CH), 5.24 (1H, d, ] = 11 Hz, C=CCH=CH), 4.79
(2H, t, C5H4Co0), 4.69 (2H, t, CsH4C0), 4.65 (2H, t, CsHaFe), 4.23 (2H, t,
CsHaFe), 4.07 (5H, s, CsHsFe). 3C NMR (CDCl3): 6 137.0 (C=CCH=
CH), 135.6, 128.9, 128.0, 126.4 (CgHs), 104.9 (C=CCH=CH), 90.5
(C=CCH=CH), 88.0. (C=CCH—CH), 85.7, 84.5, 80.6 (CsH4Co), 81.4,
69.3, 69.3 (CsHaFe), 76.1 (C4Phy), 69.2 (CsHsFe).

E-9a. "H NMR (CDCl3): 6 7.16—7.50 (20H, m, CgHs), 6.40 (1H, d,
J = 16 Hz, C=CCH=CH), 5.58 (1H, d, ] = 16 Hz, C=CCH=CH), 4.76
(2H, t, C5H4C0), 4.63 (2H, t, CsH4Co), 4.37 (2H, t, CsHaFe), 4.30 (2H, t,
CsHyFe), 414 (5H, s, CsHsFe). 13C NMR (CDCl3): 6 139.1 (C=CCH=
CH), 135.7, 129.0, 128.0, 126.4 (CgHs), 105.4 (C=CCH=CH), 87.8
(C=CCH=CH), 85.5 (C=CCH=CH), 85.5, 84.4, 80.0 (C5H4Co), 82.3,
69.5, 66.8 (CsH4Fe), 76.2 (C4Phy), 69.6 (CsHsFe).

2.7.2. Z-[Fe(n’-CsHs )(1°-CsHy—C=C—CH=CH—CsHs5-1° )Fe(n’-
CsHs)], Z-9b

IR »/em™!: »(C=C) 2194 (CH,Cl,); »(C=C) 2187 (KBr). 'TH NMR
(CDCl3): 66.43 (1H, d,J = 12 Hz, C=CCH=CH), 5.57 (1H,d, ] = 12 Hz,
C=CCH=CH), 4.89 (2H, t, CsHaFe-Csp), 4.52 (2H, t, CsH4Fe-Csp), 4.35
(2H,t, C5H4Fe—Csp2), 428 (5H, s, C5H5Fe—CSp), 427 (2H,t, C5H4F€—C5p),
419 (5H, s, CsHsFe-Csp2). *C NMR (CDCls): 6 137.3 (C=CCH=CH],
104.8 (C=CCH=CH), 94.0 ((=CCH=CH), 85.8 ((=CCH=CH), 81.4
(CsH4Fe-Csp2), 71.1 (CsHaFe-Csp), 70.0 (CsHsFe-Csp), 69.6 (CsHsFe-
Cspa), 69.4 (CsHaFe-Csp2), 69.3 (CsHaFe-Csp2), 68.9 (CsHaFe-Csp), 66.2
(CsHaFe-Csp). UV—Vis, Amax/nm (e x 10-3/dm>mol~'em ™) (CH,Cl,):
284 (14), 320 (14), 373 (sh), 458 (1.6).

2.7.3. E-[Fe(n’-CsHs)(1°-CsHy—C=C—CH=CH—CsHs-n’ )Fe(n’-
CsHs)], E-9b

IR »/cm™!: y(C=C) 2195 (CH,Cly); »(C=C) 2196, 2164 (KBr). 'H
NMR (CDCl3): 6 6.72 (1H, d, J = 16 Hz, C=C—CH=CH), 5.81 (1H, d,
J = 16 Hz, C=C—CH=CH), 4.45 (2H, t, CsHsFe-Csp), 4.43 (2H, t,
CsHaFe-Csp), 4.34 (2H, t, CsHaFe-Csp2), 4.25 (5H, s, CsHsFe-Csp), 4.23
(2H, t, CsHqFe-Csp), 4.21 (5H, s, CsHsFe-Cp2). 3C NMR (CDCl3):
6 139.1 (C=CCH=CH], 105.4 (C=CCH=CH), 89.0 (C=C—CH=CH),
85.8 (C=C—CH=CH), 83.1 (CsHsFe-Cs,2), 71.2 (CsHaFe-Csp), 70.0
(C5H5Fe—CSp), 69.8 (C5H5Fe—CSp2), 69.8 (C5H4F€—C5p2), 68.8 (C5H4Fe—
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Csp), 67.0 (CsHaFe-Csp2), 66.2 (CsHaFe-Csp). UV—Vis, Amax/nm
(e x 1073/dm>mol~'em~") (CH,Cl,):257 (20), 320 (24), 459 (21).

2.8. The reaction of [Co(n*-C4Ph4)(n°-CsH4CHO)], 1a, with
[CICH,PPh3)][Cl]/'BuOK

'BuOK (0.12 g, 0.98 mmol) was added to a stirred suspension of
[CICH,PPhs][Cl] (0.33 g, 0.95 mmol) in toluene (10 mL) at 0 °C
followed, after 30 min, by the dropwise addition of a solution of
[Co(n*-C4Ph4)(n°-CsH4CHO)], 1a, (0.47 g, 0.92 mmol) in toluene
(10 mL). The mixture was warmed to room temperature and stirred
for 24 h. After the addition of 'BuOK (0.62 g, 5.0 mmol) the reaction
mixture was refluxed for 1 h. The solvent was then removed under
reduced pressure and the residue chromatographed on silica.
Several products separated but only the trans complex E-[Co(n*-
C4Ph4)(1°-CsHa—C=C—CH=CH—CsH4-1>)Co(n*-C4Ph4)],  E-10a,
could be isolated and identified, its yield is very low.

2.8.1. E-[Co(n*-C4Phy)(n’-CsH4—C=C—CH=CH—CsH4-n’ )Co(n*-
C4Ph4)], E-10a

'H NMR (CDCl3): & 7.16—7.50 (40H, m, CgHs), 6.42 (1H, d,
J = 16 Hz, C=C—CH=CH), 6.25 (1H, d, | = 16 Hz, C=C—CH=CH),
5.25 (2H, t, CsH4Co), 4.85 (2H, t, CsH4Co), 4.78 (2H, t, C5H4Co),
4.71 (2H, t, CsHyCo).

2.9. Crystal structure determinations
The structures of 2a, 3a, 4b, 4a, 5b, syn-6a, syn-6b (2 crystal

forms) and 7b were determined by X-ray diffraction methods in
the X-ray laboratory of University College Dublin. The data were

collected at 100 K using a Bruker SMART APEX CCD area detector
diffractometer and graphite-monochromated Mo Ko radiation
(A =0.71073 A). A full sphere of the reciprocal space was scanned
by phi-omega scans. Pseudo-empirical absorption correction based
on redundant reflections were made using SADABS [27]. The
structures were solved by direct methods using SHELXS-97 [28]
and refined by full matrix least-squares on F? for all data using
SHELXL-97 [28]. For compounds 4a, 5b, syn-6a and 7b, all
hydrogen atoms were added at calculated positions and refined
using a riding model. Their isotropic temperature factors were
fixed to 1.2 times (1.5 times for methyl groups) the equivalent
isotropic displacement parameters of the carbon/nitrogen atom
the H-atom is attached to. For compounds 2a, 3a, 4b and both
polymorphs of syn-6b, all hydrogen atoms were located in the
difference Fourier map and allowed to refine freely with isotropic
temperature factors. Anisotropic temperature factors were used for
all non-hydrogen atoms.

Calculations were carried out using ORTEX or Mercury [29].
Crystal structure data are given in Table 1a and 1b.

3. Results and discussion

The reactions carried out during the course of this work are
summarized in Scheme 1. This includes the compound numbering
where the [Co(n*-C4Phs)(n°-CsH4R)] derivatives are 1a, 2a etc.
whilst the corresponding [Fe(n-CsHs)(1°-CsH4R] derivatives are
1b, 2b etc. These compounds are air-stable solids. They are soluble
in the expected organic solvents to give coloured solutions which
decompose slowly. In the text, the abbreviations Cb® — Co(n*-
C4Ph4)(1°-CsHa—) and Fc = Fe(n>-CsHs)(n°-CsH4—) are used.

Table 1a

Crystal data for 2a.CH,Cl,, 3a, 4a, 4b and 5b.
Compound 2a.CH,Cl, 3a 4a 4b 5b
Empirical formula C36H27Br2ClCo C3s5Hy5Co C36H35C00 Cq3HqoFeO CqigHioFeN,
Formula weight 749.23 504.48 532.49 238.06 286.11
Temperature 100(2) K 100(2) K 100(2) K 100(2) K 100(2) K
Wavelength 0.71073 A 0.71073 A 0.71073 A 0.71073 A 0.71073 A
Crystal system Triclinic Orthorhombic Monoclinic Orthorhombic Monoclinic
Space group P—-1 Pna2, P24/c P2:2124 P2,/c
Unit cell dimensions (A), () a =10.2569(8) a =27.2299(16) a=10.9417(9) a = 8.9159(6) a=10.9971(17)

b = 11.7973(10)

b = 19.5624(12)

¢ =13.1604(11) ¢ =9.3332(6)
o = 102.253(1) o =90
B =94.107(1) B =90
y = 102.371(1) y =90
Volume (A3) 1508.6(2) 4971.6(5)
Z 2 8
Density calculated (Mg/m?) 1.649 1.348
Absorption coefficient (mm~!) 3.420 0.713
F(000) 748 2096
Crystal size (mm) 0.70 x 0.50 x 0.30 0.40 x 0.30 x 0.20
# range for data collection 1.82—28.53° 1.82—28.55°
Reflections collected 25786 41761

Independent reflections

Completeness to # max
Absorption correction

Max. and min. transmission

7040 [R(int) = 0.0238]
91.8%

Semi-empirical

from equivalents
0.4269 and 0.2192

11679 [R(int) = 0.0366]
95.1%

Semi-empirical

from equivalents
0.8706 and 0.7282

Refinement method Full-matrix Full-matrix
least-squares on F? least-squares on F?
Data/restraints/parameters 7040/0/370 11679/1/650
Goodness—of—fit on F? 1.036 1.026
Final R indices [I > 2sigma(I)] R1 = 0.0249, R1 =0.0371,
wR2 = 0.0605 wR2 = 0.0849
R indices (all data) R1 = 0.0290, R1 = 0.0425,
WR2 = 0.0619 WR2 = 0.0879
Flack parameter - 0.298(8)

Largest diff. peak and
hole (e.A3)

0.726 and —0.382

0.550 and —0.256

b = 14.1524(11)

b =12.1183(8)

b = 10.4508(16)

c=16.9912(13) c=18.2166(12) c=12.430(2)
o =90 o =90 o =90

B =97.515(1) B =90 B =116.160(2)
Yy =90 v =90 v =90
2608.5(4) 1968.2(2) 1282.2(3)

4 8 4

1.356 1.607 1.482

0.686 1.495 1.160

1104 976 584

0.40 x 0.40 x 0.02 0.70 x 0.10 x 0.05 1.00 x 0.60 x 0.05
1.88—26.00° 2.02—25.99° 2.06—28.42°
39253 30394 17508

5129 [R(int) = 0.0335]
100.0%
Semi-empirical from

3858 [R(int) = 0.0241]
100.0%
Semi-empirical from

3064 [R(int) = 0.0260]
94.9%
Semi-empirical from

equivalents equivalents equivalents
0.9864 and 0.7037 0.9290 and 0.7293 0.9443 and 0.6878
Full-matrix Full-matrix Full-matrix
least-squares on F? least-squares on F? least-squares on F?
5129/0/443 3858/0/272 3064/0/212

1.100 1.082 1.061

R1 = 0.0376, R1 = 0.0248, R1 = 0.0265,

WR2 = 0.0953 WR2 = 0.0650 WR2 = 0.0690

R1 = 0.0407, R1 = 0.0262, R1 = 0.0272,

wR2 = 0.0974 WR2 = 0.0659 WR2 = 0.0697

- 0.50(2) -

0.830 and —0.188

0.332 and —0.307

0.387 and —0.458
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Table 1b
Crystal data for 6a, 6b.I, 6b.Il and 7b.CHCls.
Compound 6a syn-6b.(1) syn-6b.(2) anti-7b.CHCl3
Empirical formula C42Hz9CoN404 Cqi9H14FeN404 CyioH14FeN404 C31H17CI3N404
Formula weight 712.62 418.19 418.19 551.59
Temperature 100(2) K 100(2) K 100(2) K 100(2) K
Wavelength 0.71073 A 0.71073 A 0.71073 A 0.71073 A
Crystal system Monoclinic Monoclinic Triclinic Monoclinic
Space group P24/c Pn P—1 P24/c
Unit cell dimensions (A), (°) a = 19.4991(19) a = 5.9099(6) a = 8.076(5) a =9.9905(7)
b = 15.1097(15) b = 14.0651(14) b = 10.315(6) b =11.0671(8)
c=11.4831(11) ¢ =10.4156(10) c=11.110(6) ¢ =20.9881(15)
a=90 a=90 o =101.098(9) o =90
8 =97.101(2) 8 =99.480(2) 8 =107.231(9) B =102.713(1)
v =90 v =90 v = 91.334(10) v =90
Volume (A3) 3357.3(6) 853.96(15) 864.2(9) 2263.7(3)
Z 4 2 2 4
Density calculated (Mg/m?) 1.410 1.626 1.607 1.618
Absorption coefficient (mm™') 0.562 0919 0.908 1.057
F(000) 1472 428 428 1120
Crystal size (mm) 0.30 x 0.30 x 0.01 1.00 x 0.40 x 0.01 0.18 x 0.18 x 0.15 0.50 x 0.30 x 0.20
6 range for data collection 1.71-26.00° 2.46—-28.37° 1.96—26.00° 1.99—-26.00°
Reflections collected 48976 12059 12587 34069

Independent reflections
Completeness to f max
Absorption correction

Max. and min. transmission
Refinement method

Data/restraints/parameters
Goodness—of—fit on F?
Final R indices [I > 2sigma(I)]

R indices (all data)
Flack parameter

Largest diff. peak
and hole (e.A~3)

6577 [R(int) = 0.0425]
99.7%
Semi-empirical
from equivalents
0.9944 and 0.6743
Full-matrix
least-squares on F?
6577/0/576

1.036

R1 = 0.0350,

WR2 = 0.0859

R1 = 0.0432,

WR2 = 0.0897

0.493 and —0.189

3898 [R(int) = 0.0335]
94.2%
Semi-empirical

3372 [R(int) = 0.0544]
99.4%
Semi-empirical

4454 [R(int) = 0.0227]
100.00%
Semi-empirical from

from equivalents from equivalents equivalents
0.9909 and 0.5628 0.8758 and 0.5062 0.8163 and 0.6716
Full-matrix Full-matrix Full-matrix
least-squares on F? least-squares on F? least-squares on F?
3898/2/309 3372/0/309 4454/0/392

1.057 1.051 1.138

R1 = 0.0358, R1 =0.0411, R1 = 0.0380,

WR2 = 0.0879 WR2 = 0.0943 WwR2 = 0.0973

R1 = 0.0367, R1 = 0.0514, R1 = 0.0389,

WR2 = 0.0885 WR2 = 0.0989 wR2 = 0.0979
0.081(14) - -

0.509 and —0.245

0.957 and —0.263

0.717 and —0.471

The preparations of compounds 1a, 3a, and 1b—4b have been
reported previously and we have used similar but not always
identical reactions to obtain them. Thus the method of Stevens and
Richards was used to obtain [Cb®—CHO], 1a [16], and that of
Rosenblum [21] to obtain [Fc—CHO], 1b. 1b has been shown to react
with the Ph3P/CBr4 reagent to give [Fc—CH=CBr3], 2b, which with
"BuLi and then water affords [Fc—C=CH], 3b [30]. This reaction
sequence, which was originally devised by Corey and Fuchs [31],
was used to prepare 3a via 2a (as well as 3b via 2b) in preference to
alternatives such as the dehydration of [Cb®—C(O)Me] (as available
for the ferrocenylogue [32]) or the proven dehydrochlorination of
[Cb®—CH=CHCI] [16]. Both 4a and 4b were prepared by the same
method as that used previously to prepare 4b [32] i.e. the depro-
tonation of the alkyne 3 with "BuLi and the reaction of the
[Cb®—C=C]~ or [Fc—C=C]~ with Me;NCHO. Hydrolysis of the
mixtures gave [Cb®—C=CCHO], 4a, or [Fc—C=CCHO], 4b, in good
overall yields.

4 underwent reactions which are typical of aldehydes and
similar to those undergone by their precursors 1 [12,13]. Their base-
catalysed Knoevenagel condensations with CHy(CN), [33]
produced the deep red [Cb®—C=C—CH=C(CN);], 5a, or violet
[Fc—C=C—CH=C(CN),], 5b. Their acid-catalysed condensations
with 2,4-dinitrophenylhydrazine [34] gave the red hydrazones
[Cb?—C=C—CH=N-N(H)CgH3(NO,)2-2,4], 6a, or [Fc—C=C—CH=
N—N(H)CgH3(NO),-2,4], 6b, each as mixtures of syn- and anti-
isomers (see Scheme 1); whereas only single isomers of
orange [Cb®—C=C—CH=N-N(Me)CgH3(NO3),-2,4], 7a, and
[Fc—C=C—CH=N—-N(Me)CgH3(NO,),-2,4], 7b, were obtained
from reactions with 1-methyl-1-dinitrophenylhydrazine. X-ray

crystallography confirmed unambiguously 7b as the anti- form and
consistent spectroscopic data indicate the same for 7a.

The reaction of 4a/b with [Fex(n-CsHs)2(CO),(u-CO)(u-CMe)][BF4]
[35] gave the highly coloured vinylcarbyne salts green-black [Fe,(n-
C5Hs)2(CO),(p-CO)(u-C—CH=CH—C=C—Cb®)|[BF4], [8a][BF4], and
black [Fez(1-CsHs)2(CO),(p-CO)(p-C—CH=CH—C=C—Fc)][BF4], [8b]
[BF4].

Each of the reactions of 4 with the Wittig reagent [36]
[Fc—CH,PPhs][I]/"BuLi gave a mixture of the E and Z isomers of the
but-1-ene-3-yne derivatives [Cb®—C=C—CH=CHFc|, 9a, and
[Fc—C=C—CH=CHFc], 9b, respectively. Although the isomers of 9b
could be separated, those of 9a could not. Attempts to isomerise Z-9a
to E-9a with I, were not successful as the iodine catalyst was
consumed by the substrate. A similar reaction was attempted
starting from [Cb®—CH,PPh3][Cl] [12], but its ylid failed to attack
either 4a or 4b. These were recovered together with [Co(n*-
C4Phy)(m°-CsH4Me)] after the reaction mixtures were hydrolysed.
Both E and Z-[Fc—C=C—CH=CHFc], 9b, have been prepared previ-
ously by the catalysed dimerisation [6a,6d,6e] of 3a, but they were
also formed as side-products of the reaction of [FcCHO] with
[CICH,PPh3][Cl]/*BuOK in which the principal product was ferroce-
nylethyne 3b [6b,6¢], Attempts to prepare [Cb®—C=C—CH=CHCb?],
10a, from 1a by a similar reaction gave a complex mixture of prod-
ucts from which was isolated E-10a (characterized by 'H NMR
spectroscopy) in very low yields. We recently reported the synthesis
and X-ray crystal structure of [Cb®—C=C—Ph] by the Castro-
Stephens coupling [37] of 3a and iodobenzene [19]. Various spec-
troscopic details and the electrochemistry of this compound are
discussed in the following sections with those of compounds 3—9.
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Scheme 1. (i) CBr,/PPhs. (ii) "BuLi, then H,0. (iii) "BuLi/HC(O)NMe,, then H,0. (iv) CHy(CN),/EtsN. (v) 2,4—(NO,),CsH3N(H)NH,/CH5CO,H. (vi) 2,4-(NO5),CeH3sN(Me)NH,/CH3CO,H.
(vii) [Fea(n3-CsHs)o(CO)a(1-CO)(u-CCH3)][BF4], reflux. (viii) [Fe(n®-CsHs)(n3-CsH4CH,PPhs)][1]/"Buli. (ix) [CICH,PPhs)][Cl])/'BuOK then further ‘BuOK.

3.1. Spectra

3.1.1. IR spectra

The IR spectra of 3—9 all show absorption bands due to the internal
vibrations of the Cb® and Fc moieties. Their frequencies do not vary
greatly and they yield few structural or bonding insights, but they
may obscure (e.g. two very strong bands at ca. 1498 and 1595 cm™!
characteristic of the n*-C4Phy ligand) more important features.

However, the most interesting features of the IR spectra of the
[Cb®—C=C—X] and [Fc—C=C—X] complexes 3—9 are the

frequencies and intensities of the absorption bands due to their
¥(C=C) stretching vibrations. In general these are very sensitive to
the substituents X and Z in Z—C=C—X systems [38]. Those of our
[Cb®—C=C—X]/[Fc—C=C—X] complexes are almost independent
of Z (= Cb® and Fc), but their frequencies decrease for X = Ph
(2214/2224, 2210) > anti-CH=N—-N(Me)CgH3(NO;),-2,4 (2207/
2205 cm') >  anti-CH=N—N(H)C¢H3(NO2)-2,4  (2205/
2203 cm™') > CH=CH—Fc-Z and E (2194/2194 cm™!) > syn-CH=
N—N(H)C¢H3(NO,),-2,4 (2184/2186 cm~') > CHO (2181/
2184 cm!) > CH=C(CN); (2176/2175 cm™') » (CH=CH—C,)(u-
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CO)(CO)zFex(n°-CsHs)3 (21482147 cm™1) » H (2112/2110 cm™ ). X-
ray diffraction studies (see below) show that the sole isomer of [7b]
(X=CH=N—N(Me)CgH3(NO3)2-2,4) has the anti-conformation. Its
v(C=C) frequency is very close to those of anti-[6a], anti-[6b] and
anti-[7a], which suggests that the latter has the anti-conformation
also. However, it is not immediately obvious why the syn-CH=
NN(R)CgH3(NO>)2-2,4 end-groups are better w-acceptors than their
anti-counterparts.

The intensities of the y(C=C) absorption bands also vary greatly
with X. For example, in the solid state the intensity of the ¥»(C=C)
band of [Cb®—C=C—Ph] [19] is ca. half of those due to the y(C—H)
vibrations of its C4Phy groups. In contrast, for [Ch®—C=C—CHO]
the intensity of the »(C=C) band has increased by ca. 6400% using
the same measure. This may be a consequence of the permanent
dipole induced across the C=C bond by its substituents. As Cb® and
Fc are donor groups of similar though not identical capabilities, the
magnitude of this permanent dipole will largely be a function of the
acceptor strength of X in 3—9. The larger it is, the greater will be the
dipole gradient change during the »(C=C) vibration and the more
intense will be the resultant IR absorption band. However, this is not
the whole story. When the IR spectra of [Cb®—C=C—CHO], 4a, and
[Cb®—C=C—CH=C(CN);], 5a, are compared, the y(C=C) and »(C=
C) bands of the latter are weaker than the »(C=C) and »(CO) bands of
the former [Relative peak heights »(C—Hpp):»(C=C):»(C=0) or
y(C=C) = 1:34:41 for 4a and 1:10:5 for 5a.] whilst on some
measures the CH=C(CN), group is more electron-withdrawing
than the CHO. This may be explained if it is assumed that the
y(C=C) vibration of 4a, as well having a large intrinsic dipole
gradient change, also mixes with the »(C=O0) vibration and
“borrows” intensity from it. On the other hand the »(C=C) vibration
of 5a only gives a relatively weak absorption band, so any mixing of
this with the »(C=C) mode is likely to result in “intensity transfer”
from rather than to the latter, and a weaker absorption band at ca.
2160 cm™ . Such coupling between the »(C=C) vibrations and those
of its substituents has been shown to be very important for terminal
alkynes. The consequences of replacing the terminal =CH of
Ph—C=CH by =CD or =CMe are best explained by assuming
coupling between »(C=C) and »(C—H)/y»(C—D) vibrations which
greater for Ph—C=CD than for Ph—C=CH [39—41] and which
disappears in Ph—C=CMe [42]. Thus for the terminal alkynes 3a/3b
the »(C=C) are 2112/2110 cm~' with »(CC—H) at ca. 3302/
3302 cm~!, whereas for the alkynyl aldehydes 4a/4b »(C=C) are
2184/2181 cm™~ . A similar increase is observed in other terminal vs.
internal alkynes e.g. [Ni(1°-CsHs)(PPh3)C=CH]/[Ni(n°-CsHs)(PPh3)
C=CPh] »(C=C) = 1958/2099 cm ! [14c] or [PhC=CH]/
[PhC=CCHO] where »(C=C) = 2110/2190 cm~. It is coupling
between »(CC—H) and »(C=C) vibrations which increase the
frequencies of the former and depresses the frequencies of the
latter. In the solid state spectrum of 4a, there are two absorption
bands due to its »(CC—H) vibration; in that of 4b there are three
which has been attributed to intermolecular C=C—H---C=C
interactions [43]. The IR of both compounds in solution show
a single band due to their »(C—H) modes. This is discussed in more
detail in Section 3.2.

The »(CO) vibrations of the aldehyde groups of 4a and 4b give
rise to strong absorption bands at 1649 and 1648 cm ™! respectively.
These compare with 1683 and1687 cm~! observed for 1a and 1b.
The interpolation of a C=C spacer also causes a decrease in the
»(CO) frequency from PhCHO (1709 cm™') to PhC=CCHO
(1661 cm~1) [38,42]. The CN groups of 5a/5b give rise to quite weak
absorption bands at 2224/2230 cm~! compared with 2220/2185,
2170 cm~! for [Cb®—CH—=C(CN),]/[Fc—CH=C(CN),] [12,44]. The
nitro groups in 6 and 7 give rise to readily identified absorption
bands at ca. 1340 and 1520 cm~, and another weak band at
ca.1600 cm™! is assigned tentatively to their »(C=N) modes. This is

not always detected. These frequencies are comparable to those
found for [Cb®—CH=N-—N(H)CgH3(NO,),-2,4] at 1336, 1518 and
1616 cm™! respectively [12].

There are very strong absorption bands in the IR spectra of 8a
(2033, 2004 and 1848 cm™!) and 8b (2033, 1996 sh, 1844 cm™!)
which are assigned respectively to the symmetric »(COy), anti-
symmetric »(CO;) and »(CO,) vibrations of their cis-Fey(n-
CsHs),2(C0O),(u-CO)(u-C—) moieties. Their frequencies suggest that
both the —CH=CH—C=C—Cb® and —CH=CH—C=C—Fc moieties
act as electron donors to the cationic diiron acceptor endgroup (for
[Fea(n-CsHs)2(CO)(n-CO)(u-CCH3)] "[BF4]~ »(CO) = 2046, 2012,
1853 cm™ '), but that Fc is marginally stronger than Cb®. When the
frequencies for 8b are compared with those for [Fey(n-
C5Hs)2(CO)a(n-CO)(u-C—(CH=CH)y-Fc]* {»(CO) = 2024, 1993,
1837 when n = 1; 2027, 2001, 1837 cm ™~ when n = 2} [15c] it can be
seen that the donor effect of the ferrocenyl (and presumably of Cb®)
on the Fep(n-CsHs)2(CO)(u-CO)(u-C™) group is reduced when
—C=C—is introduced between Fc- and Fex(n-C5Hs)(CO)2(u-CO)(p-
C—C=CH-) whereas the introduction of —-CH=CH— has a much
more limited effect i.e. C=C hinders donor— acceptor communi-
cation in D-mt-A systems more than CH=CH. This poorer conjuga-
tion through an alkyne spacer has been noted previously [45]. The
spectra of 8a and 8b also show strong absorption bands at
ca.1150 cm~! due to the [BF4]” ions.

3.1.2. 'H NMR spectra

As expected, the 'H NMR spectra of 1a—8a all show two pseudo-
triplets due to their n°-CsHy ligands (6 4.60—5.12 with J = ca. 2 Hz)
together with a multiplet due the phenyl groups of the n*-C4Phy
ligands (6 7.11—7.50). Their ferrocenyl counterparts similarly show
the two (n°-CsH,) pseudo-triplets (6 4.21—4.78 with J = ca. 2 Hz)
and the unsubstituted (1°-CsHs) ligand singlet (6 4.19—4.44). In
comparable compounds the CsHy signals of the Cb? group lie at
higher ¢ than those of the Fc group. The chemical shifts of the
various protons are comparable with those observed for similar
compounds such as [Cb®—C=C-Ph], [Fc—C=C-R], [Cb®—CH=
CH—R] and E-[Fc—CH=CH—R] (R = aryl) [9,13,19].

With the exception of [Cb®—C=C—H] and [Fc—C=C—H], the
terminal groups have the general formula —CH=Y and for them the
chemical shifts ¢ of the singlets due to the C=C—CH=Y protons is
always greater in the ferrocenyl complexes than their Cb® coun-
terparts. It is also a function of Y and increases —CH=Y = —CH=
CH— < —CH=N- < —CHO for both Cb® and Fc derivatives.

The N-H resonances of Z and E isomers of both 6a and 6b are
relatively sharp and highly deshielded with 6 11—12.5 compared
with the more normal ¢ 7—8. This has also been observed for
[Cb®—CH=N—N(H)CgH3(NO,)>-2,4] and is probably due to intra-
molecular hydrogen bonding between NH and NO; groups which is
found in the solid state and retained in solution. In 7a/7b it is
replaced by Me singlets at § 3.73/3.26 respectively.

There are three signals in the spectra of [8a][BF4]/[8b][BF4]
which are characteristic of the Fey(n-CsHs),(CO)(pu-CO)(n-C—CH=
CH—)". The first is a singlet (10H) at 6 5.35 due to (n>-CsHs),Fe; and
its singlet nature confirms that, although the CH=CH—C=C moiety
probably lies in the Fe;C, plane (cf. [Fey(n-CsHs)y(CO)p(pn-CO){p-
C—C(Cl)=CH—Fc}][BF4] [15c]), there is rapid rotation about the
C,—C bond. The other two signals are doublets at ¢ 8.92/9.35 (1H)
and ¢ 6.58/6.96 (1H) due to the C,—CH,=CHp— protons respec-
tively; their coupling constants (ca. 14 Hz) confirm their E
relationship.

The Z and E isomers of [Co(n*-C4Phy)(n’-CsH4—C=C—CH=
CH—CsHa-n)Fe(n>-CsHs),  9a  and  [Fe(n’-CsHs)(n’-
CsH4—C=C—CH=CH-CsHs-1>)Fe(n>-CsHs)], 9b, can be distin-
guished by their —-CH=CH— coupling constants of 11—12 Hz and
16 Hz respectively. Because pure samples of both Z and E-9b could
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be obtained, attribution and assignment of the signals in their 'H
NMR spectra is relatively straightforward [6c]. However, this is not
the case for 9a where the Z and E isomers were formed in ca. equal
amounts and could not be separated. However, a near-complete
assignment of the spectrum has been made by using correlation
spectroscopy and comparisons with the spectra of Z-9b and E-9b.
We are confident of that for the C=C—CH=CH—CsH4-1°)Fe(n’-
CsHs) parts of both Z and E-9a but rather less so of that for the
Co(n*-C4Phy)(n>-CsHa—) end-group. However, assignments are
consistent with related Cb® and Fc substituted alkene and alkyne
systems [9,13,19].

3.1.3. 3C NMR spectra

The spectra were assigned by using homo and heteronuclear 2-
D NMR techniques, internal consistency and by comparisons with
related compounds. The spectra of all Cb? complexes show one
signal due to the cyclobutadiene carbon atoms (ca. ¢ 77), four for
the Ph groups of the n4-C4Phy ligand, and three resonances due to
their Co(n>-CsH) groups. This confirms that rotations of the C4 and
Cs ligands about their centroid—Co axes and of the phenyl groups
about the C—Ph axes are fast on the NMR timescale. As expected,
the spectra of the Fc complexes show three signals due to the 1°-
CsHg4 ligands and a 1°-CsHs singlet, and closely resemble those of
other ferrocenyl alkynes. In all comparable pairs of compounds
0 CsH4Co > 6 CsHyFe.

The spectra of 3—10 show two signals due to their acetylenic C
atoms CsH4C=C-X. Their chemical shifts lie in the range 6 78—104
for the Cb® complexes and 6 71108 for the Fc derivatives.

The resonances due to the terminal groups X are readily
assigned for 4a/4b when X = CHO at § 176.6/176.3 respectively.
These are less deshielded than those of the aldehydes [Cb®—CHO]/
[Fc—CHO] (6 191.0/193.9) or [Ph—CHO] at ¢ 192.3 [42]. The CH=
C(CN), resonance of the dicyanoethene derivatives 5a/5b (6 142.0/
141.4) are similarly shielded compared with [Cb®—CH=C(CN),] (6
157.4). Their C(CN), signals are found within the typical range
0 120—113.0 [14a]. The —CH=N-N(H)CgH3(NO;);-2,4 atoms of syn-
and anti-6a/6b are unremarkable, but display clear similarities
between Cb® and Fc variants, yet similarly distinct differences for
the syn- and anti-forms. Taken together these suggest an anti-
configuration for the single isomeric forms obtained of 7a/7b.

Of particular interest in the spectrum of [8a][BF4] are the signals
due to the Cp, u-CO and t-CO ligands of the Fex(u-Cu)(nu-CO)(t-CO)2
fragment at 6 436, 254 and 209 ppm respectively. The chemical
shifts of all three, though high, are normal for this class of
compound and compare with those found in [Fey(1-CsHs)2(CO)a(p-
CO)(u-C,—CH=CH—CH=CH—Fc][BF4] (6 411, 257, 209) and [Fey(n-
CsHs)2(CO),(n-CO)(n-C—CH3][BF4] (0 499, 272, 206) [15c]. The
single signals due to 1°-CsHs and t-CO ligands confirm that rotation
about the p-Cu—CH bond is fast on the NMR timescale.

The spectra of E and Z-9b are readily assigned; that of the
inseparable E and Z-9b is not. As for the '"H NMR spectrum, we are
confident of the attribution and assignment of signals due to the
(—C=C—CH=CH—CsH4-1°)Fe(°>-CsHs) part of both Z and E-9a but
less so of that for the Co(n4—C4Ph4)(n5—C5H4—) end-group. The
chemical shifts of the various C atoms are comparable with those
observed for similar compounds such as Cb®—C=C—Ph, Fc—C=C-R,
Cb®—CH=CH-R and E-Fc—CH=CH-R (R = aryl) [9,13,19].

3.1.4. UV—Vis spectra

The electronic spectrum of [Fc—C=C—H], 3b, shows a strong
peak at 269 nm and weaker ones at (i) 329 and (ii) 443 nm.
Counterparts of the latter two are observed in the spectra of other
ferrocenyl derivatives and have been attributed to transitions
essentially metal-centred within the Fe(n>-CsHs)(1n°-CsH,) moiety.
Similar bands are observed in the spectrum of [Cb®—C=C—H] at

318 and 392 nm and assumed to have similar causes. When H is
replaced by an acceptor group assignment of the electronic spectral
bands becomes non-trivial, as formerly metal-based transitions
take on increasing ligand character, or are supplemented or masked
by other chromophores within the molecule. For 4—8, in all cases
the long-wavelength absorption maxima of the Fc compounds
appears at lower energy than the analogous Cb® example, sug-
gesting the ferrocenyl is a better donor. However, apart from this
observation, and despite the availability of electronic spectral data
of M—CH=Y for most of the M—C=C—CH=Y reported here
[12,15¢,44,46], it is difficult to draw firm conclusions on the nature
of the long-wavelength Any,.x absorption band and its relationship to
the strength of the acceptor. As an example, insertion of an alkyne
into Cb®—CHO shifts Amax from 422 nm to higher energy at 392 nm
in 4a. A similar hypsochromic shift occurs for 5a cf. Cb®—CH=
C(CN),. For the ferrocenyl compounds 4b, 5b and 8b however,
Amax shifts bathochromically compared with the analogous
compound without the alkyne extension. Within each
M—C=C—CH=Y series Apax increases as the acceptor strength of
CH=Y increases CHO < CH=C(CN); < (—CH=CH-C{)(p-
CO)(CO)zFex(n°-CsHs),. Thus the lowest energy absorptions of
Fc—C=C—CH=Y, 4b, 5b and 8b appear at 468, 560 and 722 nm
respectively. We note that these are at slightly shorter wavelength
than their equivalent Fc—CH=CH—CH=Y [15c,47,48] confirming
again that conjugation is more effective through —CH=CH— than
through —C=C-. Both 5a/b and 8a/b display relatively uncommon
negative solvatochromism [49] although this effect has been
previously observed with the diiron end group [15c]. For these
complexes the ground state is more polar than the electronic
excited state and solvation in a higher polarity solvent sees Amax
shift to higher energy.

For characterization of aldehydes, 2,4-dinitrophenylhydrazones
are probably the most important derivatives. Of these the anti- (or
E-) isomer is generally the most stable, but acidity or UV-light can
cause conversion to the syn- (Z-) form [50]. Often in the literature
however the form characterized is unspecified [14a,51], which
makes analysis of our spectral data more difficult. For 6a and 6b the
long-wavelength absorption band of the anti- form is at lower
energy than the syn-, a result in keeping with the predicted extra
stability of the anti- mentioned above. In context with the rest of
this work and the focus on D-7t-A behaviour, the phenyl hydrazones
do not fit clearly in sequence with 4, 5 and 8. The spectral bands of
syn- and anti- isomers of 6a are shifted bathochromically with
respect to their relatives without the alkyne spacer [12], and both
6a and 6b display the more common positive solvatochromism.

The spectrum of the mixed 9a isomers is essentially, the sum of
the Co(n*-C4Phy)(n°-CsHs—) and Fe(n>-CsHs)(n°-CsHs—) chromo-
phores. The separable E and Z forms of 9b differ only in detail in the
UV portion of electronic spectrum, an extra band at 284 nm
observed for the cis form.

3.2. Molecular structures

X-ray crystallography has been used to determine the crystal
and molecular structures of four Cb® complexes and four Fc
derivatives. Crystal data are given in Tables 1 and 2. The structures
are illustrated in Fig. 1 (3a), Fig. 2 (4a), Fig. 3(4b), Fig. 4 (5b), Fig. 5
(syn-6a), Fig. 6 (syn-6b Structure 1), Fig. 7 (anti-7b) and Fig. 8 (2a);
these also include the atom labeling.

The structure of 3a, [Co(n*-C4Phy4)(n°-CsH4C=CH)] (Fig. 1), has
been reported previously but with an “unrealistically short” C=C
bond length [17]. Our crystal appears to have the same morphology
as that used by Classen et al. though with slightly different unit cell
dimensions, and data collection was carried out at 100 K rather
than 200 K. In this case both of the independent molecules in the
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Fig. 1. Molecular structure and atom numbering for [Co(n*-C4Phs)(n°-CsHs—C=
C—H)], 3a (molecule 1). Thermal ellipsoids in this and following figures are drawn at
the 50% probability level, and for clarity only the first two C atoms of consecutively
numbered aromatic rings are numbered. Selected bond lengths (A) for molecule 1
{molecule 2}, Co—CsHy(cent) 1.671 {1.684}; Co—C4Phy4(cent) 1.690 {1.689}; C29—C34
1.431(3) {1.427(3)}; C34—C35 1.191(4) {1.188(3)}. Selected bond angles (°) for molecule
1 {molecule 2}, C29—-C34—C35 178.1(3) {178.1(3)}; CsHy(cent)-Co—C4Phy(cent) 177.1
{171.8}).

asymmetric unit gave more reasonable C=C distances which are
consistent with those reported for Cb®—(C=C),—R (n = 2) [17].
There are also two independent molecules in the unit cell of 4b,
whilst the 1°-CsHs ligand of anti-7b is disordered over two sites.
Two different crystal forms of syn-6b were obtained and shown to
have similar but not identical molecular structures; only one is
illustrated (Fig. 6).

All the alkyne complexes are shown to have the expected
structures in which a CsHs—C=C—X ligand is 1° bonded through its

CsH4 group to a Co(n*-C4Phy) or Fe(n®-CsHs) fragment. The planar
CsHy4/C4Phy rings of Cb?® complexes and CsHy/CsHs rings of ferro-
cenes are parallel or close to it with interplanar angles of 1.2—5.5°
and centroid—M—centroid angles of 174.4(1)—179.6(1)°
(Average = 178°). The two Cs ligands are eclipsed or close to it in
4b, syn-6b (Structure 2) and the major disorder component of anti-
7b (C1A—C5A); and they deviate from the ideal eclipsed arrange-
ment by 7.5° in 5b and 18.9° in syn-6b (Structure 1). The minor
disorder component (28%) of anti-7b (C1B - C5B) is staggered.

As in all Cb® complexes, the n4-C4Phy group does not have its Ph
groups lying in the C4 plane [10c,12,13,17,19]. The C—Ph bonds point
away from the Co atoms with ring centroid-C—Ph angles of
169—178° thus resembling a four-legged piano stool. Additionally
the tilted Ph rings constitute a four-bladed propeller with an
average angle between the C4 and Ph planes of 37°. Compound 6a
contains both the minimum (18.9°) and maximum tilt (73.3°)
examples on adjacent C4 carbons. In the case of the latter, ring
geometry is such that there are two edge-to-face C—H-- 1 inter-
actions, in the former, the geometry allows (or is determined by)
a C—H---O hydrogen bond with augmentation from both
C—H---w(alkyne) and C—H---m(ring) interactions. These results
suggest that the individual ring tilt, i.e. spatial arrangement of the
phenyls, is principally a function of crystal packing effects.
Although the four-bladed propeller arrangement is inherently
chiral, the solid state molecules pack in the unit cell in symmetry
generated rac pairs. In solution the chirality is not maintained due
to rotation of the phenyl groups.

In the Cb? complexes the average Co—Cy4 centroid [1.690(1) A] and
Co—Cp centroid [1.68(1) A] distances, and C—C bond lengths within
the C4 and Cs rings are comparable with those previously reported.
Within the CsHy ligand there is a subtle elongation of the two
Ci(pso)—C compared with the other three C—C bonds. Bond lengths
within the ferrocenyl fragments are similarly unremarkable.

In most complexes the (Cs centroid)-Ci—Cy,=Cg—X atom
sequence is close to linear with average angles of 178.0, 178.1 and
177.7° for centroid—Cj—C,, Ci—C,=Cp and C,=Cp—X respectively.
The exception to this is anti-7b where C,=Cs—Xis 168.7(2). The C,

Fig. 2. Molecular structure and atom numbering for [Co(n*-C4Phs)(n>-CsHs—C=C—CHO)], 4a. Selected bond lengths (A), Co-CsHa(cent) 1.677; Co-C4Phy(cent) 1.691; C29—C34
1.418(3); C34—C35 1.211(3); C35—C36 1.424(3). Selected bond angles (°), C29—C34—C35 178.1(3); C34—C35—C36 176.8(2); CsHy(cent)-Co—C4Phy(cent) 178.0.
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Fig. 3. Molecular structure and atom numbering for [Fe(n>-CsHs)(n>-CsHs—C=C—CHO)], 4b (asymmetric unit). Selected bond lengths (A) for molecule 1 {molecule 2},
Fe—CsHy(cent) 1.646 {1.643}; Fe—CsHs(cent) 1.655 {1.646}; C10—C11 1.415(2) {1.419(2)}; C11—C12 1.205(3) {1.206(3)}; C12—C13 1.436(3) {1.431(3)}; O1---H26 3.258(2); 02---H13
2.756(2). Selected bond angles (°) for molecule 1 {molecule 2}, C10—C11—-C12 177.4(3) {178.0(3)}; C11-C12—C13 177.7(4) {177.7(3)}; CsH4(cent)-Fe—CsHs(cent) 176.9 {177.1}.

atoms do not always lie in the CsHy plane but may be displaced
from it towards or away from Co/Fe by up to 0.086 A. There is no
apparent pattern to this; e.g. in molecule 1 of 3a it is 0.064 A away
from Co, but in molecule 2 it is 0.007 A. Cp behaves similarly but the
displacements are usually greater, 0.011—0.179 A. Again we suggest
that the subtle differences observed are the result of crystal packing
interactions.

The C—C,, C,=Cp and Cs—Cx bond lengths lie in the ranges
1.413(2) — 1.431(3) A, 1.188(3)—1.211(3) A and 1.404(2) — 1.436(3) A
respectively, and are similar for Cb® and Fc derivatives. These bond
lengths are comparable with those found in organic [52] and organ-
ometallic alkynes such as [Fc—C=CPh] [53], [Fc—C=C—C=C—Fc] [6c],
[Fc—C=C—pyrenyl-1] [9] and [Cb®—C=C—C=C—Cb?] [17].

Although the terminal groups X in 3a and 3b are hydrogen
atoms, in all other alkyne structures described here it is a ca. planar
—CH=Y moiety based on a sp? hybridised C atom which is ca.
coplanar with the CsHy group (interplanar angle = 0—19.6°) e.g. in
the alkynyl aldehydes 4a and 4b (Y=0) the angles between the CsHy
and CpCHO planes are 12.6° and 4.2/16.8° respectively, and in 5b
that with CgCH=C(CN); is 4.5°. This contrasts with the situation in
[Fc—C=C—aryl] complexes [9,53] where the CsH, and aryl planes of
the (1°-CsH4—C=C—aryl) ligand are orthogonal or close to it, and in
[Cb®—C=C—CgHs] where the corresponding angle is 34.92(18)° [19].

In both 3a and 3b, the terminal group X = H. A previous X-ray
diffraction study on [Fc—C=C—H], 3b [43] shows that in the solid
state it forms trimeric units held together by weak interactions

Fig. 4. Molecular structure and atom numbering for [Fe(n>-CsHs }{n°-CsHs—C=C—CH=C(CN),}], 5b. Selected bond lengths (A) Fe—CsHy4(cent) 1.645; Fe—CsHs(cent) 1.625; C10—C11
1.415(2); C11—C12 1.206(3); C12—C13 1.404(2); C13—C(14 1.357(2). Selected bond angles (°) C10—C11-C12 178.53(11); C11-C12—C13 1.7832(13); C12—C13—C14 122.93(11);

CsHy(cent)-Fe—CsHs(cent) 179.1.
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Fig. 5. Molecular structure and atom numbering for syn-[Co(n*-C4Ph4)[n>-CsHs—C=C—CH=N—-NHCgH3(NO,),-2,4], syn-6a. Selected bond lengths (A), Co—CsH4(cent) 1.674;
Co—C4Phy(cent) 1.691; C29—C34 1.420(2); C34—C35 1.203(3); €35—C36 1.417(3); H2N---01 2.001(17). Selected bond angles (°), C29—C34—C35 179.0(2); C34—C35—C36 175.77(19)

N2—H---01 132(4); CsHy(cent)-Co—C4Phy(cent) 175.7.

between the terminal H of one molecule and the C=C of a neigh-
bour with H---Cy g = 2.69—3.45 A. All three interactions within the
trimers are different and each gives rise to a separate »(C—H)
absorption band in the solid state IR spectrum at 3276, 3289 and
3295 cm . In CCly solution a single band is observed at 3311 cm™.
For [Cb®—C=C—H], 3a there are two independent molecules in the
asymmetric unit and two »(CC—H) absorption bands in the solid
state IR spectrum at 3305 and 3275 cm™!; the ‘typical’ value for
a ‘free’ ¥(=C—H) vibration is ca. 3311 cm~. The shortest non-
bonded distances involving C=C—H35 in molecule 1 are 3.04 to
C69 (molecule 2) and 3.14 A to C25 (an adjacent molecule 1). There
is a genuine C—H--- contact (2.95 A) involving C=C—H70 (mole-
cule 2) to the centroid of the C23—C28 phenyl ring in molecule 1. It
is possible that »(C—H70) is responsible for the more shifted

absorption band at 3275 cm~! whilst the much more weakly
interacting C=C—H35 is responsible for the scarcely shifted
3305 cm~! band. In 4a there are short contacts (3.333 A) between
the terminal aldehyde H and a proximal alkyne centroid generating
an inversion related dimer. In the ferrocenyl complex 4b, dimers are
formed by a 6-membered ring motif involving two C(H)O---HC(O)
interactions between adjacent molecules 1 and 2. The two H---O
distances are different at 3.258 and 2.756 A.

For the hydrazones, 6, where the —CH=Y termini are —CH=
N—N(H)CgH3(NO2)2-2,4, although syn- and anti-isomers were
prepared only the syn-form of 6a (Fig. 5) provided X-ray quality
crystals. Similarly only dimorphs of the syn-6b (Fig. 6) were char-
acterised. As is usual for such hydrazones, there is intramolecular =
N—N—H---ON(O) hydrogen bonding with H---O distances/N—H---O

] €13
C11 \
N2 Q
Q C14
o= 5)
—0
o ' C6 N4
c7 4 01& > < @\ ©
N c15
v N3 0
T
\ 02
" 9]
G ‘I‘l"
IU
c1

o Y

Fig. 6. Molecular structure and atom numbering for syn-[Fe(n>-CsHs){1°-CsH4—C=C—CH=N—N(H)CsH3(NO,),-2,4}], syn-6b (structure 1 illustrated). Selected bond lengths (A) for
structure 1 {structure 2}, Fe—CsHy(cent) 1.644 {1.644}; Fe—CsHs(cent) 1.657 {1.649}; C10—C11 1.421(4) {1.430(4)}; C11—C12 1.204(4) {1.196(4)}; C12—C13 1.418(4) {1.420(4)};

HN2---011.91(4) {2.03(2)). Selected bond angles (°) for structure 1 {structure 2}. C10—C11-C12 179.1(3) {1.785(3)}; C11-C12—C13 175.0(3) {178.5(3)}; N2—H---01132(4)o {125(2)};
CsHy(cent)-Fe—CsHs(cent) 179.2 {179.3}.
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Fig. 7. Molecular structure and atom numbering for anti-[Fe(n’-CsHs){1°-CsH4—C=C—CH=N—N(Me)CH3(NO,),-2,4}], anti-7b. Selected bond lengths (A), Fe—CsH4(cent) 1.640;
Fe—CsHs(cent) 1.649; C10—C11 1.420(3); C11—C12 1.203(3); C12—C13 1.420(3). Selected bond angles (°), C10—C11—C12 175.3(2); C11—C12—C13 168.7(2); CsH4(cent)—Fe—CsHs(cent)

174.4.

angles of 2.00(2) A/132(4)° in 6a, 1.91(4) A/132(4)° in 6b (structure
1) and 2.03(2) A/125(2)° in 6b (structure 2). These compare with
1.95(5) AJ[144(2)° in syn-[Cb®—CH=N-N(H)CgH3(NO;);-2,4]
(structure 1) [12], 1.77(3) A/130(3)° in syn-[Cb®—CH=N-N(H)
CgH3(NOy);-2,4] (structure 2) [12], and 1.96(2) A/130(2)° in
anti-[2-HOCgH4CH=N—N(H)CgH3(NO3)2-2,4] [54]. Bond lengths
and angles within the CsH4—C=C—CH=N—-N(H)CgH3(NO;),-2,4
moieties of 6a, 6b (structure 1) and 6b (structure 2) are normal
(c.f. anti-[2—HOCgH4CH=N—N(H)CgH3(NO,),-2,4] [54]). Although
the hydrazone group itself is relatively flat, particularly the dini-
trophenyl component, it is not coplanar with the CsHy ligand, and
the additive effect of kinks in the multiple connecting atoms make
comparisons with 4/5 difficult.

Replacement of the NH of the dinitrophenylhydrazone moiety
of 6b by NMe has many consequences. Only one isomer of 7b
appears to be formed (yield 80%) and in it the Fc—C=C— and —N(H)
CgH3(NO2)2—2,4 adopt the anti-conformation about C=N (Fig. 7).
Unlike NH, NMe does not engage in hydrogen bonding to the 0-N(3)
0, group which, because of steric effects, is twisted and deflected
away from the CgHs3 plane. The N(2)—C—C—N(3) dihedral is 15.6° c.f.
2.4°/4.5°/0.6° in the NH hydrazones 6a/6b (Structure 1)/(Structure
2). In contrast, the p-N(4)0, group is coplanar with the CgHj3 ring.
Despite the multiple connecting atoms the Cs(H4) and Cg(H3)
planes are ca. parallel due to offset face-to-face (OFF) ®—m inter-
actions [55] within the crystal structure. An interaction between
adjacent coplanar (0.3° dihedral) CsHs and Cg(H3) rings generates

Fig. 8. Molecular structure and atom numbering for [Co(n*-C4Ph4)(n>-CsHs—CH=CBr,)], 2a. Selected bond lengths (A), Co—CsH4(cent) 1.671; Co—C4Phy(cent) 1.688; C29—C34
1.458(2); C34—C35 1.327(2). Selected bond angles (°), C29—C34—C35 129.8(1); CsHa(cent)—Co—C4Phy(cent) 179.6.
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inversion related dimers. The separation between Cs and Cg
centroids is 3.77 A. A second inversion related OFF interaction
between CsH4 and Cg(H)3 generates a ladder motif. In this case the
angle between the rings is 2.8° and separation between Cs and Cg
centroids is 3.63 A. Although m— stacking is observed in 6a and
both forms of 6b, the ladder motif and coplanarity between Cs and
Cg rings is unique to 7b.

The molecular structure has been determined of one of the
reaction intermediates, [Cb®—CH=CBr3], 2a (Fig. 8). As expected, it
has approximately coplanar (1.2°) C4(Ph4) and Cs5(H4) ligands and
the phenyl rings adopt the propeller configuration with tilt angles
28—39° from the C4 plane. The CH(34)=CBr; fragment is not
coplanar with the C5(Hy4) group to which it is bonded, but is tilted
with respect to it by 20° so that the H34 lies below the Cs plane i.e.
is closer to Co with Co---H = 3.39 A. This contrasts with the situa-
tion in [Fe(n’-CsHs)(n’-CsHs—CH=CBr>)], 2b, where the CH—=CBr,
residue is tilted in the opposite sense by 12.9° so that the analogous
H lies above the C5(Hy4) plane (i.e. away from Fe) and the CBr, group
below it [56].

3.3. Electrochemistry and spectroelectrochemistry

Electrochemical studies of the new Cb®— and ferrocenyl
compounds using cyclic voltammetry and differential pulse tech-
niques were performed in dichloromethane solution. The results
are presented in Table 2. Previous studies have shown [Cb®—R]
complexes undergo a one-electron, generally reversible oxidation
at ca. 1V (vs [Fe(n°-CsMes),]/° = 0.00 V) [10c, 12, 13, 17, 57]. The
Cb® alkynes investigated here (3a—7a, 9a and [Cb®—C=C—CgHs])
display this couple. In all cases the oxidation appears to be chem-
ically reversible with ipc/ipa = 1. A similar reversible one-electron
oxidation is also observed for the ferrocenyl series of compounds,
and in comparable derivatives the potential of the Cb? oxidation is
consistently 330—350 mV anodic of the Fc redox couple. As might
be expected, electron-withdrawing end-groups raise E° with
respect to the Cb®- or Fc-terminal alkyne. Because the E and Z
isomers of 9a could not be separated, the E° reported in Table 2 is
that of their 1:1 mixture. However, it is reasonable to believe that
E° = 0.58 and 1.06 V for both isomers provided that the electro-
chemical behaviour of 9a is similar to that of its ferrocenyl coun-
terpart 9b, where E° (E isomer) = E° (Z isomer) and there is no
evidence for E—Z isomerisation during cyclic voltammetry.

Table 2
Electrochemical data.

The 1e oxidation of Cb? in [Cb®—C=C—R] derivatives takes place
at higher E° than those in [Cb®—CH=CH—R] complexes, e.g. for
[Cb®—C=C—CgH5] E° = 1.02 V vs. 0.94/0.92 V for E/Z-[Cb®—CH=
CH—CgHs]. Similar  behaviour has been reported for
[Fc—C=C—CgHs] (E° = 0.67 V) vs. E-[Fc—CH=CH—CgH5s] (0.55 V)
[9]. The first oxidation of E/Z-[Cb®—C=C—CH=CHFc], Z-
[Fc—C=C—CH=CHFc] and E-[Fc—C=C—CH=CHFc] takes place at
the Fc—CH=CH— moiety and at 0.58 V in all instances. The second
oxidation occurs at the alkynyl metallocene, Ch’—C=C— or
Fc—C=C- at 1.02 V or ca. 0.7 V respectively. These values do not
differ greatly from those quoted above for [Cb®—C=C—CgHs] and
[Fc—C=C—CgHs] which suggests that the first ferrocenyl oxidation
has only a small effect on the oxidation potential of the second
metallocenyl end-group.

One-electron oxidation of [Cb®—C=C—CgHs] in an OTTLE cell
generates a new band in the UV—Visible spectrum at 575 nm
associated with {Cb®}" and an additional low energy band in the
near-IR spectral region centred at 960 nm. A similar feature has
been observed in the OTTLE spectrum of [Fc—C=C-aryl] [9],
[Fc—CH=CH—aryl] [9] and [Cb®—CH=CH-aryl] [13] systems, and
is assigned to a ligand-to-metal charge transfer (LMCT) from the
aryl to the {Fc}" or {Cb?}" centre. When aryl =CgHs these have
Amax = 797 [9], 900 [9] and 955 [13] nm respectively. These
observations strongly suggest that {Cb®}" is a better acceptor than
{Fc}*, and that the nature of the r-bridge (C=C vs. CH=CH) is also
important for the latter but less so for the former.

The one-electron oxidation of the mixed ferrocenyl/Cb?®
compound 9a, [Cb?—C=C—CH=CH-Fc] (Z/E mixture), was ach-
ieved by application of a 0.6 V anodic potential in the OTTLE cell.
The resultant cation gives rise to an I[VCT band at 1160 nm whereas
the IVCT band of E-[Cb®—CH=CH—Fc]" is observed at 1290 nm
[10c]. Thus, interpolation of the additional alkyne spacer attenuates
the interaction between donor and acceptor. Insufficient separation
between the [9b]*/° and [9b]2t/* oxidation potentials precluded
a similar measurement for the bis-ferrocenyl yne-ene derivatives.

The absorption of 5b at 565 nm is bleached upon oxidation in
the OTTLE cell.

3.4. Bonding

Bonding in alkyne complexes of the general type D—C=C—CH=
Y can be described as a hybrid of three mesomers I, Il and III (Fig. 9)

3a [Cb®—C=C—H]°

4a [Cb®—C=C—CHO]

5a [Cb?—C=C—CH=C(CN),]

Syn—6a Syn-[Cb?—C=C—CH=N—N(H)—CgH3(NO,),—2,4]

Anti—7a Anti-[Cb®—C=C—CH=N—N(Me)—CgH3(NO,),—2,4]

E/Z—9a E/Z—[Ch?—C=C—CH=CH—Fc]
[Cb®—C=C—CgHs] [19]

3b [Fc—C=C—H] [9]

ab [Fc—C=C—CHO[*

5b [Fc—C=C—CH=C(CN),]

Syn—6b Syn-[Fc—C=C—CH=N-N(H)—CgH3(NO,),—2,4]

Anti—7b Anti-[Fc—C=C—CH=N—N(Me)—CgH3(NO2),—2,4]

Z-9b Z-[Fc—C=C—CH=CH—Fc]

E-9b E-[Fc—C=C—CH=CH—Fc]

[Fe—C=C—CgHs] [9]

Eo VA

Fc oxidations Cb* oxidation
1.05
1.16
1.18
1.13
1.06

0.58 1.06
1.02

0.72

0.83

0.85

0.79

0.71

0.58 0.70

0.58 0.68

0.67

2 Measured as 103 M in CH,Cl»/0.1 M [BusN][PFg], Pt electrode. Referenced with internal decamethylferrocene reference, [Fe(nS—Cg,Meg,)z]”0 0.00 V, [Fe(ns—CsHs)z]”

o

=0.55V.
b Classen reports 1.09 V [17].
¢ Stepnicka reports 0.77 V [58].
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Fig. 9. The mesomers contributing to the bonding in D—C=C—CH=Y complexes.

Both Cb® and Fc are relatively electron-rich donors with
Cb® < Fc by a small margin, and CH=Y within this work are
acceptors of varying strengths. The stronger the acceptor the
greater will be the contribution that mesomer II makes to any
description of the bonding. This results in a lowering of the C=C
and C=Y bond orders which is most readily detected by spec-
troscopy. Thus »(C=C) stretching frequencies decrease for CH=
Y = CH=NN(Me)CgH3(NO;);-2,4 (7a 2207/7b 2205 cm™!) > anti-
CH=NN(H)CgH3(NO32)2-2,4 > CH=CH—Fc-Z and E > syn- CH=
NN(H)CeH3(NO2)-2,4 > CHO > CH=C(CN); » (—CH=CH—CH)(H—
CO)(CO),Fex(n°-CsHs)3  (8a 2148/8b 2147 cm™') indicating
a decrease in the C=C bond order along the series, though the
consequences of ¥»(C=C) and »(C=Y) mixing must be borne in
mind. The changes in C=Y bond order are less easy to detect, but
can be seen when the 'H NMR spectra of E-9a,b and [8a,b][BF4] are
compared. Both have CH=Y = trans—CH=CH—R, but in 9 R is the
electron donor Fc/Cb® whilst in [8] it is the powerful acceptor
group (—C,)(n-CO)(CO)zFex(n’-CsHs)3. For both E-[9] Jun = 16 Hz,
the expected value for a normal alkene with a C—C bond order of 2
[38]. For [8a,b][BF4] they are 14.2 Hz, consistent with a lower C=Y
bond order, a larger contribution of II to the bonding in [8a,b] and
increased D------ Y m delocalization.

As the acceptor ability of CH=Y and the degree of delocal-
ization within the D—C=C—CH=Y molecules increase, the
energy separation of HOMO and LUMO orbitals for the w
system would be expected to decrease, and hence the wave-
length of the lowest-energy electronic transition to increase as is
observed.

In principle the C=C bond length should increase as the degree
of delocalization across it increases. In practice the crystallo-
graphically measured differences are random, small and within
experimental error.

Various spectroscopic data show that there is poorer conjugation
through C=C than through C=C spacers. This is most clearly illus-
trated by comparing the spectra of [Fey(n-CsHs)2(CO)o(pu-CO)(p-
Cy—CH=CH—-C=C—Fc)][BF4], [8b][BF4], with that of [Fey(n-
CsHs )>(CO)y(p-CO)(p-Cy—CH=CH—CH=CH—Fc)][BF4]. The frequen-
cies of the »(CO) modes of the former (2033, 1996 sh, 1844 cm™!) are
higher than those of the latter (2027, 2001, 1837 cm™~!) and its Cy has
a higher 6 (436 vs. 411). Both suggest that the donor effect of the Fc
(and Cb®) group is less effective with a C=C as opposed to a C=C
spacer.

4. Conclusions

The series of [Cb?—C=C—CH=Y] and [Fc—C=C—CH=Y]
complexes 4a—9a and 4b—9b show varying degrees of
Donor—m—Acceptor behavior as measured by spectroscopic data
(IR, NMR, UV/Vis). For the complexes with traditional acceptors, the
acceptor strength follows the predicted order, with CHO < CH=
C(CN); < (—CH=CH—CJ)(u—CO)(CO)zFez(nS—C5H5)2. At the other
terminus the ferrocenyl is a better donor than Cb®. Spectroscopic
data also confirm that conjugation between donor and acceptor
groups is poorer through C=C than C=C = linking groups used in
previous studies. X-ray crystallographic results provide no
surprises, but illustrate the importance of intermolecular forces
(and for the hydrazones intramolecular hydrogen bonding) in the
solid state packing arrangement.
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charge from The Cambridge Crystallographic Data Centre via www.
ccdc.cam.ac.uk/data_request/cif.

Appendix. Supplementary material

Supplementary material associated with this article can be
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