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Seven new ferrocene derivatives L'-L7 with pendant arms containing a terminal 4-pyridyl binding site
have been prepared and characterized. Six have one pendant arm, whereas the seventh has two
pendant arms, one on each cyclopentadienyl ring. Two have been crystallographically characterized:
(C,H,)Fe(C,H,)CH=CH(4-C,H,N) (L") and (C,H,)Fe(C,H,)(4-C,H,)CH=CH(4-C_H,N) (L*). In both
cases the conjugated side-arm is approximately planar. Attachment of {MoL*(NO)CI} fragments [L* =
tris(3,5-dimethylpyrazolyl)hydroborate] to the vacant pyridyl sites of L'-L’ afforded bimetallic
complexes which contain electron-donating ferrocenyl groups attached via conjugated bridges to
electron-deficient {MoL*(NO)CI} fragments. The new ferrocenes and complexes were thoroughly
characterized by electrochemical, UV/VIS and EPR spectroscopic methods, and significant inter-
component interactions are evident: co-ordination of the {MoL*(NO)CI} fragment results in a shift of
the ferrocenyl redox potential to more positive potentials by approximately 40 mV per {MoL*(NO)CI}
substituent; the reductions (from 17 to 18 valence electrons) of the {MoL*(NO)CI} groups are
likewise made less negative by the presence of highly conjugated substituents on their pyridyl
ligands. The electronic spectra contain transitions from both the ferrocenyl and the {MoL*(NO)CI}
components which are charge transfer in origin and therefore solvatochromic. The EPR spectra of the
binuclear complexes containing one {MoL*(NO)CI} substituent are entirely normal; however the
spectrum of [{MoL*(NO)CI},L”]. which contains two paramagnetic {MoL"(NO)CI} groups attached
to the two pendant arms of L7, shows a weak magnetic exchange interaction between the
paramagnetic centres which must be transmitted through the bridging ligand and across the

ferrocenyl unit.

Supramolecular systems containing a number of electronically
coupled redox-responsive centres are of considerable current
interest owing to the rapid growth of material science.'™
Metallocenes and in particular ferrocene have been widely used
for designing molecular ferromagnets,*~° molecular sensors "~!1
and have been used in the development of optoelectronic
devices based on the non-linear polarization of molecular
materials.'2 '® The intense interest in using ferrocene as a
component of molecular sensors may be ascribed to its unique
redox behaviour, remarkable stability, and the ease with which
the ferrocene unit may be derivatized. In addition, oxidation of
a ferrocenyl unit permits electronic tuning of the properties of a
secondary, covalently attached metal fragment.!®-2°

In this paper we describe the preparation of a variety of
ferrocene derivatives which contain one or two pendant metal-
binding pyridyl sites attached to the ferrocenyl core through a
conjugated pathway. The complex [MoL*(NO)Cl,] [L* =
tris(3,5-dimethylpyrazolyl)hydroborate] is known to form
adducts with pyridine (py) or substituted pyridines by loss
of a substitution-labile chloride; the resulting complexes [MoL*-
(NO)Cl(py)] have a 17-electron configuration and are redox
active, undergoing one-electron oxidation (17e-16e couple)
and reduction (17e-18e couple) processes which are chemi-
cally reversible on the electrochemical time-scale.?®-2%8 We
have accordingly linked the 17-electron molybdenum frag-

T Supplementary data available: see Instructions for Authors, J. Chem.
Soc., Dalton Trans., 1995, Issue 1, pp. XXv—XxX.

ment {MoL*(NO)Cl} to these new ferrocene derivatives to
construct a series of bi- and tri-nuclear complexes. Electrochemi-
cal interactions across conjugated bridging ligands in
complexes involving this fragment have been shown to be
remarkably strong; in a series of binuclear complexes
[{MoL*(NO)Cl},(un-L)] (L = 4,4"-bipyridine or an ‘extended’
analogue) the electrochemical interaction between the remote
metal centres, as measured by the separation between the two
17e-18e couples, was approximately an order of magnitude
stronger than that in the more well known complexes
[{Ru(NH;)s},(u-L)]**.2628 We report here the synthesis,
characterization and physicochemical properties of the new
ferrocene derivatives L'~L” and their respective molybdenum
complexes Mo’L!-Mo’L¢ and Mo’,L” where Mo’ denotes the
complex fragment {MoL*(NO)Cl} attached to the pendant
pyridyl residues of the ligands.

Experimental

Proton NMR spectra were recorded on JEOL 100 or GX270
spectrometers, fast-atom bombardment (FAB) and electron-
impact (EI) mass spectra on VG-ZAB or VG-Autospec
instruments, EPR spectra on a Bruker ESP-300E spectrometer
either at room temperature or at 77 K, IR spectra as KBr
pellets on Carl Zeiss specord M80 or Perkin-Elmer FT-1600
spectrometers and electronic spectra on Shimadzu UV-310 or
Perkin-Elmer Lambda 2 spectrometers. Electrochemical
experiments were performed using a computer-controlled
EG&G-PAR model 273A potentiostat. A conventional three-
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electrode configuration with platinum-bead working and
auxiliary electrodes and a saturated calomel reference electrode
(SCE) was used. Ferrocene was added at the end of each
experiment as an internal standard; all potentials are quote vs.
the ferrocene—ferrocenium couple. All reaction solvents were
dried by standard methods before use.

Starting materials were obtained from Aldrich. 4-Methyl-
pyridine and diisopropylamine were distilled from CaH,
immediately before use; all other reagents were used as received.
Lithium diisopropylamide was prepared in situ before use from
equivalent amounts of n-butyllithium and diisopropylamine in
dry tetrahydrofuran (thf). The complex [MoL*(NO)Cl,]?°
and 1-(4-formylphenyl)ferrocene3® were prepared by the
published methods.

Syntheses.—L'. To an ice-cold solution of Li{NPr',] (7.2
mmol) in thf (40 cm?) under N, was added 4-methylpyridine (1
cm?, 7.0 mmol) in thf (30 cm?), and the resulting solution was
stirred for 1 h. A solution of ferrocenecarbaldehyde (1.5 g, 7.0
mmol) in thf (30 cm?®) was then added dropwise, and the
mixture was stirred overnight at room temperature, before
quenching with water (10 cm?). After concentration in vacuo the
crude intermediate alcohol was obtained as a brown solid after
extraction with several portions of CH,Cl,, and was used for
dehydration without further purification. It was dissolved in
dry pyridine (25 cm?®) and a solution of POCl; (1.44 g, 9.4
mmol) in dry pyridine (10 cm?®) was added dropwise with
stirring at room temperature under argon. After stirring for 3 h
and quenching with ice the mixture was evaporated to dryness
in vacuo to give a dark gum. Water (75 cm?®) was then added and
the solution made slightly basic with NaOH. The suspension
was extracted with several portions of CH,Cl, which were
combined, dried (MgSO,) and evaporated to dryness in vacuo.
Purification by column chromatography on alumina (Brock-
mann activity V) with CH,Cl,-hexane (1:1, v/v) afforded pure
L! in 59% yield as bright red microcrystals.

The following compounds were prepared by the same general
method: L2, from Li[NPr',] (8.9 mmol), 4-methylpyridine (8.8
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mmol) and 1-acetylferrocene (8.8 mmol), yield 35%; L3, from
Li[NPr',] (8.8 mmol), 4-methylpyridine (8.8 mmol) and I-
benzoylferrocene (8.6 mmol) (dehydration with POCl;-pyridine
required 48 h), yield 22%,; L%, from Li[NPr',] (3.5 mmol), 4-
methylpyridine (3.5 mmol) and 1-(4-formylphenyl)ferrocene
(3.1 mmol), reaction time 6 h, dehydration with POCI;-
pyridine (1 h), final purification on alumina (Brockmann
activity V) with CH,Cl, as eluent, yield 76%; L7 from Li[NPr',]
(15 mmol), 4-methylpyridine (15 mmol) and 1,1’-diacetylferro-
cene (2.03 g, 7.5 mmol), purification by chromatography on
alumina (Brockmann activity I) with CH,Cl,—-MeCN (8.5: 1.5,
v/v) as eluent, second major fraction collected and dried in
vacuo to give pure L7 (0.51 g, 15%).

" L®. To a solution containing 4-aminophenylferrocene (0.55 g,
1.9 mmol) and pyridine-4-carbaldehyde (0.30 g, 2.8 mmol) in
anhydrous methanol (45 cm®) was added 4 A molecular sieves,
(ca. 1.5 g) upon which a red precipitate appeared. The mixture
was refluxed overnight and then concentrated in vacuo to 15
cm?®. The suspension was refrigerated and the red solid filtered
off, washed with methanol and then diethyl ether, and dried in
vacuo. Yield: 99%.

L% To a solution of ferrocenecarbaldehyde (2.10 g, 9.8
mmol) in dry ethanol (150 cm?®) was added 4-acetylpyridine
(1.00 g, 8.3 mmol). The mixture was stirred for 5 min and then
aqueous NaOH (28 cm? of 2 mol dm™3 solution) was added. The
mixture was refluxed for 0.5 h, allowed to cool and extracted
with several portions of CH,Cl,. The combined extracts were
dried (MgSO,) and then evaporated to dryness. The mixture
was purified by chromatography on alumina (Brockmann
activity V) with CH,Cl,~hexane (1:1, v/v). The first band to
elute was unreacted ferrocenecarbaldehyde; L was the second
(purple) band to elute. It was recrystallized from EtOH-CHCI;.
Yield: 11%.

Analytical and spectroscopic data for L' L7 are summarized
in Table 1.

Molybdenum complexes Mo'L'~Mo’Lé. These were prepared
by the same general method, of which that for Mo’L! described
is representative. A mixture of L' (0.28 g, 0.97 mmol),
[MoL*(NO)Cl,](0.53 g, 1.06 mmol), dry triethylamine (1 cm?)
and dry toluene (100 cm?®) was heated to reflux under N, for 3.5
h, allowed to cool, and evaporated to dryness in vacuo. The
crude mixture was purified by chromatography on silica. Initial
elution with CH,Cl,—hexane (9:1) eluted traces of unreacted
[MoL*(NO)Cl,] and a pale green impurity (a p-oxo binuclear
molybdenum complex). Changing the solvent to CH,CI,
containing 1-2%; thf allowed elution of the dark red product.
Yield: 65%,. Yields (%) for the other binuclear complexes: of
L2 (red), 60; L3 (red), 39; L* (red), 63; L® (purple), 11; LS
(purple), 34.

The trinuclear complex Mo’,L7 was likewise prepared from
L7 (0.06 g, 0.14 mmol), [MoL*(NO)Cl,] (0.15 g, 0.31 mmol),
and dry triethylamine (I cm?) in refluxing toluene-CH,CI,
(9:1) (reaction time 6 h) followed by chromatographic
purification as described above. Yield: 299.

Analytical and spectroscopic data for the complexes are
summarized in Table 7.

X-Ray Crystallography.—L". Enraf-Nonius CAD-4 diffrac-
tometer, graphite-monochromatized Cu-K« radiation (A =
1.5418 A), ©-20 scan mode. The crystal and data collection
parameters are given in Table 2. Three reflections were
measured periodically as orientation and intensity control and
no significant variations were observed. Lorentz, polarization
and empirical absorption corrections were applied.*! The
structure was solved by direct methods using MULTAN, 32 and
refined by the full-matrix least-squares method on F using a
PDP-11/73 computer and the SDP package.?? Selected bond
lengths and angles are given in Table 3, atomic coordinates in
Table 4.

L*. Siemens R3m/V diffractometer, graphite-monochroma-
tized Mo-Ko radiation (A = 0.710 73 A), Wyckoff @-scan mode.
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'H NMR (CD,Cl,), § (J/Hz)

848 2H,d,J = 6.2, py H*), 728 2 H,d,J = 6.2,py H*®), 7.14 1 H,d, J = 16,
CH), 6.62(1 H,d,J = 16,CH),4.51 2H,t,J = 1.9,cp’ H*%),435(2H,t,J = 1.9, ¢p’

8.51(2H,d,J = 6.2,py H2),7.21 2 H,d,J = 6.2, py H*®), 6.62 (1 H, br s, CH), 4.52
(2H,t,J = 1.8,cp’ H*%),432(2H,t,J = 1.8,cp’ H**),4.15(5H,s,¢cp), 226 3H, d,

824(2H,d,J = 5.7, py H?%),7.47-7.41 3H, m,Ph H**),7.30(2H, m, Ph H?%), 6.81
(IH,s,CH),6.72(2H,dd,J = 4.5and 1.3, py H*%),4.33(4H, m,cp’),4.17(SH,s, cp)®
8.55(2H, brs,py H*®),7.50(4 H,s,C¢H,),7.39(2H,d,J = 6.1, py H3%),7.33(1 H,d,
J=16,CH),7.05(1 H,d,J =16, CH), 470 2 H, t, J = 1.8, cp’ H?%), 436 2H,t,
J = 1.8,cp' H*>%),4.04 (5H, s, cp)*

8.72(2H,dd,J = 4.5and 1.7, py H*®), 8.55 (1 H, s, CH), 7.77 (2 H, dd, J = 4.5 and
1.7, py H?*3%), 7.54 2 H, dd, J = 6.6 and 2.0, C¢H,), 7.24 (2 H, dd, J = 6.6 and 2.0,
CeH,), 4.69 2 H,t,J = 1.9, cp' H>%), 436 2 H, t, J = 1.9,cp’ H**), 4.06 (5H, s, cp)*
8.78(2H,dd,J = 43and 1.5, py H?%),7.77(1 H,d,J = 154,CH),7.70 2H, dd, J =
43and 1.5, py H*%),7.04(1 H,d,J = 154,CH), 464 2H,t,J = 1.9, ¢cp’ H?%),4.55(2
H,t,J = 1.9,cp’ H>*),4.20 (5 H, s, cp)®

8.48 (4H,s, py H-6), 7.13 (4 H, s, py H**), 6.61 2 H, s, CH), 4.51 (4 H. s, cp’ H>%), 4.34

Table 1 Spectroscopic and analytical data for the new ferrocenes (cp = cyclopentadienyl)

Analysis® (%)

FAB

Compound C H N mjz
L! 70.7 5.2 4.8 289

(70.6) 5.2) 4.8)

H34),4.15(5H,s,cp)®

L? 71.1 5.6 4.6 303

(71.3) (5.6) (4.6)

J = 1.1, CH,)®

L3 75.3 5.7 39 365

(75.6) (5.2) (3.8)
L* 75.5 5.3 3.8 365

(75.7) (5.2) (3.8)
L3 71.4 4.9 8.1 366

(72.1) (5.0 (7.7
L¢ 67.2 49 4.1 314

(67.1) (5.3) 4.1)
L’ 74.3 5.7 6.5 420

(74.3) (5.8) 6.7)

(4H,’s,cp’ H>), 221 (6 H, s, CH,)*

“ Expected values in parentheses. * Spectrum recorded at 270 MHz. ¢ Spectrum recorded at 100 MHz.

Table 2 Summary of crystal data, intensity collection and refinement for L* and L*

Ll
Formula C,,H,sFeN
M 289
T/K 293(2)

0.28 x 0.40 x 0.03
Orthorhombic, Pcab

Crystal size/mm
Symmetry, space group

alA 7.724(5)
b/A 10.503(2)
/A 33.361(6)
B/° 90

U/A3 2706.5(18)
z 8

D Mg m™ 1.422
F(000) 1200

p/mm ! 8.8 (Cu-Ka)
20,..., for data collection/® 130

Independent reflections 1938
Refinement method
Final residuals

Largest difference peak, hole/e A3

R = 0.069, R" = 0.088
+0.51, —0.82

Full-matrix least squares on F [1053 data with 7 > 3o(/)]

L4

C,;H,,FeN
365

293(2)

0.33 x 0.29 x 0.8
Monoclinic, P2,
10.779(4)
7.555(3)
21.234(8)
91.85(3)
1728.3(11)

4

1.404

760

0.876 (Mo-Ka)

55

4008

Full-matrix least squares on all F* data
R = 0.061, wR2 = 0.140

+0.36, —0.45

The crystal and data collection parameters are given in Table 2.
Three reflections were measured periodically as orientation and
intensity control and no significant variations were observed.
Lorentz, polarization and empirical absorption corrections
were applied.?* All initial calculations were performed with a
DEC micro-Vax II computer with the SHELXTL PLUS system
of programs, and the final least-squares refinement on F2 on a
Silicon Graphics Indigo R4000 computer using SHELXL 93.34
Scattering factors with corrections for anomalous dispersion
were taken from ref. 35. Selected bond lengths and angles are
given in Table 5, atomic coordinates in Table 6.

Additional material available from the Cambridge Crystallo-
graphic Data Centre comprises H-atom coordinates, thermal
parameters and remaining bond lengths and angles.

Results and Discussion

The new ferrocene-based compounds L'-L* and L7 were
prepared by condensation of the anion of 4-methylpyridine
with the appropriate carbonyl-containing ferrocene derivative;
the intermediate alcohols were dehydrated with POCI,-
pyridine. The lower electrophilicity of ketones compared to

aldehydes partly accounts for the lower yields of L?, L* and L’
compared to those of L! and L*; in addition we found that the
dehydration of the intermediate alcohols was slower and less
efficient for L2, L® and L7 which may be due to the steric effect
of the additional substituents at the dehydration site. The Schiff
base L® was simply prepared by a condensation reaction
involving primary amine and carbonyl groups. The analogous
reaction between 4-aminopyridine and 1-(4-formylphenyl)fer-
rocene, which would have yielded the positional isomer of L*
with the N atom at the other end of the double bond, was
unsuccessful, no doubt due to the low basicity of the amino
group of 4-aminopyridine. Compound L® was prepared in low
yield by a conventional aldol-type condensation. The structures
of all of the ferrocenes were confirmed by elemental analysis,
FAB mass spectrometric and 'H NMR data. In particular the
'H NMR spectra of L' and L* indicate that only the less-
hindered E isomers have formed (J = 16 Hz for the trans pair
of protons on the double bond), and we assume that the other
compounds are also formed as the E isomers.3¢37

The crystal structures of L' and L* have been determined and
are shown in Figs. 1 and 2 respectively (Tables 2—-6). Both show
the same type of disorder in the position of the double bond,
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which results in high positional errors and thermal parameters
for the atoms concerned. For L' the two positions of the double
bond are in a 2: 1 ratio in the crystal; for L* the ratiois 1: 1. For
L', although the final R factor is respectable (0.069), both the
thermal parameters and the estimated standard deviations in
the molecular geometry parameters are large, due principally to
the thinness of the crystal and the correspondingly weak data
set. In addition the bond lengths and angles involving the
disordered atoms are not very precise. A detailed discussion of
the structural parameters is therefore inappropriate, but it is
clear that the side-arm is nearly coplanar with the cyclo-
pentadienyl ring to which it is attached and that the double
bond has the E conformation. Compound L* crystallizes with
two independent molecules in the asymmetric unit. One of these
(that depicted) has a similar disorder in the position of the
double bond to that observed in L!, with the two components
being present in a 1: 1 ratio this time; the independent molecule

Table 4 Fractional atomic coordinates ( x 10*) for L', with estimated
standard deviations (e.s.d.s) in parentheses

Atom kY v z
¢F9“' Fe 1834(2) 65(1) 764(1)
o ! O N 2010(10) —1214(7) 3134(2)
C(1) 580(10) —1037(8) 1191(3)
C"" () —590(10) —253(8) 976(3)
c3) —550(10) —480(9) 577(3)
ol —_
gz)gn.dZ Crystal structure of L* depicting the disorder in the double g:g; Iggg:;g; B }gf?g; g;gg;
C(6) 3890(10) 932(9) 1028(3)
C(7) 2650(10) 1828(9) 924(3)
C(8) 2430(10) 1784(9) 515(3)
) o | C9) 3520(10) 827(9) 367(3)
Table 3 Selected bond lengths (A) and angles (°) for L C(10) 4220(10) 207(8) 688(3)
Fe-C(1) 2.08(1) Fe-C(6) 2.03(2) () 650(20) ~80010) 16144
FeC(2) 2020, Fe ) S0l cary 145040 —148020)  1S85(8)"
Fe-C(3) 2.03(2) Fe-C(8) 2.04(2) C(lzl) 1580(20) —1560(10) |859(4)b
Fe-C(4) 201(2) Fe-C(9) 202(1) cx) 870(40) ~81020)  1885(7)
Fe-C(5) 2.04(1) Fe-C(10) 2.03(1) a3 1620(10) - —127%9)  2293(3)
C(H)-C(11 1.43(1) C(12)-C(13) 1.48(2) C(14) 2520(10) —2205(8) 2492(3)
C1)-C(12) 1’35(7) - N T C(15) 2680(10) —2137(8) 2896(3)
- e C(16) 1150(20) —312(8) 2928(3)
C2-C(1)-C(11) 115.1(9) C(12)-C(13)-C(14)  110.149) can 950(10) -~ 307(8) 2526(3)
C(I11)-C(12)-C(13)  119(2) C(14)-C(13)-C(17)  116.2(8) “ Atom refined with site occupancy 3. " Atom refined with site
C(H-C(1DH-C(12) 121(2) C(11)-C(12)-C(13) 119(2) occupancy }.
Table 5 Selected bond lengths (A) and angles (°) for L*
Fe(1)-C(11) 2.028(11) Fe(2)-C(21) 2.056(10)
Fe(1)-C(12) 2.01(2) Fe(2)-C(22) 2.050(11)
Fe(1)-C(13) 2.03(2) Fe(2)-C(23) 2.019(11)
Fe(1)-C(14) 2.022(14) Fe(2)-C(24) 2.034(9)
Fe(1)-C(15) 2.026(11) Fe(2)-C(25) 2.059(9)
Fe(1)-C(16) 2.036(10) Fe(2)-C(26) 2.037(10)
Fe(1)-C(17) 2.037(8) Fe(2)-C(27) 2.031(9)
Fe(1)-C(18) 2.041(11) Fe(2)-C(28) 2.033(10)
Fe(1)-C(19) 2.020(12) Fe(2)-C(29) 2.026(12)
Fe(1)-C(110) 2.023(13) Fe(2)-C(210) 2.028(12)
C(16)-C(111) 1.468(12) C(26)-C(211) 1.487(12)
C(114)-C(17a) 1.45(2) C(214)-C(217) 1.480(13)
C(114)-C(17b) 1.59(3)
C(17a)-C(18a) 1.34(2) C(217-C(218) 1.298(13)
C(17b)y-C(18b) 1.32(3)
C(18a)-C(119) 1.52(2) C(218)-C(219) 1.491(13)
C(18b)-C(119) 1.52(3)
C(16)-C(111)-C(112) 121.8(8) C(26)-C(211)-C(212) 122.2(8)
C(16)-C(111)-C(116) 122.4(8) C(26)-C(211)-C(216) 120.8(8)
C(114)-C(17a)-C(18a) 120(3) C(214)-C217)-C(218) 126.5(10)
C(114)-C(17b)-C(18b) 115(2)
C(119)-C(18a)-C(17a) 121(2) C(219)-C(218)-C(217) 126.0(10)
C(119)-C(18b)-C(17b) 112(2)
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Table 6 Fractional atomic coordinates ( x 10%) for L*, with e.s.d.s in parentheses

Atom X y z Atom x y z
Fe(1) 1228(1) 0 1192(1) C(124) —51(12) —2145(16) 5907(6)
C(11) —197(14) 1300(24) 1587(6) Fe(2) 6298(1) 4741(2) 1177(1)
C(12) 702(17) 2423(23) 1467(10) C@21 7006(9) 6712(16) 1751(5)
C(13) 902(15) 2476(26) 858(12) C(22) 6507(10) 7437(15) 1194(7)
C(14) 150(18) 1338(31) 557(7) C(23) 7124(10) 6675(17) 686(5)
C(15) —586(11) 561(21) 1010(11) C(24) 8022(8) 5506(15) 925(5)
C(16) 2063(8) —~1551(14) 1866(4) C(25) 7965(9) 5496(16) 1595(5)
C(17) 2963(7) —540(17) 1550(4) C(26) 5045(8) 3281(16) 1652(4)
C(18) 2886(10) —957(20) 902(5) C(@27n 4457(8) 4162(18) 1134(5)
C(19) 1955(10) —2203(18) 810(5) C(28) 5036(10) 3594(22) 572(5)
C(110) 1411(9) —-2609(17) 1388(6) C(29) 5964(11) 2381(18) 751(6)
C(111) 1830(7) —1523(11) 2543(4) C(210) 5976(10) 2182(16) 1409(6)
C(112) 2643(8) —710(13) 2972(4) C21n 4720(7) 3432(11) 2325(4)
C(113) 2458(11) —713(15) 3609(5) C(212) 5369(8) 2532(13) 2800(5)
C(114) 1447(14) —1574(16) 3859(5) C(213) 5040(9) 2586(16) 3423(5)
C(115) 624(12) —2381(18) 3436(6) C(214) 4003(8) 3651(13) 3598(4)
C(116) 790(8) —-2346(14) 2799(5) C(215) 3363(8) 4542(15) 3126(4)
C(17A) 958(22) —1865(27)  4477(9)* Cc16)  3712(7) 4465(13) 2503(4)
C(18A) 1517(20) —1142(25) 4986(8) * C(217) 3604(9) 3820(14) 4256(5)
C(17B) 1650(20) —1235(29) 4592(12)* C(218) 4158(9) 3154(14) 4754(5)
C(18B) 728(17) —1737(30) 4946(11)* C(219) 3766(9) 3373(12) 5416(4)
C(119) 1019(13) —1430(16) 5641(5) . C(220) 4496(9) 2672(14) 5893(5)
C(120) 1876(10) —764(16) 6057(5) C(221) 414909) 2813(15) 6497(5)
C(121) 1699(10) —821(15) 6689(5) N(2) 3114(8) 3619(12) 6679(4)
N(1) 725(8) —1529(13)  6955(4) C(223)  2392(8) 4323(14)  6219(5)
C(123) —135(11) —2186(19) 6547(7) C(224)  2683(9) 4245(13) 5587(4)
* Atom refined with 50%; site occupancy.
Table 7 Analytical and spectroscopic data for the new complexes
Analysis* (%)
FAB*
Complex C H N Vno/cm™! mjz Ziso (Amo/mT)
Mo’L} 51.8(51.4) 4.8(5.0) 14.8 (15.0) 1605 749 (749) 1.978 (4.8)
Mo’L? 52.4(52.0) 5.5(5.2) 15.1(14.7) 1606 763 (763) 1.978 (4.8)
Mo'L? 55.2(55.4) 5.0(5.0) 13.6 (13.6) 1605 825 (825) 1.978 (4.7)
Mo'L* 55.5(55.4) 5.4(5.0) 13.8 (13.6) 1600 825 (825) 1.978 (4.8)
Mo’L? 53.9(53.9) 54(4.9) 15.1 (15.3) 1615 826 (826) 1.978 (4.7)
Mo'L® SL1(SLD)  53(4.8) 145(144) 1606 777 (177) 1.978 (4.7)
Mo,'L’ 50.7 (50.3) 5.1(5.1) 16.6 (16.8) 1605 1335 (1335) See text
* Expected values in parentheses.
Table 8 Electrochemical data
of this m interaction between ferrocenyl cores and attached
E4/V (AE/mV)* substituents is known to vary significantly with the nature of the
Compound Mo(18e~17¢) Mo(17e-16¢) Ferrocenyl  Side chains.™
, pl N N ¥ The 16 valence-electron molybdenum complex [Mol *-
MO,LZ —1.94(%0) +0.01 Y +0.10 . (NO)CI,] reacts with pyridine or substituted pyridines to form
Mo'L! —1.97.(75) +0.02 +0.10 the corresponding 17-electron pyridy!l derivatives.?6-28:37 We
Mo'L —1.92(95) +0.02(100) +0.15(100) h d thi . thesize the bi ] I
Mo'L* —1.86(90) +0.04 (90)¢ ave use this reaction to synthesize the inuclear complexes
1 716 7
Mo'L$ —1.63 (100) —0.04 (200)¢ Mo’L*-Mo’L° and the trinuclear complex Mo’,L." [where Mo
Mo’L® —1.47 (100) +0.02° +0.08° denotes the {MoL*(NO)CIl} fragment attached to the pyridyl
Mo’,L’ —1.94 (150)¢ +0.02 (75)¢ +0.19 (75) arms of L!'-L7]. The formulations of the complexes were

Values for ferrocenyl moiety of free ferrocene derivatives; L', E; +0.05
(AE, 80), L%, +0.05 (100); L® +0.07 (85); L* +0.03 (65); L%,
+0.08 (80); L®, +0.04, +0.16 (see footnote b); L”; +0.18 V (100 mV).
® All measurements made in CH,Cl, containing 0.2 mol dm™
NBu",PF, at a platinum-bead working electrode. All potentials are vs.
the ferrocene-ferrocenium couple. ” Peak resolved in square-wave
voltammogram so AE, value not available. © Coincident oxidations
of molybdenum and ferrocenyl fragments not resolved. ¢ Two simul-
taneous one-electron processes, for both molybdenum centres.

however has no disorder and is well defined, with a near-planar
side-arm and an E double bond. In both L! and L* therefore
there is considerable n-electron overlap between the side chain
and the cyclopentadienyl ring to which it is attached. The extent

confirmed by elemental analysis and FAB mass spectroscopy.
In addition the attachment of a pyridyl ligand to the
{MoL*(NO)CI} core is confirmed by the shift in the position
of vno in the IR spectra, from 1718 cm™* for [MoL*-
(NO)Cl,] to around 1605 cm™ for the pyridyl-substituted
products.26-28.37

Electrochemistry.—The electrochemical results are summa-
rized in Table 8. The substituted ferrocenes L'-L7 undergo
reversible one-electron oxidations at potentials slightly more
anodic than that of unsubstituted ferrocene; similar anodic
shifts have also been reported for two different terpyridyl
derivatives 2!-2* and can be attributed to the conjugation of the
ferrocenyl unit to the electron-deficient pyridyl group. By
‘reversible’ is meant that the anodic and cathodic peak currents
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E IV vs. ferrocene—ferrocenium
Fig. 3 Cyclic and square-wave voltammograms of () Mo’L® and (b) Mo’,L’

Table 9 The UV/VIS spectral data for L'-L7 recorded in CH,Cl,

Compound  A,,,/nm (1072 ¢/dm* mol! cm™)

L! 466 (1.9) 373(3.3) 313 (26) 266 (15)

L? 453 (1.0) 362 (2.3) 306 (15) 265 (12)

L3 474 (2.2) 378 (3.6) 317 (25) 266 (16)

L* 453 (1.7) 383 (4.6) 333 (21) Not resolved
L® 467 (2.0) 348 (1.0) 285 (16) 243 (21)

L® 523 (2.8) 396 (2.0) 329 (12) Not resolved
L’ 505 (1.7) 370 (4.0) 305 (13) 265 (10)

are equal and the peak-to-peak separation AE, lies in the range
60-100 mV. For ferrocene under the same conditions AE, was
typically 80 mV. Compound L¢ undergoes an oxidation of the
carboxypyridine moiety in addition to the ferrocenyl redox
process; although the peak potentials could be extracted from a
square-wave voltammogram, their reversibility and AE, values
could not be obtained from a cyclic voltammogram since the
two processes overlap closely.

In the binuclear complexes Mo'L!-Mo’L® the molybdenum
(17e-16e) and ferrocenyl-based couples are close together
resulting in two overlapping waves in the cyclic voltammograms.
Square-wave voltammetry successfully resolved the two
processes for Mo’L!~-Mo’L? and Mo’L® [Fig. 3(a)], but for
Mo’L* and Mo’L?® the processes are superimposed and cannot
be individually resolved. It is not immediately apparent for
Mo’L!-Mo’L® and Mo’L® which oxidation belongs to the
ferrocenyl moiety and which to the molybdenum moiety, but
examination of the electrochemical properties of the trinuclear
complex Mo’,L” makes it clear [Fig. 3(»)]. For this complex
the first oxidation, at +0.02 V, is approximately twice as
intense as the second at +0.19 V. This is only consistent with
the first wave being two coincident 17e~16e couples, and is to be
expected since we have observed before that the Mo-based 17e-
16e couples in binuclear complexes do not split but are always
coincident.?%-28 All seven complexes also show the expected
Mo-based 17e-18e couples. For Mo’,L” this corresponds to
two near-coincident one-electron transfers, and the slight
broadening of the wave (AE, =150 mV in the cyclic
voltammogram) indicates a degree of interaction between the
two processes even though the combined wave cannot be
resolved into two components.

Since the molybdenum fragment oxidizes before the
ferrocenyl fragment, the ferrocenyl redox potential will be

affected by the presence of a positively charged molybdenum
fragment attached to the pendant pyridyl substituent. For
Mo’L!~-Mo’L? the anodic shifts of the ferrocenyl redox couples
(compared to the precursors L!-L3) are 50, 50 and 80 mV
respectively. For Mo’,L” the effect is approximately doubled
compared to Mo'L?, with an anodic shift of 90 mV. The
ferrocenyl fragment is therefore sensitive to the presence of
fairly remote substituents attached wvia conjugated linking
groups; the magnitudes of the shifts are comparable to those of
other complexes where ferrocenyl groups have been used as
redox spectators.” 1119725 [p contrast the molybdenum-based
16e—17e couples are essentially invariant throughout the series
of complexes. However the molybdenum-based 17e-18e
couples are sensitive to the nature of remote ligand substituents,
since the reductions are substantially delocalized onto the
bridging ligand. In accordance with this Mo'L3 and Mo'LS,
which have highly electronegative atoms in the conjugated
networks, are the easiest to reduce. Likewise Mo'L* is easier to
reduce than Mo’L!-Mo’L? as the pyridyl substituent is more
highly conjugated and the ©* orbitals are therefore lower in
energy.

Electronic Spectroscopy.—Unsubstituted ferrocene exhibits
two bands at 325 and 440 nm in the electronic spectrum, which
have been assigned to 'A,,— 'E,, and 'A;,— 'E,,
ligand-field (d—d) transitions. An intense transition at 200 nm
arises from ligand-to-metal charge transfer, and two shoulders
at 240 and 265 nm are also thought to arise from some form of
charge-transfer process.3® Upon substitution of a cyclopenta-
dienyl ring with conjugated acceptor groups, it is expected that
(i) cyclopentadienyl orbitals will shift to lower energy, and (i)
there will be increased mixing of ligand orbitals with the metal d
orbitals.

Both of these effects are apparent in the spectra of L!-L’
(Table 9). The two lowest-energy transitions are substantially
red-shifted with respect to unsubstituted ferrocene, and the
intensities of the transitions are also very much greater
(¢ > 1000 dm?® mol™! cm™ for these transitions of L'-L’
compared to < 50 for ferrocene) since increased mixing of metal
and ligand orbitals means that the d—d transitions now have a
significant ligand character and become more ‘allowed’. By
analogy with related ferrocene derivatives bearing electron-
accepting substituents linked via polyene chains,'S the lowest
unoccupied molecular orbital (LUMO) is no longer a metal d
orbital but is a ©* orbital delocalized over the conjugated side-
group: accordingly the lowest-energy transition is no longer
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d-d, but is a metal-to-ligand charge transfer (m.l.c.t.) band with
some d-d character. The second lowest transition is now a
ligand-centred m-nt* transition involving the conjugated side-
group, also mixed with some d-d character. The increase in the
extent of conjugation in L7 as compared to L? is responsible for
further decrease in the energy of the LUMO (n*) orbital, which
is reflected in the additional red shift of the lowest-energy
m.Lc.t. absorption band. The ketonic substituent of L® results
in a particularly low energy for the first m.l.c.t. band, which has
been noticed for related ferrocene derivatives.>**? The two
more-intense transitions at higher energy are also red-shifted
compared to ferrocene *® and are therefore also likely to have
m.l.c.t. character.

The {MoL*(NO)(pyridyl)Cl} chromophore has a character-
istic molybdenum-to-pyridyl m.l.c.t. band in the visible region,
the position of which is sensitive to the presence of substituents
on the pyridyl ligand.26-28:37 In the spectra of the complexes
Mo'L'-Mo’L® and Mo’,L” in CH,Cl, (Table 10) however
this Mo-based transition is generally masked by the ferrocenyl
m.l.c.t. band, although for Mo'L*, Mo’L?® and Mo’,L” it is just
visible as a shoulder on the low-energy side of the ferrocenyl
m.l.c.t. band. Attachment of the 17-valence electron {MoL*-
(NO)CI} fragment to the pendant pyridyl binding sites of L'-L’
has resulted in a red shift of ca. 50 nm in every case: the
{MoL*(NO)CIl} substituent therefore acts as an electron-
accepting group and lowers the energy of the n* orbital with
which it is conjugated. The electrochemical results described
above showed that the oxidized {MoL*(NO)CI}* substituents
acted as electron-accepting groups, which is not surprising, but
these electronic spectral results show that the neutral
{MOoL*(NO)Cl} substituent also has electron-accepting
character.

Since both the Mo- and the ferrocenyl-based m.l.c.t.
transitions have charge-transfer character they may be
solvatochromic, and the electronic spectra of a selection of the
complexes were therefore recorded in a variety of solvents of
different relative permittivities. The results are in Table 11. In
polar solvents such as MeCN the two bands are not resolved
but appear as a single broad absorption. As the relative
permittivity of the medium is decreased the ferrocenyl-based
m.l.c.t. band varies in position in a rather unpredictable
manner, but the Mo-based m.l.c.t. band is steadily red-shifted,
and develops a weak low-energy shoulder (Fig. 4) which

Table 10 The UV/VIS spectroscopic data for the new complexes in
CH,Cl,
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becomes more pronounced the weaker is the relative
permittivity of the solvent. In very low-polarity solvents a third
low-energy transition may become discernible (Fig. 4).
Although a multiparameter model of solvent polarity, taking
into account solvent dipolarity, hydrogen-bond donating and
accepting ability and solvent polarizability, is sometimes used
to interpret solvatochromic data,*!*? the negative solvato-
chromism of the molybdenum-to-pyridine m.l.c.t. band is quite
clear using solvent relative permittivity alone as a measure of
polarity, as is established practice.*** The negative solvato-
chromism means that in this case the ground state is more polar
than the excited state. Owing to the large solvent effect it is not
possible to estimate the effect of the ferrocenyl substituent on
the Mo-based m.l.c.t. band. The lowest-energy n—n* transition
of L!-L7, at around 350-400 nm (Table 9), is not resolved for
Mo'L!~-Mo’L® and Mo’,L’ as it is obscured by the more
intense band at 320-370 nm. We ascribe this latter transition to
a charge-transfer process of some sort involving the bridging
ligand group because of (i) its high intensity, (i) the variation in
its energy with the nature of the conjugated linker, and (iii) its
weak positive solvatochromism (e.g. for Mo'L' it varies from
315 nm in hexane to 332 nm in dimethylformamide).

EPR Properties.—The binuclear complexes Mo’L'-Mo'L¢,
which contain one 17-electron molybdenum centre, show
characteristic 262837 isotropic solution spectra with g,, =
1.978(1) and a hyperfine splitting Ay, = 4.8(1) mT [Fig. 5(a)].
Earlier studies have shown that for binuclear 17-electron
molybdenum complexes with bridging ligands such as 4,4'-
bipyridine there is a magnetic exchange interaction between the
two unpaired electrons.2%2® Provided that |J] > Ay, where
2J is the singlet-triplet separation, this results in a ‘fast-
exchange’ spectrum in which both electrons are apparently
coupled to both nuclei: the separation between hyperfine
components halves to 2.4 mT and a pattern characteristic of
coupling to two equivalent nuclei with I = 3 appears.

In Mo’,L7 the pathway linking the two paramagnetic groups
is longer than we have used before and the resulting EPR
spectrum [Fig. 5(b)] is characteristic of |J] & Ay,.** In this
intermediate domain the appearance of the second-order
spectrum is very sensitive to the value of |J], the magnitude of
which may therefore be determined by spectral simulation.
Although we could not duplicate the appearance of this
spectrum exactly its appearance is best accounted for with
|J] &~ 2000 MHz (taking A4y, to be 140 MHz). In contrast a ‘fast-
exchange’ spectrum occurs for |J] > 5000 MHz, and the ‘slow-
exchange’ limit to give a spectrum like those of mononuclear
complexes requires |J] < 10 MHz. For Mo’,L” the interaction
is therefore just below the limit required for ‘fast exchange’. By

Complex hanax/00 (102 €/dm? mol™* cm ™) analogy with other binuclear complexes bridged by 4,4'-
Mo'L! 277(14) 329 (21) 512(5.7) bipyridyl-type bridges,?”+*® J is negative and the interaction is
MO:Lz 278 (6.9) 3238.2) 489 (2.0) weakly antiferromagnetic. This is generally consistent with the
Mo'L . 278 (1) 334 (18) 516 (4.8) electrochemical results which indicate that although there is a
mo,]‘s 279(6.2) 356(11) 496 (3.1) 370 (sh) significant interaction between the ferrocenyl and pendant
o'L 284 (9.5) 372 (6.0) 530(2.3) 570 (sh) .
Mo'L 281 (7.9) 334 (6.2) 568 (2.0) molybdenum groups, the two molybdenum groups interact (at
Mo’,L” 276 (11)  334(12)  486(40)  530(sh) best) very weakly.
Table 11 Solvatochromism of the m.l.c.t. bands of some of the compiexes (dmf = dimethyiformamide, thf = tetrahydrofuran)
-
Complex MeCN dmf MeOH Acetone CH,Cl, thf Et,0 Benzene Hexane
Mo'L! 508 512 513 506 512 501 502 498 493 (sh)
550 (sh) 555 (sh) 550 (sh) 577
Mo'L* 486 493 490 491 496 497 501 506 510
560 (sh) 570 (sh) 570(h) 570 580 580
Mo’L? 512 521 500 520 530 524 510 521 494 (sh)
565 (sh) 570 (sh) 570(¢sh) 590 588 621
Mo’L® 556 564 526 556 568 556 553 560 539
585(sh) 590 (sh) 610 (sh)
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Fig. 4 The UV/VIS spectra of Mo’'L® in (from top downwards)
acetone, diethyl ether, and hexane, showing the splitting of the m.l.c.t.
band into separate components as the solvent polarity decreases

Conclusion

We have prepared a series of new ferrocene derivatives with
pendant pyridyl groups to which {MoL*(NO)Cl} fragments
were attached. Electrochemical and UV/VIS spectroscopic
measurements indicate that the {MoL*(NO)Cl} fragment acts
as an electron-accepting group, making the ferrocenyl redox
couple more anodic and lowering the energy of the bridging-
ligand based m* orbital. In Mo’,L7 there is an electronic
interaction between the ferrocenyl core and the two pendant
{MoL*(NO)Cl} fragments, but the two { MoL*(NO)Cl} are too
remote from each other to have a significant electrochemical
effect on each other. However there is a very weak magnetic
exchange interaction between them characterized by |J| ~ 2000
MHz as determined from the EPR spectrum.

These complexes also fuilfil the basic requirements for
materials with non-linear optical (NLO) properties: they
contain ferrocene as a donor group, {MoL*(NO)Cl} as an
acceptor group, and a conjugated polarizable bridge linking the
two fragments. Complexes similar to these have been shown to
display significant NLO effects.** We are currently attempting
to measure the NLO properties of these new complexes and the
results will be reported in due course.
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