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Abstract 

A series of ferrocenyl-pyridine ligands (Fc-L) in which a 4-pyridyl side-arm is attached to a ferrocenyl core via a conjugated linker has 
been attached to tungsten carbonyl cores, giving complexes of the type [(Fc-L)W(CO).s] (1-6) and [(Fc-L)2W(CO) 4] (7 and 8). Three of 
these complexes were characterised by X-ray crystallography. Complex 2, [{Fc-C(Ph)=CH-CsH4N}W(CO)5]: triclinic, P I; a = 9.329(4), 
b = 12.115(3), c = 12.745(3) ~,; c~ = 66.66(2), 13 = 71.87(2), y = 81.40(2)°; Z = 2; 3230 unique data; R~ = 0.032, w R  2 = 0.090. 
Complex 3, [{Fc-C(Me)=CH-CsH4N}W(CO)s]: triclinic, P~; a = 11.325(3), b = 12.328(2), c = 16.639(5) ,~; o~ = 79.83(2), 13 = 
77.30(2), y =  82.043(14)°; Z = 4 :  5878 unique data; R I =0.035, wry=0 .103 .  Complex 7.(CH2C12)o. 5, [{Fc-CH=CH- 
CsH4N}2W(CO)a • (CH2CI2)0s]: triclinic, P~; a = 10.290(2), b = 11.751(4), c = 16.328(4) A; c~ = 88.07l(14), 13 = 83.502(14), ",/= 
67.50(2)°; Z = 2; 5054 unique data; R I = 0.047, wR 2 = 0.125. All of the complexes were fully characterised by IH and 13C NMR, IR, 
UV-vis and luminescence spectroscopy, FAB mass spectrometry,, and electrochemical measurements. The complexes show the expected 
spectroscopic and electrochemical features for both the ferrocenyl and substituted tungsten carbonyl chromophores. Although the 
individual molecules possess the necessary structural and electronic features required for second-order non-linear optical behaviour, the 
fact that the three crystallographically characterised complexes have centrosymmetric space groups precludes bulk solid-state measure- 
ments of NLO behaviour. 
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1. Introduct ion  

As part  of  our cont inuing study of  interact ions be- 
tween remote  metal  centres l inked by conjuga ted  bridg-  
ing l igands  [1], we recent ly reported the synthesis  of  a 
var ie ty  of  ferrocene der ivat ives  with pendant  pyr idyl  
f ragments  to which addit ional  metal  f ragments  could  be 
at tached [2]. The ferrocenyl  unit has been a par t icular ly  
popula r  " b u i l d i n g  b l o c k "  in such complexes  due to its 
high chemica l  stabil i ty,  chemica l ly  revers ible  redox be- 
haviour ,  and ease of  der ivat isa t ion [3]. This  has led to 
its use as componen t s  in molecules  as d iverse  as molec-  
ular  fe r romagnets  [4], molecular  sensors [5] and opto-  
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electronic  devices  based on non- l inear  optical  effects  

[61. 
W e  descr ibe  here the preparat ion,  structural charac-  

ter isat ion and spec t roscopic  and e lec t rochemical  proper-  
ties of  a series of  d inuclear  and t r inuclear  complexes  in 
which one or two pyr idyl -subs t i tu ted  ferrocene deriva-  
t ives (Fc-L)  are a t tached to a tungsten carbonyl  centre 
[7,8], g iv ing complexes  of  the form [ (Fc-L)W(CO)  s] or 
cis-[(Fc-L)2W(CO)4];  the structural formulae of  the 
complexes  are g iven  in Fig. 1. These  complexes  have a 
rich spec t roscopic  and e lec t rochemica l  behaviour ,  con- 
taining two types  of  chromophore  showing charge-  
transfer  behav iour  which may be beneficial  for the 
construct ion o f  non- l inear  opt ical  mater ia ls  [3], and two 
types of  redox-ac t ive  centre whose  redox potent ials  wil l  
a l low assessment  of  long-range m e t a l - m e t a l  interac- 
t ions across the con juga ted  bridge.  
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~ N . - -  --W(CO)5 W(CO)s 
~ 4x-cH 

1 R-H 5X=N 
2 FI=Ph 
3 R=Me 

W(CO) s 

6 7 R = H  
8 R=Me 

Fig. 1. Structural formulae of the new complexes. 

routine spec t roscopic  analyses  was as fol lows:  N M R  
spectra,  Jeol  GX-270  or  h -300  spectrometers;  F A B  
mass  spectra  (3 -n i t robenzyla lcohol  matrix) ,  a V G - A u t o -  
spec; U V - v i s  spectra,  Pe rk in -E lmer  Lambda-2  or  
Lambda-19  spectrometers ;  IR spectra,  a Pe rk in -E lmer  
F I ' - 1600  spectrometer ;  luminescence  spectra,  a Perkin-  
E lmer  LS50-B f luorimeter .  E lec t rochemica l  measure -  
ments  were made  using the ins t rumenta t ion and meth-  
ods prev ious ly  descr ibed  [2]. Solvents  for syntheses  and 
e lec t rochemica l  measurements  were dist i l led f rom stan- 
dard dry ing  agents  before  use. 

2. E x p e r i m e n t a l  

2.1. General details 

The pyr idyl -subs t i tu ted  ferrocene der ivat ives ,  de- 
noted Fc-L,  were prepared  accord ing  to the publ i shed  
method  [2]. W ( C O )  6 was purchased  f rom St rem Chemi-  
cals and used as received.  Ins t rumenta t ion  used for  

2.2. Syntheses o f  dinuclear complexes 1 - 6  

W(CO) 6 (0.33 g, 0.93 mmol )  was d isso lved  in dry 
T H F  (50 cm 3) in an N2-purged Schlenk tube fi t ted with 
a condense r  jacket .  The solut ion was i rradiated with a 
500 W,  med ium-pressu re  mercury  l amp  whi ls t  being 
stirred under  N 2 for 1.5 h, until the solut ion became  
golden  ye l low.  One equiva lent  (0.93 mmol)  of  the 

Table 1 
IH and =3C NMR data for the new complexes 

4 

Proton NMR data 

8.63 (2H, d, J = 6.7, Py H2/H6), 7.27 (IH, d, J = 16, -CH=) ,  
7.23 (2H, d, J = 6.7, Py H3/HS), 6.61 (IH, d, J = 16, -CH=) ,  
4.55 (2H, t, J = 1.8, C5H4), 4.43 (2H, t, J = 1.8, C5H4), 4.16 (5H, s, Cp) 

8.38 (2H, d, J = 6.7, Py H2/H6), 7.47-7.51 (3H, m, Ph), 
7.27-7.30 (2H, m, Ph), 6.76 (IH, s, -C H =), 
6.62 (2H, d, J = 6.7, Py H3/HS), 4.43 (2H, d, J = 1.8, C5H4), 
4.41 (2H, d, J = 1.8, C5 Ha), 4.16 (5H, s, Cp) 

8.67-8.65 (2H, m, Py H2/H6), 7.18 (2H, d, J = 6.6, Py H3/HS), 
6.58 (1H, S, - C H  =), 4.53-4.55 (2H, m, C5 H4), 4.39 (2H, m, C5 H4), 
4.15 (5H, s, Cp), 2.30 (3H, s, CH 3) 

8.70 (2H, d, J = 6.8, Py H2/H6), 7.51 (4H, s, C6 H4), 
7.39 (IH, d, J = 16, -CH=) ,  7.32 (2H, d, J = 6.8, Py H3/HS), 
7.02 (1H, d, J = 16, -CH=) ,  4.71 (2H, t, J = 1.8, C5 H4), 
4.38 (2H, t, J = 1.8, C5H4), 4.04 (5H, s, Cp) 

8.93 (2H, d, J = 6.4, Py H2/H6), 8.57 (1H, s, - C H = ) ,  
7.75 (2H, dd, J = 6.6, Py H3/HS), 7.56 (2H, d, J = 8.8, phenyl), 
7.29 (2H, d, J = 8.6 phenyl), 4.70 (2H, t, J = 1.8, C 5 H4), 
4.38 (2H, t, J = 1.8, C5H4), 4.05 (5H, s, Cp) 

9.00 (2H, d, J = 6.6, Py H2/H6), 7.83 (1H, d, J = 15, - C H  =), 
7.69(2H, d , J = 6 . 8 ,  PyH3/HS),6.97(1H, d , J = 1 5 ,  CH=),  
4.66 (2H, m, C5 Ha), 4.61 (2H, m, C5 H4), 4.21 (5H, s, Cp) 

8.49 (4H, m, Py H2/H6), 7.16 (2H, d, J = 16, - C H = ) ,  
7.12 (4H, m, Py H3/HS), 6.49 (2H, d, J = 16, - C H = ) ,  
4.40 (4H, m, C5H4), 4.33 (4H, m, C5 H4), 4.05 (10H, s, Cp) 

8.52 (4H, d, J = 6.4, Py H2/H6), 7.06 (4H, d, J = 6.6, Py H3/HS), 
6.48 (2H, s, - C H = ) ,  4.34 (4H, m, C5 H4), 4.28 (4H, m, C5 H4), 
4.05 (10H, s, Cp), 2.23 (6H, s, CH 3) 

a py = pyridyl; b Ph = phenyl. 

Carbon NMR data 

202.85 (trans CO), 198.24 (cis CO), 156.11 (Py) a 
146.94 (Py), 136.62 (Py), 121.64 (-CH=),  
121.03 (-CH=),  80.81 (IC, C5H4), 70.83 (2C, C5H4), 
69.76 (5C, Cp), 68.17 (2C, CsH 4) 
202.78 (trans CO), 199.10 (cis CO), 
155.45 (Py), 151.45 (Ph) b, 146.40 (Py), 138.78 (Py), 
129.06 (-CH=),  128.68 (Vh), 128.46 ( -C=) ,  
124.46 (Ph), 119.29 (Ph), 85.70 (1C, C5H4), 
70.61 (2C, CsH4), 69.98 (5C, Cp), 67.86 (2C, CsH 4) 
203.06 ( trans CO), 199.41 ( cis CO), 
155.94 (Py), 147.75 (Py), 145.40 (Py), 125.28 ( -CH=),  
119.05 ( -C=) ,  87.40 (IC, C5H4), 70.51 (2C, C5H4), 
69.91 (5C, Cp), 66.892 (2C, C5H4), 18.00 (CH 3) 
202.94 (trans CO), 199.39 (cis CO), 
156.45 (Py), 146.91 (Py), 142.04 (Ph), 136.20 (-CH=),  
133.33 (Ph), 127.91 (Ph), 126.75 (Ph), 123.18 (-CH=),  
122.56 (Py), 84.35 ( 1 C, C 5 H 4), 70.14 (5C, Cp), 
70.02 (2C, C5H4), 66.99 (2C, CsH 4) 
202.97 (trans CO), 199.29 (4C, cis CO), 
157.05 (Py), 154.19 ( -CH=),  147.85 (Py), 144.75 (Ph), 
140.48 (Ph), 127.21 (Ph), 124.13 (Py), 122.01 (Ph), 
84.54 (1C, C5H4), 70.13 (5C, Cp), 69.89 (2C, C5H4), 
66.97 (2C, C5H 4) 
202.88 (trans CO), 199.22 (cis CO), 186.87 (ketonic C), 
157.25 (Py), 151.17 (-CH=),  146.35 (Py), 123.85 (Py), 
117.62 (-CH=),  78.70 (lC, C5H4), 72.97 (2C, C5H4), 
70.55 (5C, Cp), 70.04 (2C, CsH a) 
213.90 (trans CO), 205.47 (cis CO), 
154.95 (Py), 146.69 (Py), 136.21 (Py), 121.61 (-CH=),  
121.56 (-CH=),  81.20 (2C, C5H4), 70.96 (4C, C5H4), 
69.94 (10C, Cp), 68.29 (4C, CsH 4) 
213.85 (trans CO), 205.47 (cis CO), 154.55 (Py), 
147.31 (Py), 144.80 (Py), 125.02 (-CH=),  
119.31 ( -C=) ,  87.56 (2C, C5H4), 70.42 (4C, C5H4), 
69.88 (10C, Cp), 66.83 (4C, CsH 4) 
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Table 2 
Analytical, 1R, mass spectroscopic and electrochemical data for the new complexes 
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Elemental analysis a v(CO) (cm- l ) FABMS El~ 2 (V) (A Ep (mY)) 

%C %H %N M ÷ Fe-based W-based 

l 43.1 (43.1) 2.3 (2.5) 2.3 (2.3) 
2 47.8 (48.8) 2.6 (2.8) 1.9 (2.0) 1893(m) 
3 44.1 (44.0) 2.7 (2.7) 2.3 (2.2) 1892(m) 
4 46.5 (46.8) 2.6 (2.8) 1.8 (1.9) b 1893(m) 
5 47.1 (47.0) 2.5 (2.6) 3.9 (4.0) 1900(m) 
6 42.7 (43.1) 2.4 (2.4) 2.1 (2.2) 1902(m) 
7 48.5 (48.8) 3.3 (3.3) 2.5 (2.9) b 1824(m) 
8 53.3 (53.3) 3.8 (3.8) 3.1 (3.1) 1824(m) 

1891(m) 1927(s), 1971(sh), 2073(w) 613 0.08 (60) 0.68 
1927(s), 1972(sh), 2070(w) 689 0.07 (120) 0.62 
1930(s), 1975(sh), 2071(w) 627 0.06 (100) 0.76 
1928(s), 1975(m), 2071(w) 689 0.05 (120) 0.71 
1929(s), 1974(m), 2070(w) 690 0.01 (150) 0.67 
1930(s), 1974(w), 2071(w) 641 0.17 (130) 0.70 
1874(s), 1928(w), 2004(m) 874 - -  0.08 (160) - -  ~ 
1874(s), 1928(w), 2004(m) 902 - -  0.03 (190) - -  ~ 

a Calculated values in parentheses, b 0.5 molecules of CH2Cl 2 per complex molecule required for elemental analysis. 
c Two coincident ferrocene-based processes and one tungsten-based process all overlapping. 

appropr ia te  F c - L  was  then added  and  the mix ture  was  

stirred for a fur ther  1 - 2  h. The  so lvent  was  then 
evapora ted  in  vacuo ,  and  the res idue  ch roma tog raphed  

ove r  a l u m i n a  ( B r o c k m a n n  act ivi ty  III) us ing  g rad ien t  

e lu t ion ,  wi th  the e luen t  c o m p o s i t i o n  va ry ing  s teadi ly  

f rom 1 : 1 C H 2 C l 2 / h e x a n e  up  to 5 : 1 C H z C l 2 / h e x a n e  
as required.  In i t ia l ly ,  traces of  ye l l ow  W ( C O ) s ( T H F )  
eluted;  the m a j o r  red or  purple  b a n d  wh ich  fo l lowed  
was col lec ted  and the so lven t  evapora ted  in  vacuo  to 
give microcrys ta l s  o f  the p roduc t  in yie lds  of  6 0 - 9 0 % .  

Recrys ta l l i sa t ion  was  f rom C H 2 C l 2 / h e x a n e  mixtures .  

Charac te r i sa t ion  data  for  the c o m p l e x e s  are g iven  in 
Tab les  1 and  2. 

2.3. Syntheses o f  trinuclear complexes 7 and 8 

I r rad ia t ion  of  W ( C O )  6 (0.35 g, 1 m m o l )  in dry T H F  
(50 c m  3) u n d e r  N 2 was  pe r fo rmed  as above .  To  the 
resu l t ing  g o l d e n  ye l l ow  so lu t ion  was  added  2.25 m m o l  
of  the appropr ia te  Fc-L ,  and  the mix tu re  was  then  
stirred for ano the r  20 h wi th  c o n t i n u o u s  U V - i r r a d i a t i o n  
f rom the m e r c u r y  lamp.  Af te r  evapo ra t i on  o f  the so lvent  

Table 3 
Crystallographic data for 2, 3 and 7. ( C H 2 C l  2 )0.5 

2 3 7 .  ( C H 2 C 1 2 ) 0 .  5 

Empirical formula C 28 H 19 FeNOsW C 23 H l 7 FeNOsW C 38.5 H 31CIFe 2 N204W 
Formula weight 689.1 627.1 916.7 
Crystal system and space group triclinic, P~ triclinic, P~ Triclinic, P~ 

a (A) 9.392(4) 11.325(3) 10.290(2) 
b (~.) 12.115(3) 12.328(2) 11.751(4) 

c (,~,) 12.745(3) 16.639(5) 16.328(4) 
a (°) 66.66(2) 79.83(2) 88.071 (14) 
13 (o) 71.87(2) 77.30(2) 83.502(14) 
y (°) 81.40(2) 82.043(14) 67.50(2) 

V (~3) 1264.9(7) 2218.5(9) 1812.3(8) 
Z 2 4 2 
Pcalc (Mg m- 3 ) 1.809 1.877 1.680 
Ix (Mo Ka)  (mm I) 5.155 5.868 4.071 
Min/max transmission 0.228/0.714 0.195/0.609 0.114/0.334 
F(000) 668 1208 902 
Crystal size (mm 3) 0.5 × 0.5 × 0.1 0.5 × 0.4 X 0.05 0.6 X 0.5 x 0.2 
20 range (°) 3.6 46.5 2.5-46.5 2.5-46.5 
Index ranges - 1 0 < h < 1 0 ,  - 1 l  < h <  12, - 11  < h <  10, 

- 8 < k <  13, - 1 3 < k <  12, - 1 2 < k < 1 3 ,  
- 1 4 < l <  14 - 1 8 < 1 <  18 - 1 5 < 1 _ <  18 

Reflections collected 4364 8187 7135 
Unique data/restraints/parameters 3230/0/325 5878/0/559 5054/0/436 
RI ' ~4.R2 a.b 0.032, 0.090 0.035, 0. 103 0.047, 0.125 
Weighting factors b a = 0.0616: b = 2.05 a = 0.0512, b = 5.41 a = 0.0663, b = 5.55 

Largest remaining peak/hole (e ,~ 3 ) 0.766, - 0.871 1.132, - 1.007 1.659, - 0.976 

a Structure was refined on Fo 2 using all data; the value of R 1 iS given for comparison with older refinements based on F o with a typical threshold 
of F >  4(r(F). 
b wR 2 = [~[w(Fo 2 _ Fc2)2]/y~w(F2)2]l/2 where w i = [o.2(Fg) + (ap)Z + bP] and P = [max(Fo 2, 0) + 2Fc2]/3. 
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in vacuo  the res idue was ch romatographed  as above 
using the same gradient  elut ion technique with 
C H 2 C l 2 / h e x a n e  mixtures  of  s teadi ly increasing polar-  
ity. The first red fract ion contained the d inuclear  com- 
plex (ca. 45% yield);  the second band contained the 

desired t r inuclear  complex  which was isolated in ca. 
40% yield.  Charac ter i sa t ion  data for the complexes  are 

given in Tables  1 and 2. 

2.4. X-ray c~,stallography 

X-ray quali ty crysta ls  of  2. 3 and 7 - ( C H 2 C I e ) 0 .  5 
were grown from C H z C 1 2 / h e x a n e  mixtures.  Sui table  
crystals  were mounted  on glass f ibres  on a S iemens  
S M A R T  three-circle  d i f f rac tometer  fitted with a CCD-  
type area de tec tor  and using g raph i t e -monochromated  
Mo Kcx X-radia t ion  (h  = 0.71073 A.). Detai ls  of  the 
crystal  parameters ,  data col lect ion and ref inement  are 
given in Table 3. Data were corrected for Lorentz  and 

polar isat ion effects,  and for absorpt ion  effects  by an 

Table 4 
Fractional atomic coordinates (×  10 ~) and equivalent isotropic ther 
mal parameters (,~2 × 10_~) for 2 

Atom x y z lJr~l 

W(1) 1311(1) 2723(l) -3434(1) 46(1) 
C(1) 2368(8) 4213(7) -4698(7) 64(2) 
0(1) 2927(7) 5075(5) - 5443(6) 89(2) 
0(2) -697(7) 2905(6) - 5046(6) 82(2) 
C(2) 28(9) 2835(6) - 4455(7) 58(2) 
C(3) 2871(8) 1716(7) - 4235(7) 60(2) 
0(3) 3742(7) 1211(6) -4755(6) 89(2) 
C(4) -199(8) 3839(7) - 2789(6) 53(2) 
0(4) -1073(7) 4501(6) - 2473(6) 85(2) 
C(5) 87(8) 1290(7) - 2181(7) 60(2) 
0(5) -661(7) 511(5) -1467(6) 88(2) 
Fe(1) 7491(1) 3194(1) 1747(1) 57(1) 
C(I1) 8180(19) 4802(12) 1 5 3 1 ( 2 0 )  135(6) 
C(12) 7345(24) 4247(15) 2679(18) 151(7) 
C(13) 5843(15) 4085(li) 2580(16) 121(5) 
C(14) 5988(15) 4599(9) 1385(15) 111(4) 
C(15) 7366(20) 5000(9) 771(15) 134(5) 
C(21) 8503(7) 2303(7) 639(7) 61(2) 
C(22) 9349(8) 2144(7) 1435(7) 64(2) 
C(23) 8428(8) 1602(7) 2610(7) 66(2) 
C(24) 7013(7) 1421(6) 2538(6) 55(2) 
C(25) 7032(7) 1843(6) 1333(6) 48(1) 
C(26) 5787(7) 1809(5) 883(6) 47(1) 
C(27) 5905(7) 2163(6) --27N6) 52(2) 
C(31) 4365(7) 1352(6) 1835(5) 49(2) 
C(32) 3263(9) 2125(10) 2152(8) 82(2) 
C(33) 1 9 7 9 ( 1 0 )  1 6 4 7 ( 1 8 )  3079(12) 124(5) 
C(34) 1 8 4 1 ( 1 3 )  429(20) 3642(9) 140(7) 
C(35) 2924(13) -307(13) 3320(10) 126(5) 
C(36) 4180(10) 127(9) 2436(8) 82(3) 
N(41) 2857(6) 2498(5) -2289(5) 47(1) 
C(42) 4220(8) 2992(6) -2763(6) 55(2) 
C(43) 5191(8) 2863(6) - 2115(6) 56(2) 
C(44) 4829(7) 2208(6) -889(5) 47(1) 
C(45) 3434(7) 1686(6) -407(6) 54(2) 
C(46) 2515(7) 1846(6) - 1105(6) 55(2) 

Table 5 
Fractional atomic coordinates (X 10"*) and equivalent isotropic ther. 
mal parameters (,~2 × 103) for 3 

Atom x y z U~q 

W(1) 2958(1) 10163(1) 3327(1) 49(1) 
C(1) 1512(9) 11336(7) 3487(6) 63(2) 
0(l)  707(7) 11982(6) 3562(5) 100(2) 
C(2) 2992(11) 9911(9) 4561(6) 82(3) 
0(2) 3092(12) 9853(10) 5233(5) 145(4) 
C(3) 4072(9) 11325(8) 3160(7) 78(3) 
0(3) 4712(8) 11987(7) 3053(7) 124(3) 
C(4) 2971(7) 10495(6) 2089(6) 54(2) 
0(4) 2981(6) 10741(6) 1388(4) 82(2) 
C(5) 4449(8) 9013(6) 3163(5) 52(2) 
0(5) 5276(6) 8392(6) 3093(5) 90(2) 
Fe(I) -2975(1) 4340(1) 3784(1) 48(1) 
C(I 1) - 2962(9) 5545(8) 2781(5) 74(3) 
C(12) -4154(8) 5424(8) 3194(5) 68(2) 
C(13) -4396(8) 4318(8) 3203(6) 66(2) 
C(14) - 3325(9) 3756(9) 2794(6) 76(3) 
C(15) -2432(9) 4532(10) 2530(6) 81(3) 
C(21 ) - 3280(7) 4602(7) 4985(5) 54(2) 
C(22) - 3351(8) 3464(7) 4953(5) 66(2) 
C(23) - 2225(9) 3034(7) 4520(6) 68(2) 
C(24) - 1449(7) 3901(6) 4275(5) 56(2) 
C(25) - 2098(6) 4873(6) 4563(4) 47(2) 
C(26) - 1660(6) 5986(6) 4426(4) 44(2) 
C(27) -463(7) 6062(6) 4156(5) 51(2) 
C(28) - 2601(7) 6931(6) 4575(6) 61(2) 
N(31 ) 1694(6) 8814(5) 3549(4) 51(2) 
C(32) 586(7) 8882(6) 4047(5) 59(2) 
C( 33'~ - 163(7) 8051(7) 4256(5) 57(2) 
C(34) 210(6) 7048(6) 3949(5) 47(2) 
C(35) 1356(7) 6986(6) 3427(5) 60(2) 
C(36) 2048(7) 7856(6) 3253(5) 57(2) 
W(2) 2293(1) 4702(1) 1375(1) 49(1) 
C(6) 3789(9) 3629(7) 1075(6) 68(2) 
0(6) 4597(8) 2985(7) 918(6) 114(3) 
C(7) 2196(1 I) 5113(8) 167(7) 80(3) 
0(7) 2058(12) 5334(9) - 514(5) 143(4) 
C(8) 2336(8) 4258(6) 2589(6) 58(2) 
0(8) 2344(7) 3986(6) 3291(4) 89(2) 
C(9) 1243(9) 3513(7) 1467(6) 70(2) 
0(9) 627(7) 2831(6) 1517(6) 100(2) 
C(10) 757(8) 5734(6) 1671(6) 60(2) 
O(10) - 115(7) 6289(6) 1830(6) 104(3) 
Fe(2) 8293(1) 10255(1) 1539(l) 45(1) 
C(41) 9805(8) 10194(8) 2033(7) 74(3) 
C(42) 8763(11) 10590(8) 2571(7) 82(3) 
C(43) 7938(9) 9778(10) 2799(5) 76(3) 
C(44) 8468(9) 8890(8) 2401(6) 73(3) 
C(45) 9609(9) 9130(8) 1941(6) 75(3) 
C(51) 8424(6) 10291(7) 297(4) 48(2) 
C(52) 8502(7) 11365(7) 461(5) 58(2) 
C(53) 7426(7) 11680(6) 1023(5) 60(2) 
C(54) 6664(6) 10801(6) 1188(5) 50(2) 
C(55) 7276(6) 9933(6) 751(4) 43(2) 
C(56) 6819(6) 8874(6) 746(4) 42(2) 
C(571 5613(7) 8830(6) 931(4) 48(2) 
C(58) 7748(7) 7936(7) 514(6) 63(2) 
N(61) 3471(6) 6099(5) 124l(4) 48(2) 
C(62) 4618(7) 5918(7) 1377(6) 62(2) 
C(63) 5342(7) 6767(7) 1282(6) 65(2) 
C(64) 4932(7) 7866(6) 1025(4) 46(2) 
C(65) 3745(6) 8039(6) 882(5) 50(2) 
C(66) 3069(7) 7167(6) 997(5) 54(2) 
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empirical method based on multiple measurements  of  
equivalent data. The structures were solved by conven- 
tional direct methods (SHELXTL) and were refined by the 
full-matrix least-squares method on all F 2 data 
(SHELX93) using Silicon Graphics Indigo R4000 or Indy 
computers [9]. All non-hydrogen atoms were refined 
anisotropically; hydrogen atoms were included in calcu- 
lated positions and refined with fixed isotropic thermal 
parameters. Atomic coordinates are given in Tables 

4 - 6 ,  and selected bond lengths and angles are assem- 
bled in Tables 7 - 9  respectively. Complex 3 contains 
two independent molecules in the asymmetric  unit; 
complex 7 - (CH2Cl2)0 .  5 contains one molecule of  
CH2C12 in the unit cell which is disordered over the 
inversion centre. The two chlorine atoms are ordered, 
one either side of  the inversion centre, but the carbon 
atom was found to be disordered over two positions 
with 50% site occupancy in each. 

Table  6 
Fractional  atomic coordinates  ( × 10 ~) and equiva len t  isotropic ther- 
mal  parameters  (,~2 × 103) for 7.  (CH :CI 2 )05 

A tom a y - L~q 

W(1) -5573(1) 5642(1) 2528(1) 52(1) 
Fe(l) -2144(1) - 1362(1) - 1658(1) 69(1) 
Fe(2) 2386(1) 950(1) 6015(1) 63(1) 
C(1)  -7194(9) 6129(7) 1895(5) 60(2) 
0(15 -8217(8) 6434(9) 1564(5) 102(2) 
C(2)  -6595(9) 4712(8) 3215(6) 65(2) 
0(2) - 7278(8) 4309(7) 362615) 97(2) 
C(3) -4847(9) 6771(8) 1828(6) 67(2) 
0(3) - 4541(8) 7455(7) 1405(5) 98(2) 
C(4) 6606( 11 ) 7098(9) 3234(6) 69(2) 
0(4) - 7209(8) 7972(7) 3634(5) 94(2) 
C(ll) -3082(12) -2591(12) - 1741(I I) 107(4) 
C(12) -3674(13) -1863(13) - 1028(9) 1(53(4) 
C(13) -4254(11) -612(13) - 1281(10) 103(4) 
C(14) -4036114) -589(13) -2135(11) 115(5) 
C(15) -3311(15) -1818(13) -2421(10) 112(4) 
C(21) -989(12) -337(9) -2030(7) 87(3) 
C(22) - 246(13) - 1596111) - 2305(8) 99(4) 
C(23)  -34(10) -2345(10) - 1625(8) 87(3) 
C(245 -619(9) - 1615(8) -900(7) 73(2) 
C(25) - 1197(9) -352(9) - 116l(6) 71(2) 
C(26) 1927(9) 748(8) - 641(7) 74(3) 
C(27) - 2069(9) 792(9) 165(6) 69t2) 
N(31) -4276(7) 3983(6) 1710(4! 57(2) 
C(32) - 4025(11) 4074(9) 902(6) 77(3) 
C(33) - 3327(12) 3070(9) 380(6) 84(3) 
C(34) - 2823(8) 1889(7) 677(5/ 60(2) 
C(35) -3058(10) 1810(9) 1514(6) 75(2) 
C(36) -3766(10) 2829(8) 1994(61 71(2) 
C(41) 2 1 8 8 ( 2 7 )  -80(155 511)7(91 139(75 
C(425 3 5 1 8 ( 2 2 )  -457(18) 5243(16) 160(10) 
C(43) 3587(20) - 868( 11 ) 6083( 175 154(9) 
C(44) 2 1 5 5 ( 1 5 )  -627(13) 6370(9) 106(4) 
C(45) 1371(14) - 156(I 1) 5 7 7 3 ( 1 0 )  106(4) 
C(51 ) 2583(9) 2540(8) 5629(65 69(2) 
C(52) 3 3 7 3 ( 1 0 )  2090(9) 6295(75 79(3) 
C(53) 2 4 3 3 ( 1 1 )  t998(11) 6978(7) 89(3) 
C(54) 1 0 6 1 ( 1 1 )  2 4 0 9 ( 1 0 )  6736(6) 80(3) 
C(55) 1116(9) 2757(8) 5891(5) 64(2) 
C(56) -65(9) 3134(8) 5410(6) 67(2) 
C(57) - 96(9) 3589(8) 4658(6) 64(2) 
N(61) -3682(7) 4924(6) 3253(4) 57(2) 
C(62) - 2420(8) 4976(7) 2986(5) 59(2) 
C(63) - 1261(8) 4559(8) 3420(5) 63(2) 
C(64) - 1326(8) 4020(7) 4175(5) 60(2) 
C(65) - 2576( 11 ) 38861 10) 444(1(6) 79(3) 
C(66) - 3713(7) 4326(6) 3975(4) 76(3) 
CI(I) -997(7) 5783(6) 376(4) 271(5) 
C(100) 376(7) 5171(6) 323(4) 125(10) 

3. Results and discussion 

3.1. Syntheses and characterisation 

Substitution of  carbonyl ligands of  W(CO)  6 by 
pyridines (py) to give [W(CO)5(py)]  and cis- 
[W(CO)4(py) 2] is a wel l -known reaction which occurs 
with either thermal or pho tochemica l  s t imulus 
[7,8,10,1 i]. We found that displacement of  one CO 
ligand to give the dinuclear complexes 1 - 6  was facile, 
but substitution of  a second ligand to give the trinuclear 
complexes 7 and 8 required prolonged reaction times 
and still afforded substantial amounts of  mono-sub-  
stituted product; fortunately chromatographic separation 
was straightforward. All complexes were satisfactorily 
characterised by their FAB mass spectra, IH and J3C 
NMR spectra, elemental analyses, and characteristic 
pattern of  carbonyl bands in the IR spectra [11 ] (Tables 
1 and 2). 

A few points are worth noting. In every case the 
• 6 I pyridyl H-  and H protons are equivalent by H N M R  

v 6 I~' at room temperature, as are C ~ and C by -C NMR. 
The same applies to H ~ / H  5 and C 3 / C  5. This implies 
rapid rotation of  the pyridyl ring with respect to the 
vinyl group to which it is attached, since if the pyridyl 
ring were planar with the rest of  the conjugated system 
and static, it could not have two-fold symmetry.  The 
same is true of  the ferrocenyl group; the substituted 
cyclopentadienyl  ring displays two doublets in the pro- 
ton NMR spectrum, and three signals in the ratio 2 : 2 : 1 
in the C N M R  spectrum. Secondly,  cleavage of  the 
N - W  bonds occurs easily under the conditions of  the 
FAB mass spectra; although a weak molecular ion was 
seen ,n every case, the strongest signal usually arose 
fronl the ferrocenyl-pyridine ligand following dissoca- 
tion from the tungsten centre. 

3.2. Crystal structures 

The crystal structures of  2, 3 and 7 .  (CH2C12)0. 5 
shown in Figs. 2 - 4  respectively (see also Tables 4 - 9 )  
are essentially as expected and confirm the formulations 
of  the complexes. In all cases the tungsten centres are 
very close to ideal octahedral geometry and the W - C - O  
bonds are near-linear. The W - N ( p y r i d y l )  bond lengths 
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(2.25-2.28 ,~) lie in the expected range [7,12]. The 
expected t rans  effect is present, with the W-C  bonds 
t rans  to the pyridyl ligands (1.95-1.99 ,~) being signifi- 
cantly shorter than the other W-C  bonds (2.01-2.05 
,~). The ferrocenyl fragments are also unremarkable. 
The two significant features of each of the structures 
which are worthy of comment are related to the bridg- 
ing fragment between the metal centres. These are (i) 
the conformation and extent of distortion of the vinylic 
bridging fragments, and (ii) the orientation of the coor- 
dinated pyridyl rings at the tungsten centre with respect 
to the ancillary carbonyl ligands. 

Starting with the trinuclear complex 7, the conju- 
gated arms linking the ferrocenyl and tungsten frag- 
ments are nearly planar. The carbon atoms of the double 
bonds are in each case virtually coplanar with the 
cyclopentadienyl ring to which they are attached. The 
plane of the pyridyl ring containing N(31) is twisted by 
only 3 ° from the plane of the vinyl-cyclopentadienyl 
fragment to which it is attached; in contrast, in the other 
ferrocenyl-pyridine ligand the equivalent dihedral angle 
is 14 °. The fact that both ligands in 7 are only mini- 
mally distorted from planarity is due to the lack of steric 
crowding around the t rans-d isubs t i tu ted  double bonds. 
In complex 3, the additional methyl substitutent on the 
double bond results in greater distortions away from 
planarity. Complex 3 has two independent molecules in 
the unit cell. For the first of these [containing W(1)] the 
plane containing atoms C(26), C(27) and C(28), i.e. the 
double bond and its methyl substituent, is twisted by 
15 ° with respect to the plane of the cyclopentadienyl 
ring C(21)-C(25). The pyridyl ring [N(31)-C(36)] is 

twisted in the opposite sense by 23 ° with respect to the 
plane C(26)-C(28); the result is that the plane of this 
pyridyl ring is only twisted by 8 ° with respect to that of 
the cyclopentadienyl ring. In the second independent 
molecule [containing W(2)] the distortions are large, 
with the analogous dihedral twists being 24 ° (double 
bond with respect to cyclopentadienyl ring) and then, in 
the same sense, 31 ° (pyridyl ring with respect to double 
bond). The significant difference between the two inde- 
pendent molecules of 3 indicates that quite substantial 
distortions of the conjugated bridge are relatively easy 
to achieve and may be imposed by crystal packing 
constraints in addition to steric factors within the 
molecule. Complex 2 has the most highly hindered 
bridge, with a phenyl substitutent attached to the double 
bond. In this case the pyridyl ring is twisted by 10 ° with 
respect to the plane containing C(21)-C(27); however, 
the phenyl substitutent is nearly perpendicular to this 
plane, with a dihedral twist of 81 °. This twisting of the 
phenyl ring out of the plane of the bridge arises from 
two potentially unfavourable steric interactions (with 
the pyridyl ring and with the ferrocenyl group) which 
would otherwise be a problem, and this in turn allows 
the pyridyl ring to remain virtually coplanar with the 
rest of the bridge. 

The orientation of the coordinated pyridyl rings with 
respect to the tungsten fragment is defined by the angles 
between the pyridyl plane and the planes consisting of 
the W, N, and other ancillary ligands. Thus for 2, the 
pyridyl ring is at an angle of 73 ° to the W - N - C ( 2 ) -  
C(3)-C(4) mean plane, and 17 ° to the orthogonal W -  
N-C(1)-C(2)-C(5)  plane. For the two independent 

Table 7 
Selected bond lengths (A.) and angles (°) for 2 

W(1)-C(2) 
W(1)-C(4) 
W(1)-C(3) 
C(l)-O(l) 
C(3)-O(3) 
c(5)-o(5) 
Fe(1)-C(14) 
Fe(I)-C(13) 
Fe(l)-C(21) 
Fe(l)-C(15) 
Fe(l)-C(22) 
C(25)-C(26) 
C(26)-C(31) 

C(2)-W(I)-C(1) 
C(1)-W(I)-C(4) 
C(1)-W(I)-C(5) 
c(2)-w(1)-c(3) 
c(4)-w(1)-c(3) 
C(2)-W(I)-N(41) 
C(4)-W(1)-N(41) 
C(3)-W(I)-N(41) 
C(27)-C(26)-C(31) 
C(26)-C(27)-C(44) 

1.987(8) 
2.024(8) 
2.049(8) 
1.155(10) 
1.148(9) 
1.154(9) 
2.041(9) 
2.017(10) 
2.033(7) 
2.051(10) 
2.032(7) 
1.466(9) 
1.498(9) 

89.7(3) 
87.0(3) 

175.4(2) 
89.9(3) 

174.8(2) 
176.6(2) 
95.7(2) 
86.9(2) 

122.9(6) 
131.5(6) 

W(1)-C(I) 2.019(8) 
W(I )-C(5) 2.036(8) 
W(I)-N(41) 2.280(5) 
O(2)-C(2) 1.136(9) 
C(4)-O(4) 1.155(9) 

Fe(l)-C(25) 2.045(7) 
Fe(1)-C(I 2) 2.025(10) 
Fe(I)-C(24) 2.031(7) 
Fe(1)-C(23) 2.030(7) 
Fe(l)-C(l 1) 2.031(l 1) 
C(26)-C(27) 1.333(9) 
C(27)-C(44) 1.445(9) 

C(2)-W(1)-C(4) 87.7(3) 
C(2)-W(1)-C(5) 87.1(3) 
C(4)-W(1)-C(5) 89.7(3) 
C(1)-W(I)-C(3) 88.5(3) 
C(5)-W(1)-C(3) 94.8(3) 
C(1 )-W(I)-N(41) 91.3(3) 
C(5)-W(I)-N(41) 92.1(3) 
C(27)-C(26)-C(25) 123.0(6) 
C(25)-C(26)-C(31) 114.1 (6) 
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molecules of 3, these angles are 30 ° and 61 ° [for the 
W(1) molecule], and 29 ° and 62 ° [for the W(2) 
molecule]. Finally, for 7, the relevant angles are 78 ° and 
12 ° [for the pyridyl ring containing N(61)] and 55 ° and 
35 ° [for the pyridyl ring containing N(31)]. W(drr)-to- 
pyridine(v*)  back-bonding would be maximised when 
these angles are 0 ° and 90 °, although steric interactions 
between the pyridyl ring and the carbonyi ligands would 
be minimised by 45 ° angles in which the plane of  the 
pyridyl ring is "staggered" with respect to the carbonyl 
ligands rather than "'eclipsed". 

3.3. Electrochemical behaviour 

The dinuclear complexes 1 - 6  contain one ferrocene 
and one [W(CO)5(py)]-type fragment, both of  which are 
redox active (Fig. 5, Table 2). In CH2C12 all of these 
complexes display a chemically reversible ferrocene/ 
ferrocenium couple (the cathodic and anodic peak cur- 
rents are equal and the waves are symmetric). The 
peak-to-peak separations are, however, significantly 
greater than the ideal value of  60 mV for a fully 
reversible one-electron process. This may be ascribed to 

Table 8 
Selected bond lengths (,~,) and angles (°) for 3 

W(I)-C(3) 1.982(9) W(I)-C(4) 2.024(10) 
W(1)-C(2) 2.030(10) W(1)-C(1) 2.032(10) 
W(1)-C(5) 2.052(8) W(I )-N(31) 2.271(6) 
C(1)-O(1) 1.125(11) C(2)-0(2) 1.138(12) 
C(3)-O(3) 1.131(10) C(4)-0(4) 1.151(10) 
C(5)-O(5) 1,123( l 0) Fe(1)-C(15) 2.022(9) 
Fe(I)-C(11) 2.027(8) Fe(I)-C(21) 2.028(8) 
Fe( 1 )-C(12) 2.036(8) Fe( 1 )-C(25) 2.037(7) 
Fe(1)-C(22) 2.039(8) Fe(I)-C(24) 2.040(7) 
Fe( I)-C(I 4) 2.042(9) Fe( 1 ) C(23) 2.049(8) 
Fe(I)-C(13) 2.055(8) C(25)-C(26) 1.487(10) 
C(26)-C(27) 1.341(10) C(26)-C(28) 1.482(11) 
C(27)-C(34) 1.474(10) 

W(2)-C(9) 1.977(9) W(2)-C(8) 2.007(9) 
W(2)-C(7) 2.007(11) W(2)-C(6) 2.028(10) 
W(2)-C(10) 2.029(9) W(2)-N(61 ) 2.273(6) 
C(6)-O(6) 1.142( 11 ) C(7)-O(7) 1.158(13) 
C(8)- O(8) 1.159( 11 ) C(9)- 0(9) 1.146(10) 
C(I 0)-O(10) 1.129(10) Fe(2)-C(44) 2.028(8) 
Fe(2)-C(42) 2.028(9) Fe(2)-C(51 ) 2.031 (7) 
Fe(2)-C(45) 2.033(8) Fe(2)-C(53) 2.036(8) 
Fe(2)-C(43) 2.040(9) Fe(2)-C(41 ) 2.043(8) 
Fe(2)-C(55) 2.045(7) Fe(2)-C(52) 2.045(7) 
Fe(2)-C(54) 2.046(7) C(55)-C(56) 1.471 (10) 
C(56)-C(57) 1.339(10) C(56)-C(58) 1.495(11) 
C(57)-C(64) 1.472(10) 

C(3)-W(1)-C(4) 88.0(4) 
C(4)-W( 1 )-C(2) 176.7(4) 
C(4)-W(I)-C(I) 87.7(3) 
C(3)-W(1)-C(5) 88.8(4) 
C(2)-W(1)-C(5) 88.3(4) 
C(3)-W(1)-N(31) 178.5(3) 
C(2)-W(1)-N(31) 89.9(4) 
C(5)-W(I)-N(31) 90.7(3) 
C(27)-C(26)-C(25) 118.0(7) 
C(26)-C(27)-C(34) 129.6(7) 

C(9)-W(2)-C(8) 89.0(4) 
C(8)-W(2)-C(7) 177.9(4) 
C(8)-W(2)-C(6) 90.2(4) 
C(9)-W(2)-C(10) 88.0(4) 
C(7)-W(2)-C(10) 89.3(4) 
C(9)-W(2)-N(61) 178.3(3) 
C(7)-W(2)-N(61) 89.6(3) 
C(10)-W(2)-N(61) 91. l(3) 
C(57)-C(56)-C(58) 125.3(7) 
C(56)-C(57)-C(64) 128.6(7) 

C(3)-W(I )-C(2) 88.7(4) 
C(3)-W(I )-C( 1 ) 89.6(4) 
C(2)-W(1 )-C(1) 91.6(4) 
C(4)-W(I )-C(5) 92.3(37 
C(I)-W(I) C(5) 178.4(3) 
C(4)-W(I )-N(31) 93.4(3) 
C( I)-W(I )-N(31) 90.9(3) 
C(27) (C26)-C(28) 125.4(7) 
C(28)-C(26)-C(25) 116.5(6) 

C(9)-W(2)-C(7) 88.9(4) 
C(9)-W(2)-C(6) 90.0(4) 
C(7)-W(2)-C(6) 90.4(4) 
C(8)-W(2)-C(10) 90.1(4) 
C(6)-W(2)-C(10) 177.9(3) 
C(8)-W(2)-N(61 ) 92.4(3) 
C(6)-W(2)-N(61) 90.9(3) 
C(57)-C(56)-C(55) l 17.9(7) 
C(55)-C(56)-C(58) 116.8(6) 
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Table 9 
Selected bond lengths (A) and angles (°) for 7.  (CHzCI2)0. 5 

W( 1)-C(1) 1.949(9) W(1)-C(2) 2.022(9) 
W( 1 )-C(4) 1.963(10) W( 1 )-N(61 ) 2.258(7) 
W( 1 )-C(3) 2.021(10) W( 1 )-N(31 ) 2.268(7) 
C(1)-0(1) 1.164(11) C(2)-O(2) 1.139(11) 
C(3)-O(3) 1.154( 11 ) C(4)-0(4) 1.154(11 ) 
Fe( 1)-C(21) 2.029(10) Fe(2) C(42) 2.004(14) 
Fe( 1 )-C(13) 2.034( 11 ) Fe(2)-C(44) 2.015(13) 
Fe(I)-C(24) 2.035(9) Fe(2) C(41) 2.020(13) 
Fe(I)-C(11) 2.035(11) Fe(2)-C(43) 2.025(13) 
Fe( 1 )-C(25) 2.036(8) Fe(2)-C(45 ) 2.025( 11 ) 
Fe(1)-C(22) 2.037( l 1 ) Fe(2)-(7(51 ) 2.029(9) 
Fe(1)-C(15) 2.038(11) Fe(2)-C(55) 2.042(9) 
Fe(1)-C(23) 2.039(10) Fe(2)-C(54) 2.042(9) 
Fe(l)-C(l 4) 2.040(12) Fe(2) C(53) 2.046(10) 
Fe(1)-C(12) 2.045(12) Fe(2)-C(52) 2.055(9) 
C(55)-C(56) 1.439(12) C(25)- C(26) 1.464(12) 
C(56)-C(57) 1.322(12) C(26)- C(27) 1.308(14) 
C(57)-C(64) 1.479(12) C( 27)- C(34) 1.458(12) 

C(1)-W(I)-C(4) 88.4(4) 
C(1)-W(I)-C(3) 89.0(3) 
C(4)-W(I) C(3) 85.3(4) 
C(1)-W(I)-C(2) 84.1(3) 
C(4)-W(1)-C(2) 89.3(4) 
C(3)-W(1)-C(2) 171.3(3) 
C(1)-W(I)-N(61) 175.5(3) 
C(4)-W(1)-N(61) 94.9(3) 
C(57)-C(56)-C(55) 126.3(8) 

C(3)-W(I)-N(61) 94.3(3) 
C(I)-W(I)-N(31) 93.7(3) 
C(4)-W(I)-N(31) 177.0(3) 
C(3)-W(I)-N(31) 92.7(3) 
C(2)-W(I)-N(31) 93.0(3) 
N(61)-W(I)-N(31) 83.0(2) 
C(27)-C(26)-C(25) 126.5(10) 
C(26)-C(27)-C(34) 126.1(9) 
C(56)-C(57)-C(64) 126.3(8) 

a combination of uncompensated solution resistance and 
slightly slow electron-transfer kinetics; unsubstituted 
ferrocene under the same conditions gave AEp values 
of 100-120 mV. The redox potentials are all slightly 
positive with respect to the ferrocene/ferrocenium cou- 
ple ( F c / F c  +), which is to be expected given the slightly 
electron-withdrawing nature of the conjugated side-arms. 
However, these redox potentials are very similar to 
those of the free ferrocenyl-pyridine ligands [2]; i.e. 
coordination of a neutral {W(CO) 5} moiety to the pyridyl 
group does not have a significant effect on the redox 
potential of the ferrocene centre. In contrast, coordina- 

tion of cationic {Mo(NO)(Tp* )Cl} + fragments [Tp* = 
hydrotris(3,5-dimethylpyrazolyl)borate] to the same. lig- 
ands resulted in shifts to more positive potentials of 
between 50 and 100 mV of the ferrocene-centred redox 
couples, as a consequence of the additional electron- 
withdrawing effect of the positive charge [2]. In addi- 
tion, complexes 1 -6  all display the expected irre- 
versible tungsten-centred oxidation at ca. 0.7 V vs. 
F c / F c  + [7,8]. These do not vary much, in keeping with 
the similar nature of the {W(CO)sN} fragments of 1-6. 

Replacement of an additional carbonyl ligand by a 
pyridyl group in the trinuclear complexes 7 and 8 

C33 ~ IcO5 

C 3 2 ~  C36 04 5 
C31 C46 % 4  L 

c22 c21 ~)c l  IN°; 
U F e l  ~ , ~  C43~ C42 

011 C15 ,~ 01 

Fig. 2. Crystal structure of complex 2. 
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oc4~ f 

:(,~,~ f c/'/ c(2si ~i,, 
0(3t Cl3] I I  ..... Cl32) c(~m ~} C115] 

~Ik~ w ~  N(31) C'~ ~ . . . . . .  

8:5~? *0(21 . . . . . . .  ~ C ( 2 3 ' ,  

0(51 

Fig. 3. Crystal structure of complex 3 (only one of the two indepen- 
dent molecules is shown; the other is similar). 

increases the electron density of the tungsten centre, 
which therefore oxidises more easily. The cathodic shift 
of these processes by ca. 0.6 V means that they now 
occur at approximately the same potentials as the fer- 
rocene-centred processes, and both cyclic and square- 
wave voltammetric studies on 7 and 8 reveal just a 
single broad wave which presumably comprises both 
(chemically reversible) ferrocene/ferrocenium couples 
and the (chemically irreversible) tungsten-centred oxida- 
tion (Fig. 5). 

No ligand-centred reduction processes were apparent 
within the limits of the solvent window, in contrast to 
complexes such as [{W(CO)5}2(IX-4,4'-bipyridine)] in 
which two reversible ligand-centred reductions occur 
[7,12]. 

3.4. Electronic spectra 

The electronic absorption and emission spectra are 
summarised in Table 10. Assignment of the electronic 
spectral peaks is complicated by the overlap of transi- 
tions associated with the ferrocenyl and the tungsten 
chromophores. 

Unsubstituted ferrocene exhibits two bands at 325 
and 440 nm in the electronic spectrum, which have been 

~ C{4) 

N,",,wk W ¢ ~ 

C(13) N(31} ~ 0131 

C(547 

C(51~ 

C(43] ~ C(421 ;C,:52) 

Fig. 4. Crystal structure of complex 7- (CH 2C12)0.s. 
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Fig. 5. Cyclic voltammograms of (a)  1 and (b) 7, recorded in CH2CI 2 
at a Pt bead working electrode with a scan rate of 0.2 V s -  t. 

I 1 l - assigned to IA~ ~ E2~ and Alg--~ Elg llgand-field 
(d-d) transitions [13]. Opon substitution of a cyclopen- 
tadienyl ring with conjugated acceptor groups, it is 
expected that (i) cyclopentadienyl orbitals will shift to 
lower energy, and (ii) there will be increased mixing of 
ligand orbitals with the metal d-orbitals, resulting in an 

Table 10 
Electronic spectral and luminescence data for the new complexes. 

Corn- km~, (nm)[10  3 e ( d m 3 m o l - l c m  I)]a X~m(nm ) 
plex (104d0) a,b 

l 494(4.0)  394(18)  330(18)  530(1.9)  
2 505(2.4)  394(15)  336(12)  530(1.3)  
3 ~ 500 (sh) 386(13)  322(13)  533(0.8)  
4 = 480 (sh) 399 (21) 354 (22) 523 (1.3) 
5 = 500 (sh) 402(17)  289 (sh) 537(1.3)  
6 551 (4.1) 397(11)  332(14)  537(1.9)  
7 478(13)  416(14)  321 (36) 522(1.8)  
8 470 (sh) 411 (18) 314(36)  522(2.8)  

a Spectra measured in CHzCI 2 at room temperature, b Quantum 
yields referenced to [Ru(bipy)3][PF6] 2 in aerated water (@ = 0.028). 
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increased intensity for the transitions since they will 
have some metal-to-ligand charge-transfer (MLCT) 
character. The free ferrocenyl-pyridine ligands were 
shown to have two transitions (with e < 5000 
dm 3 mol -~ cm - I )  between ca. 350 and 500 nm in 
accordance with these expectations [2], and an intense 
~r ~ "rr * transition based on the conjugated side-arm at 
around 300 nm with e >  104 dm 3 mol- I  cm - l .  
{W(CO)5(py)}-type chromophores undergo a d - d  transi- 
tion close to 400 nm which is relatively invariant, and a 
W ~ L('rr " ) MLCT transition which can lie anywhere 
between 350 and 550 nm depending on the nature of the 
substituents on the pyridyl ligand [7]. In the region 
300-550 nm therefore up to five intense, overlapping 
transitions may be expected. In fact most of the spectra 
in CH2C12 show two strong maxima at ca. 300 and 400 
nm, both with e = 104 dm 3 mol-  I cm-  t and a weaker 
peak near 500 nm which is sometimes only discernible 
as a shoulder. By comparison with the spectra of the 
free ferrocenyl-pyridine ligands [2], the highest-energy 
band (around 300 nm) is the 7r ---> ,rr ~ transition of the 
conjugated pyridyl arm, and the weaker lowest-energy 
band (around 500 rim) is a ferrocenyl-based MLCT 
process. The remaining ferrocenyl-based MLCT (around 
380 nm), the tungsten-based d - d  transition (around 400 
nm), and the W ~ L ( ' r r * )  MLCT process (variable 
position) are all overlapping and not individually re- 
solved. In more polar solvents the maximum at around 
400 nm moves to higher energy, and splits into two. 
Fig. 6 shows the spectra of 1 in hexane and DMSO; the 
single peak at 406 nm in hexane becomes two (barely 
resolved) peaks at ca. 360 and 380 nm in DMSO. 
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' e -  
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I 
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(b) 

I 
650 

~ . / n m  

Fig. 6. Electronic spectra of 1 in (a) hexane and (b) DMSO. 

Owing to their obvious negative solvatochromism these 
must be the two (ferrocenyl-centred and tungsten- 
centred) MLCT transitions. The tungsten-based d - d  
transition, the only one unaccounted for, is likely to be 
weaker and therefore buried under these two intense 
charge-transfer processes. 

3.5. Luminescence spectra 

All of the complexes have a very weak emission at 
ca. 530 nm, with quantum yields of the order of 10 - 4  in 
aerated CH2C12 at room temperature (Table 10). By 
analogy with other species containing the same chro- 
mophore, this emission is assigned to the lowest-energy 
W --* L('rr* ) MLCT excited state [12]. Since the absorp- 
tion maximum of the W ~ L(w* ) MLCT transition is 
not clear in the electronic spectra, excitation was per- 
formed at 450 nm, a region of the spectrum close to 
where the W --* L('rr * ) MLCT transition would be ex- 
pected. Excitation into the more strongly-absorbing 
maxima at around 400 and 300 nm did not significantly 
increase the intensity of the emission, possibly because 
although the complex absorbs more light at these wave- 
lengths, most of it is into transitions other than the 
W--* L('n'*) MLCT which do not result in lumines- 
cence. 

The virtual invariance of the emission maxima indi- 
cates that in all of  the complexes this excited state is 
nearly invariant in energy. In other {W(CO)5(py)}-type 
complexes this emission varies in wavelength from 550 
to 700 nm depending on the nature of the substituents 
on the pyridyl ligand, but we observed no such variation 
in the emission maximum. It is not possible to see how 
the ligand substituents affected the energy of the W -+ 
L(q-r*) MLCT transitions, as these were not clearly 
defined in the electronic spectra. The final noteworthy 
point about the emission spectra is that the W ~ L(~r * ) 
MLCT excited states do not appear to be significantly 
quenched by the ferrocenyl fragment, despite the known 
ability of ferrocene to quench the luminescence of other 
d 6 complexes [14]. 

4. Conclusions 

We have prepared and fully characterised a series of 
complexes in which one or two ferrocenyl-pyridine 
ligands (electron-donors) have been attached to an elec- 
tron-deficient tungsten carbonyl fragment via a conju- 
gated bridge. These complexes therefore have the basic 
architectural and electronic properties necessary to ex- 
hibit second-order non-linear optical behaviour, and in- 
deed other complexes based on attachment of electron 
donors to tungsten carbonyl centres via pyridyl ligands 
have been shown to have significantly high values of 
the molecular hyperpolarisability [3 [15]. Although the 
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complexes that we characterised by X-ray methods (2, 3 
and 7) all crystallise in a centrosymmetric space group 
and cannot therefore show second-order non-linear 
properties in the bulk solid state, the 13 values for the 
individual molecules may still be substantial. These 
measurements will be the subject of a separate report. 
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