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Abstract 

The relative merits of various routes to ring-substituted cycloheptatrienyl complexes [M(CO)3(7/7-CTH6R)] + (M = Cr, Mo or W) 
have been explored. Substitution at a metal coordinated CTH 7 ring is effeeted via addition, thermal rearrangement and subsequent 
H-  abstraction. Thus reaction of [Mo(CO)3(r/7-C7HT)] + with NaOMe gives [Mo(CO)3{~/6-(7-exo-OMe)CTH7}], which affords 
substituted cycloheptatriene complexes [Mo(CO)3{r/6-(7-edco-R)C7HT}] [ R =  Me (1); tBu (2); C6H4-F-p (3)] by reaction with 
RMgX; direct addition of ~--CPh to [M(CO)3(~/7-C7H7)] + to give [M(CO)3{T/6-(7-exo-~--~CPh)CTHTI] [M ~ Cr (4); M = Mo (5)] is 
brought about by reaction with alkynyl euprate reagents. Thermolysis of 1-4 gives isomeric mixtures of rearranged cyeloheptatriene 
complexes [M(CO)3{,/6-(n-R)C7H7}] (n z 1, 2 or 3), which contain a CH z ring carbon with an exo hydrogen accessible to H-  
abstraction by Pha C+ to yield the ring-substituted cycloheptatrienyl complexes [M(CO)3('r/7-C7H6R)] + [M = Mo; R = Me (7); tBu 
(8); C6H4-F-p (9); M= Cr, R ~ ~'=CPh (10)]. Alternatively, substituted eycioheptatrienes C7HTR and eycloheptatrienyi ions 
C7H6R + may be coordinated directly to [M(CO)3(NCMe)3]. Reaction of 7-Me-C7H 7 with [M(CO)a(NCMe)3] (M = Cr, Mo or W) 
in THF affords [M(CO)3{-q6-(7-Me)CTH7}] as a (metal dependent) exo/endo isomeric mixture at C(7). The reaction of the 
cycloheptatrienyl ions C7H6R + (R = Me, tBu, C6H4-F-p, CnCPh) with [M(CO)3(NCR')3] (M ~ Mo, R'=  Me; M = W, R' =npr) 
proceeds at room temperature in THF or CH2CI 2 and provides convenient syntheses of 7, 8, 9, [Mo(CO)a{r/7-CTH6(C-CPh)}] + 
(11) and [W(CO)3(r/7-C7H6R)] + [R = Me (12); C6H4-F-p (13)]. Complexes 7, 8, 9, 12 and 13 are useful starting materials for 
investigation of the chemistry of ring-substituted cycloheptatrienyl complexes, as exemplified by the syntheses of [MI(CO)2(~/7- 
C7H6Me)] [M = Mo (14); M = W (15)] and the sandwich complex [Mo(~6-tolueneX~7-C7H6Me)] + (16). 

I. Introduct ion 

In  the extensive organometal l ic  chemistry o f  ring- 
substi tuted cyclopentadienyl  t ransi t ion metal  com- 
plexes there  is much  evidence that  ring substitution can 
considerably influence the proper t ies  o f  such com- 
plexes [1,2] but,  by contrast ,  there  are few reports  o f  
the behaviour  o f  the cor responding  ring-substi tuted 
complexes o f  the cycloheptatr ienyl  l igand [3-5].  The  
neglect  o f  this area may be  due in par t  to  the unavail- 
ability o f  good  routes  to  the relevant eycloheptatr ienyl 
complexes,  and this pape r  presents  the  results o f  our  
efforts to  develop and assess methods  for the synthesis 
o f  m o n o - s u b s t i t u t e d  der ivat ives  o f  the  ca t ions  
[ M ( C O ) 3 ( ~ 7 - C T H 6 R ) ]  + (M = Cr, Mo  or  W). T he  sub- 
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sti tuents R have been  selected to provide a range of  
steric and electronic effects and the work  has been  
directed chiefly towards the synthesis o f  complexes of  
Mo  and W since these provide an entry into an exten- 
sive chemistry via [MX(CO)2('r/7-C7H6R)] (X = halide) 
and [Mo(r/~-tolueneXr/7-C7H6R)]+. Some of  the new 
complexes [M(CO)3(r/7-CTH6R)] + ( M - - - M o  or W) re- 
por ted  here  are analogues  o f  known chromium species, 
but  our  findings suggest that  existing routes  to 
[Cr(CO)a(r/7-C7H6R)] + are generally unsuitable for  
extension to the chemistry o f  Mo and W. Therefore  we 
describe an alternative, efficient synthesis of  [M(CO) 3- 
(r/7-C7H6R)] + (M = Mo  or  W)  that  provides the basis 
for  investigation of  ring substi tuent effects in cyclohep- 
tatrienyl complexes o f  Mo  and W; ring substi tuent 
effects are  known to influence the stability o f  t ransient  
~3-cyclopentadienyl rhodium complexes [6], and may 
also permit  an interesting extension to our  own studies 
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on q’ +B v3 hapticity interconversions in the cyclohep- entails reaction of [M(CO13(~‘-C7H7)]+ (M = Cr, MO 
tatrienyl ligand [7,8]. or W> with a nucleophilic source of the required sub- 

stituent R to give the coordinated, substituted cyclo- 
2. Results and discussion heptatriene adduct [M(CO>,{$-(~+X~-R~C~H~)]. In 

this work the position of the ring substituent R is 
The first strategy for the synthesis of [M(CO>,(VI’- indicated by the established numbering system [9] that 

C7H6R)]+ involves substitution at a metal-coordinated is shown in Scheme 1; the stereospecificity of these 
C,H, ligand via the sequence of reactions illustrated reactions, leading to addition of R exclusively exe to 
in Scheme 1. There are three key steps. The first the metal, is also well established [lo]. Conversion of 

R 
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0 
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(vii) 
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7M=Mo,R=Me;8M=Mo,R=‘Bu 14M=Mo 
9 M = MO, R = C,H,-Fp; 10 M = Cr, R = CzCPh 15M=W 

llM=Mo,R=C=CPh;12M=W,R=Me 
13 M = W, R = C,H,-F-p 

Scheme 1. Reagents and conditions: (i) M = MO, NaOMe in methanol 10 min.; (ii) M = MO, RMgX (R = Me, ‘Bu or C,H,-F-p) in diethyl ether, 
1.5 h -78°C then 1 h -30°C; (iii) M = Cr or MO, “(PhGC),CuLi,” in diethyl ether, 2 h -65°C then 1 h -20°C; (iv) 1 reflux in 
methylcyclohexane 18 h, 2 reflux in n-octane 6 h, 3 reflux in methylcyclohexane 2 h, 4 methylcyclohexane, 80°C 20 min; (v) M = MO, R = Me, ‘Bu 
or C,H,-F-p; M = Cr, R = C%CPh; [Ph,Cl[PF,] in CH,CI,; (vi) C7H,R+/FeCp2 + in CH,CI, or THF; M = MO, R = Me, ‘Bu, C,H,-F-p or 
GCPh, R’= Me; M = W, R = H, Me or C6H4-F-p, R’ =“Pr; (vii) M = MO or W, R = Me, NaI in acetone, 1.5 h; (viii) M = MO, R = Me, 
toluene reflux 27 h. Numbering scheme for R substituents: 
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the 7- ‘Bu-C,H, ligand in 2 proceeds much more of the synthetic work, the methyl complex 1 was re- 
readily than the corresponding thermal isomerization fluxed overnight in methylcyclohexane but 2 was re- 
of the uncoordinated molecule [161. For the purposes fluxed for 6 h in n-octane; after this time some 

TABLE 2. ‘H and 13C NMR spectral data 

complex ‘H NMR data (6) a 13C NMR data (ppm) a 

1 220.0 (br, CO); 108.5 (c(3). C(4)); 97.1 (C(2). C(5)): 6.01 (m, 2H, H(3), H(4)); 4.89 (m, 2H, H(2), H(5)); 
4.00 (m, 2H, H(l), H(6)); 3.07 (m, lH, H(7)); 0.30 (d, 3H, 
Me, J(H(7)-Me) = 7) 

71.7 (c(l), C(6)); 34.2 (C(7)); 26.9 (Me) 

2b 219.5 (br, CO); 103.0 (C(3), C(4)); 95.9 (C(2), c(5)); 
73.0 (C(l), c(6)); 52.4 (C(7)); 41.0 (CMe,); 25.5 (CMe,) 

3 

5.89 (m, 2H, H(3), H(4)); 5.01 (m, 2H, H(2), H(5)); 
3.91 (m, 2H, H(l), H(6)); 3.03 0, lH, H(7), J(H(7)- 
H(l)/H(6)) 8); 0.54 (s, 9H, ‘Bu) 
6.84 (m, 4H, &H,-F-p); 6.02 (m, 2H, H(3), H(4)); 5.07 (m, 
2H, H(2), H(5)); 4.40 (t, lH, H(7), J(H(7)-H(l)/H(6)) = 8); 
4.17 (m, 2H, H(l), H(6)) 

4 

5 

6’ 

7.23 (br, 5H, Ph); 6.10 (m, 2H, H(3), H(4)); 4.95 (m, 2H, 
H(2), H(5)); 4.04 (t, lH, H(7), J(H(7)-H(l)/H(6)) = 8); 
3.81 (m, 2H, H(l), H(6)) 
7.26 (s, 5H, Ph); 6.16 (m, 2H, H(3), H(4)); 5.04 (m, 
2H, H(2), H(5)); 4.10 (t, lH, H(7), J(H(7)-H(l)/H(6)) = 8); 
4.03 (m, 2H, H(l), H(6)) 
7.56, 7.38 (m, 5H, Ph); 6.40 (d, lH, H(4), J(H(4)-H(5)) 6); 
5.12 (d, lH, H(2), J(H(2)-H(1)) 9); 4.88 (dd, 1H, H(5), 
J(H(5)-H(6)) = 8); 3.43 (m, 2H, H(l), H(6)); 2.97 (m, lH, 
H(Fend0)); 1.87 (d, lH, H(7_exo), J(H(7-exo)-H(7-endo))- 
14) 

161.7 (d, all), J(C(ll)-F) = 245); 143.0 (d, a(8), J(a8)-F) 
= 3); 127.5 (d, c(9), a13), J(a9)/C(13)_F) = 8); 115.3 (d, 
alo), ~(121, J(c(lo)/alz)_F) = 22); 101.6 (c(3), c(4)); 
96.6 (C(2), c(5)); 71.0 (al), c(6)); 44.6 (c(7)) 
231.3 (CO); 131.3, 128.1 (all)-c(15)); 122.7 (CXlO)); 
99.0,98.3 ((X2)-c(5)); 89.5, 83.6 (C(8), c(9)); 
61.6 (C(l), c(6)); 27.3 (c(7)) 
218.8 (br, CO); 131.4,128.2 (all)-a15)); 122.8 (C(10)); 
100.2,97.3 (c(2)-c(5)); 91.3,83.1 (c(8), c(9)); 
63.8 (al), C(6)); 30.2 (c(7)) 
231.7 (CO); 132.1, 129.0, 128.5 (all)-a15)); 
122.5 (alO)); 104.2, 102.9,99.5 (c(2), c(4), c(5)); 
96.6 (c(3)); 9O.2,86.4 (c(8), c(9)); 57.5,56.6 (al), C(6)); 
24.2 (c(7)) 

7d 208.8 (CO); 121.1 (C(7)); 102.2, 101.7, 101.5 (al)-C(6)); 
26.1 (Me) 

8d 

6.72 (m, 2H, H(2), H(5)); 6.59 (m, 2H, H(3), H(4)); 
6.41 (d, 2H, H(l), H(6), J(H(l)/H(6)-H(2)/H(5)) = 91 
2.93 (s, 3H, Me) 
6.96 (d, 2H, H(l), H(6), J(H(l)/H(6)-H(2)/H(5)) = 9); 
6.66 (m, 2H, H(3), H(4)); 6.38 (m, 2H, H(2), H(5)); 1.53 (s, 
9H, ‘Bu) 
8.12 (m, 2H, H(9), H(13)); 7.48 (m, 2H, H(lO), H(l2)h 
6.90 (m, 4H) and 6.73 (m, 2H), (H(l)-H(6)) 

208.6 (CO); 133.4 (c(7)); 102.1, lOO.6,99.6 (alka6)); 
38.5 (CMe,); 32.1 (CMe3) 

9d 

10 e 

lid 

12 d 

7.74 (m, 2H) and 7.60 (m, 3H), (Phk 6.80 (m, 2H) and 
6.60 (m, 2H), (H(2)-H(5)); 6.65 (d, 2H, H(l), H(6), 
J(H(l)/H(6)-H(2), H(5)) = 9) 
7.76 (m, 2H) and 7.61 (m, 3H), (Ph); 6.88 (m, 2H) and 
6.70 (m, 2H), (H(2)-H(5)); 6.79 (d, 2H, H(l), H(6), 
J(H(l)/H(6)-H(Z)/H(5)) = 9) 
6.66 (m, H(2), H(5)); 6.56 (m, H(3), H(4)); 
6.38 (d, H(l), H(6), J(H(l)/H(6)-H(2)/H(5) = 9); 
3.15 (s, 3H, Me) 
8.08 (m, 2H, H(9), H(13)); 7.49 (m, 2H, H(lO), H(l2)k 
6.86 (m, 4H) and 6.69 (m, 2H), (C(l)-C(6)) 

208.5 (CO); 165.5 (d, all), J(C(ll)-F) = 249); 134.6 (d, c(8), 
J(C(I)-F) = 3); 132.7 (d, c(9), al3), J(a9)/al3)-F) = 8); 
121.6 (c(7)); 117.5 (d, alO), a12), J(alO~/a12)-F) = 22); 
101.9, 101.5, 101.2 (C(l)-c(6)) 
220.0 (CO); 132.1, 130.6, 128.7 (C(ll)-al5)); 
119.8 @(lo)); 106.7 (c(7)); 105.2,104.2,103.7 (C(l)-c(6)); 
95.3, 86.0 (c(8), c(9)) 
207.5 (CO); 133.1, 131.4, 129.7 (C(ll)-a15)); 
121.0 (C(10)); 103.1 (c(7)); 102.5, 101.3, 100.5 (alka6)); 
94.5, 86.8 (c(8), c(9)) 
197.4 (CO); 117.0 (a7)); 98.4,98.0,97.5 (alkC(6)); 
25.1 (Me) 

13 d 

14 5.43 (m, 2H, H(2), H(5)); 5.36 (m, 2H, H(3), H(4)); 
5.26 (d, 2H, (H(l), H(6), J(H(l)/H(6)-H(2)/H(5)) = 8) 
2.61 (s, 3H, Me) 
5.32 (br, 4H, H(2)-H(5)); 5.18 (d, 2H, H(l), H(6), 
J(H(~)/H(~)-H(2)/H(S)) = 7); 2.74 (s, 3H, Me) 
6.19 (m, 2H); 6.11 (m, 2H) and 6.01 (m, lH), (H(lO)- 
H(14)); 5.64 (9br, 2H) and 5.56 (br, 4H), (H(l)-H(6)h 
2.47 (s, 3H, Me); 2.25 (s, 3H Me) 

197.1 (CO); 165.1 (d, C(ll), J(all)-F)= 248); 133.4 (d, 
c(8), J(a8)-F) = 3); 132.4 (d, as), a13), J(awal3)-F) 
= 9); 118.0 (C(7)); 116.9 (d, C(lO), a12), J(alo)/alZ)-F) 
= 22); 98.2, 97.6, 97.0 (al)-c(6)) 
213.8 (CO); 109.4 (c(7)); 96.0,93.0,92.5 (alka6)); 
26.0 (Me) 

15 

16 f 

206.1 (CO); 105.2 (C(7)); 92.2,89.1,88.7 (alkC(6)); 
25.7 (Me) 
115.0, 102.0 (c(9), c(7)); 99.4,97.1,96.1 (c(lokal4)); 
88.3,86.1,85.3 (al)-c(6)); 25.0 (c(8)); 20.7 (a15)) 

a 300 MI-Ix ‘H NMR spectra, 75 MHz “C NMR spectra, s = singlet, d = doublet, t = triplet, m = multiplet, br = broad, chemical shifts 
downfield from SiMe,, coupling constants in Hz, CDCl, solution spectra unless stated otherwise, numbering as in Scheme 1. b 13C 
NMR assignments made with the aid of a DEPT experiment. “H NMR spectrum assigned with the aid of a ‘H-‘H double 
irradiation experiment. d In acetone-d,. e In CD&N. f In CD,Cl,. 
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[Mo(CO),(~)~_(~~~-‘BU)C,H,}] remained unchanged 
but use of prolonged reaction times resulted in exten- 
sive decomposition. In general, the conversion of 
[M(CO),(l16-(7_exo-R)c,H,} into the rearranged forms 
[M(CO),($_(n-R&H,)] (n = 1, 2 or 3) is accompa- 
nied by a colour change from orange to deep red and a 
small shift to lower wavenumber of the infrared active 
carbonyl stretching frequencies; thus the deep red 
products resulting from thermolysis of 1 and 2 give 
Y(CO) (hexane) bands at 1993, 1929, 1905 and 1990, 
1922, 1904 cm-‘, respectively. 

The corresponding isomerizations of 3, and the 
chromium complex 4, were carried out in methylcyclo- 
hexane (3, 2 h, reflux; 4, 20 min, 80°C). The reaction 
mixture from thermolysis of 3 exhibited v(CO> (hexane) 
1995, 1934 and 1909 cm-’ and a complex ‘H NMR 
spectrum indicative of an isomer mixture, but under 
the same conditions thermolysis of 4 gave almost exclu- 
sively a single isomer, [Cr(CO),(r16-(3-~Ph)C,H,}l 
(6), which was purified by column chromatography, 
isolated as a purple-red solid, and separately character- 
ized. The initial formation of specific isomers of 
chromium complexes, viz. [Cr(CO),(r16-(3-R)c,H,}1 (R 
= Me or C,H,-Me-p), by thermolysis of [Cr(CO),(#- 
(7_exo-R)C,H,)], has been described previously 191, but 
our attempts to extend this procedure to the molybde- 
num derivatives 1, 2 and 3 were unsuccessful; condi- 
tions sufficiently vigorous to initiate isomerization in- 
variably gave isomeric mixtures of rearranged com- 
plexes before the conversion of [Mo(CO)~(?76-(7~o- 
R&H,}] had proceeded to a significant extent. At- 
tempts to effect isomerization of the molybdenum com- 
plex [Mo(C0),(77’-(7_exo-~Ph)C,H,)l 5 were also 
unsuccessful; thermolysis in n-octane resulted in exten- 
sive decomposition. 

The final stage of the spthesis of [M(CO),(q’- 
C,H,R)]+ involved reaction of [Ph,C][PF,] with 
[Mo(CO>,(~6-~~~~)c7H7~l (n = 1, 2 or 3; R = Me, tBu 
or C,H,-F-9) or the chromium complex 6 in CHzCl,. 
To avoid lo&es during work-up the crude samples of 
[Mo(CO),(&@-R)C,H,}] obtained as the residues 
from the thermolysis solutions were used for reaction 
with [Ph,C][PF,]. The required products, ring-sub- 
stituted cycloheptatrienyl complexes [M(CO),(n’- 
C,H,R)][PF,] [M = MO; R = Me, (71, R = ‘Bu (81, R = 
C,H,-F-p (9); M = Cr; R = C=CPh (lo)], separated 
from the reaction mixture directly (7 and 8) or on 
addition of diethyl ether (9 and lo), and were obtained 
as yellow or orange solids after purification. 

The ‘H and 13C NMR spectra of complexes 7-10 
show characteristic signals for coordinated, monosub- 
stituted cycloheptatrienyl ligands. In most examples, 
the ‘H NMR spectra exhibit three well-defined reso- 
nances for the three sets of ring protons [H(l)/H(6); 

H(2)/H(5); H(3)/H(4)] with a simple doublet for the 
protons H(1) and H(6) that are adjacent to the ring 
substituent. Considering the series of complexes, the 
chemical shift of the resonance for H(l)/H(6) varies 
relative to those for H(2)/H(5) and H(3)/H(4) in a 
way that is not easily rationalized, but in the 13C NMR 
spectra, the chemical shift of the substituted carbon 
C(7) follows the expected trend, with electron-donating 
substituents causing a low field shift of the C(7) reso- 
nance. 

The overall yields of the synthesis (based on 
[Mo(CO)3(~6-(7~o-R)C7H7)] as starting material) 
were: 7, 76%; 8, 4%; and 9, 41%, and 10 was obtained 
in 65% yield from 6. Thus except in the case of 8, 
quantities sufficient for further work were obtained. 
However, an additional problem with this synthesis is 
that although samples of 7, 8,9 and 10 obtained by this 
route gave satisfactory microanalytical data, the NMR 
data revealed minor contamination of the molybdenum 
derivatives 7, 8 and 9 with [Mo(CO),(_rl’-C,H,)]+; the 
corresponding impurity in the case of the chromium 
derivative 10 was not observed. 

In view of the difficulties encountered in syntheses 
involving substitution at a metal-coordinated cyclohep- 
tatrienyl ring, the alternative strategy, involving coordi- 
nation of substituted cycloheptatrienes C,H,R and 
cycloheptatrienyl ions C,H,R+, was investigated. The 
classical approach to [M(CO),(v’-C7H6R)]+ involves 
reaction of 7-R-C,H, with a source of the M(CO), 
fragment (generally M(CO),, [M(CO),(NCMe),l or 
[M(CO),(pyridine),]/ BF, - Et,O) to give [M(CO),($- 
(7-e&0-R)C,H,}] followed by abstraction of the 7+.x0 
hydrogen as H-. However the application of this 
method appears to be quite restricted and further 
investigation has suggested an explanation. Reaction of 
7-R-C,H, with M(CO),, etc. may result in two iso- 
merit products in which the 7-R substituent can be 
oriented exe or endo with respect to the M(CO), 
group. If M = Cr, substituents such as Me which have a 
saturated carbon attached at C(7) of the cyclohepta- 
triene ring, support formation of the e&o-R isomer 
but other substituents (such as Ph) produce exo/endo 
mixtures [17]. Clearly the preferential formation of 
[M(CO)3{~6-(7-e~do-R)C7H7}] is desirable since ab- 
straction of the 7~~x0 hydrogen as H- can proceed 
readily. The complete conversion of endo/pxo-7-R iso- 
mer mixtures of [M(CO),(TI~-(~-R)C,H,)] into 
[M(CO)3(r17-C7H6R)]+ is, of course, possible but, as 
described above, an initial thermolysis, with attendant 
losses due to decomposition, must be carried out. 

To examine the general applicability of synthesis via 
reaction of [M(CO),(NCMe),] with 7-R-C,H,, the 
reaction of [M(CO),(NCMe),] (M = Cr, MO or W) with 
7-Me-C,H, in reflwring THF was investigated. The 
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reasoning behind the choice of the substituent R and 
solvent was that the Me substituent should result in the 
optimum formation of the desired 7-e&o-R isomer 
and also provide a clear spectroscopic marker for dis- 
tinguishing between exo and endo isomers; the rela- 
tively low boiling point of THF averts complications 
arising from thermal isomerization. On completion of 
the reaction, THF was removed and the product, 
[M(CO),(r16-(7-Me)C,H,}] purified by recrystallization 
or column chromatography. The data in Table 3 pre- 
sent the characteristic ‘H NMR signals for exe and 
endo isomers, which can be distinguished on the basis 
of resonances for the 7-Me substituent and for 
H(l)/H(6); a summary of the e.xo/endo isomer ratios 
obtained on the basis of ‘H NMR integrals is also 
presented. For each of the metals investigated, two 
independent experiments were carried out, and the 
data for mo/endo ratios, shown in Table 3, are the 
average of two closely similar results; for each individ- 
ual experiment, sample preparation and data collection 
were carried out on the same day. Where M = Cr or 
W, the exo/endo isomer ratios obtained were indepen- 
dent of the method of purification, but for M = MO 
purification by column chromatography resulted in very 
significant losses of [Mo(CO>,(r16-(7-enda-Me)C,H,}l 
and therefore the data shown are derived from samples 
purified by recrystallization only. It can be seen from 
Table 3 that, in terms of the isolated products, when 
M = MO, a higher proportion of exe-Me isomer is 
observed; whether this effect is a genuine metal depen- 
dence or the result of the relative instability of 
[Mo(CO),{r16-(7-endo-Me)C,H,)l is not clear. 
Whichever the explanation, it is clear that the un- 
favourable isomer ratio observed when M = MO sug- 
gests that the synthesis of [MO(C0)~(~‘-C7H6Me)]+ 

via H- abstraction from the product of the reaction of 
7-Me-C,H, with [Mo(CO),(NCMe),] has severe limi- 
tations. We recognize that our observation of the for- 
mation of [Cr(CO),{$-(7-Me)C7H711 as an exo/endo 
mixture at C(7) is at variance with previous reports [17] 

TABLE 3. Data for exo/endo [M(CO),{~6-(7-MeX:,H,}] 

and that the discrepancy may originate from the choice 
of starting material and reaction solvent. However, 
reaction of 7-Me-C,H, with Mo(CO), in refluxing 
n-heptane or with [Mo(CO),(pyridine),l/ BF, - Et 2O in 
diethyl ether also resulted in the preferential formation 
of [Mo(CO),{176-(7ero-Me)C7H7}]. 

It is possible to avoid the problems that result from 
exo/endo isomerism at c(7) if thermal isomerization of 
7-R-C,H, is carried out prior to coordination and a 
successful application of this strategy has been re- 
ported [4], but the isomerization of 7-R-C,H, must be 
carried out in a sealed tube. Finally, whilst the reaction 
of Cr(CO& or [Cr(CO),(pyridine>,]/ BF, - Et z0 with 
substituted cycloheptatrienes has been reported to pro- 
ceed in high yield [171, in our experience it is very 
difficult to obtain consistently good yields of 
[Mo(CO),(~~~-(~-R)C,H,}] starting from 7-R-C,H, 
and Mo(CO), or [Mo(CO),(NCMe),], especially if the 
substituted cycloheptatriene ligand is not used in a 
large and wasteful excess. 

The possibility of a direct reaction of cyclohepta- 
trienyl cations with [M(CO),(NCR’),l (R’ = alkyl) has 
only very recently been explored [18]. Thus reaction of 
[W(CO),(NCEt),l with [(1,2,4,6-Me,)-C,H,HPF,] in 
THF in the presence of small quantities of [FeCp,]+ 
proceeds to give high yields of the ring-substituted 
cycloheptatrienyl complex [W(CO),{T’-(1,2,4,6-Me,)- 
C,H,)][PF,], and we now report that this reaction has 
a wide application in the synthesis of a range of ring- 
substituted cycloheptatrienyl complexes of molybde- 
num and tungsten. 

Treatment of [Mo(CO),(NCMe),] with [C,H,R]- 
[PF,] (R = Me, ‘Bu, C,H,-F-p or GKPh) in THF or 
CH,Cl, (generally in the presence of small quantities 
of ferricenium ion) gave respectively 7, 8, 9 and 
[Mo(CO),{77’-C,H,(~P_CPh))l+ (11) in good (7 and 9) 
or moderate (8 and 11) yield after purification by 
recrystallization; yields are based on CrH6R+, since 
[Mo(CO),(NCMe),l was generated from Mo(CO), and 
used without purification and moreover, an excess of 

M=Cr 

fZX0 endo 

M=Mo 

6X0 endo 

M=W 

eX0 end0 

603-I,) = 0.09, d, 1.39, d, 0.30, d, 1.44, d, 0.25, d, 1.42, d, 
J(HV)-CH,) = 7 J(H(7)-CH,) = 7 J(H(7)-CH,) = 7 J(H(7)-CH,) = 7 J(H(7)-CH,) = 7 I(H(7)-CH,) = 7 

6(H(l)/H(6)) ’ 3.78, m 3.00, m 4.00, m 3.27, m 3.95, m 3.18, m 

exo/endo 
(% isolated 

product) b 29 71 56 44 28 72 

a ‘H NMR spectra in CDCl,, d = doublet, m = muhiplet, coupling constants in Hz. b exo/endo ratios as a % of the isolated product from the 
reaction of [M(CO)s(NCMe)s] and 7-Me-C,H, as determined by ‘H NMR integrals. 
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Mo(CO), was used to ensure efficient conversion of 
C7H6R+ into the required cycloheptatrienyl complex. 
The successful synthesis of 11 by this method contrasts 
with our unsuccessful attempt to obtain 11 via a reac- 
tion sequence involving thermolysis of [Mo(CO>,{$-(7- 
exe-GCPh)C,H,}]. Similarly reaction of [C,H,R][PF,] 
(R = H, Me or C,H,-F-p) with equimolar [W(CO),- 
-(NC”Pr)s] affords [W(CO>,(?J’-C,H,R)]’ [R = H Me 
(12) or C,H,-F-p (1311 in good yield. The direct syn- 
thesis of the unsubstituted derivative [W(CO),(n’- 
C7H7)]+ in 62% yield represents a considerable im- 
provement on previously reported methods involving 
the cycloheptatriene complex [W(CO),(l7’-C,Hs)I as 
an intermediate [19,20]. However attempts to extend 
the reaction to the synthesis of chromium derivatives 
[Cr(CO&‘-C7H6R)]+ were wholly unproductive; in- 
frared monitoring suggests that treatment of a THF 
solution of [Cr(CO),(NCMe),] with C’HsR+ leads to 
immediate formation of [Cr(CO),(NCMe),]. 

Whilst the synthesis of [M(CO>,(n’-C7H6R)]+ from 
[M(CO),(NCR’),] and C7H6R+ has some limitations, 
our findings demonstrate that it provides a convenient 
and high yield route in most cases where M = MO or W 
and R = alkyl or aryl. The importance of the reaction 
justifies some additional comments on our detailed 
findings. In all cases, reaction proceeded at room tem- 
perature at a rate dependent on the R substituent of 
C7H6R+; with electron-withdrawing substituents (R = 
GCPh or C,H,-F-p) the reaction was complete within 
10 min, whereas alkyl substituted systems required at 
least 1 h for completion. By contrast, addition of the 
corresponding cycloheptatrienes 7-R-C,H, to [M- 
(CO),(NCR’),] in THF proceeds at a significant rate 
only above 40°C. In most cases, addition of small 
quantities of ferricenium ion (up to 0.2 mole equiva- 
lents) to the reaction mixture of [M(CO),(NCR’),l and 
C7H6R+ gave higher yields of [M(CO),(q’-C7H6R)]+, 
but in all the examples reported in this paper, the 
reaction did occur in the absence of added [FeCp,]+. 

A possible explanation for the unexpectedly facile 
reaction between [M(CO),(NCR’),] and C,H,R+ is 
the operation of an electron transfer chain (ETC) 
process; such catalytic redox processes have been shown 
to occur in some substitution reactions of [M(CO),(N- 
CMe),] [21,22]. The complexes [M(CO),(NCMe),] un- 
dergo a reversible one-electron oxidation in CH,CN, 
with E” values as shown in Table 4; the E” values 
given in the literature [21] are not directly comparable 
with those in the current work, but an approximate 
conversion is possible by using known E” values for 
the redox couple FeCp, c) FeCp$ from both investiga- 
tions, and the validity of the conversion has been 
demonstrated by an independent measurement of E” 
for [Mo(CO),(NCMe),]. In most of the synthetic work, 

TABLE 4. Cyclic voltammetric data for C7H6R+ and [M(CO),- 
@JCR’),l 

EPc UC,H,Rl+ 1 E” [M(CO),(NCR’),l 

R= Epc W) a M= R’ = E” (V) b 

H -0.14 c Cr Me -0.02 
‘BU - 0.27 MO Me + 0.33 
Me - 0.26 W Me + 0.24 
C,H,-F-p -0.14 W “Pr + 0.31 d 
CXPh + 0.02 

a At a carbon electrode in CH,CN, solutions 10e3 M in complex and 
0.2 M in supporting electrolyte [“Bu,NXBF.,], potentials relative to 
SCE for scan rates of 100 mV s-l and standardized with respect to 
the couple FeCp,-FeCp,+ for which E” = 0.43 V in CHsCN and 
0.56 V in CH,CI,. b Unless stated otherwise E” values taken from 
ref. 21 but adjusted via E” values for FeCpa-FeCp,+. ’ EPc 
(C&Cl,) -0.01 V, other conditions as in ‘. d Current work, E” in 
CH,Cl,, other conditions as in a. 

catalytic quantities of the ferricenium ion [E’(CH,CN) 
FeCp, c, FeCpg = 0.43 V] could initiate an ETC pro- 
cess by formation of the substitution labile 17-electron 
species [M(CO),(NCR’),l+ but it should be noted that 
all the reactions of C7H6R+ with [M(CO),(NCR’),] 
reported in this paper still proceed in the absence of 
FeCpz. We cannot totally exclude the possibility that, 
in the absence of FeCpi , the reaction may be initiated 
by trace quantities of O,, but the consistent depen- 
dence of the reaction rate upon the nature of R in 
C,H,R+ requires that C7H6R+ must also be consid- 
ered as the reaction initiator. The tropylium ion C,H; 
has been employed previously as a one-electron oxi- 
dant [23] and the redox potentials for the one-electron 
reduction C7H6R++ C,H,R’ (R = H or ‘Bu) have 
been determined by cyclic voltammetry [24]. To assess 
the ability of the ions C,H,R+ (R =tB~, Me, H, 
C,H,-F-p or CSPh) to act as one-electron oxidants, 
the cyclic voltammetry of each derivative was investi- 
gated in CH,CN; in all cases, a well-defined, irre- 
versible reduction process was observed, with E; val- 
ues as summarized in Table 4. On initial inspection, 
comparison of E” values for the one-electron oxida- 
tion of [M(CO),(NCMe),] with Ei values for reduc- 
tion of C7H6R+ suggests that when M = MO or W 
none of the derivatives of C7H6R+ investigated can 
oxidize [M(CO),(NCMe),l. However, in some cases 
A[E’([M(CO),(NCMe),l) - Ei (C,H,R+)] is quite 
small (approximately 0.2 V), and the operation of an 
ETC process initiated solely by C,H,R+ may still be 
feasible in view of the irreversible character of both the 
reduction of C,H,R+ and the coordination of 
C,H,R+ to the M(CO), fragment. 

The principal aim of this work was to develop a 
convenient and good yield synthesis of [M(CO),(v’- 
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C,H,R)I+, where M = MO or W, and this has been 
achieved via reaction of C,HsR+ with [M(CO),(NC- 
R’)s]. The primary entries into the organometallic 
chemistry of half-sandwich complexes of MO and W 
starting from [M(CO),(q7-C7H7)]+ involve reaction 
with NaX (X = halide) to give [MX(CO),(~7-C7H7)] 
[19,25] or, where M = MO, reaction of [Mo(CO),(q7- 
C7H7)]+ with toluene to give the sandwich complex 
[Mo(~6-tolueneX~7-C7H7)]+, which is precursor of a 
wide range of complexes by displacement of the labile 
toluene ligand [26]. We have demonstrated that these 
basic syntheses are also applicable starting from 
[M(CC)&?I~-C,H~R)]+, and a representative sample of 
the results obtained is given below. 

Treatment of [M(CO),(~7-C7H6Me)]’ (M = MO or 
W) with NaI in acetone gave after work-up, [MI(CO),- 
(q7-C,H,Me)] [M = MO (14); M = W (15)] as deep 
green solids. A suspension of [Mo(C0)3(?)7-C7H6Me)]+ 
(7), refluxed in toluene for 27 h yielded [Mo($- 
tolueneX~7-C7H6Me)]+ (16), and similarly [Mo($- 
toluene){~7-C7H6(C6H,-F-p)}]+ was obtained from 9, 
but after only 4 h reflex in toluene. The apparent 
R-dependent substitution lability of the CO ligands in 
[Mo(Co),(?j7-C,H,R)]+ suggested that [W(CO),{n7- 
C,H,(C,H,-F-p))]+ (13) might act as a precursor of 
one of a class of previously unobtainable tungsten 
sandwich species [W($-tolueneXs7-C7H6R)]+, but at- 
tempts to synthesize [W(~6-tOlUeUeX~7-C7H6(c6H~- 

F-p)}]+ from 13 were unproductive. 

3. Experimental details 

The preparation, purification and reactions of the 
complexes described were carried out under dry nitro- 
gen. All solvents were dried by standard methods, 
distilled, and deoxygenated before use. The’complexes 
[M(CO),(~7-C7H7)]’ (M = Cr [271, M = MO 1251); 
[Mo(CO),($-(7_exo-OMe)C,H,]] 1121; [W(CO),(NC- 
.Pr),] [20]; [FeCp,][PF,] [28] and 7-R-C,H, (R = Me 
[29]; ‘Bu [16]; C,H,-F-p [30]; GCPh [31]) were pre- 
pared by published procedures. Column chromatogra- 
phy was carried out on alumina (Brockmann activity II) 
supplied by Merck Ltd. 300 MHz ‘H and 75 MHz 13C 
NMR spectra were recorded on Brucker AC 300 E or 
Varian Associates XL 300 spectrometers, infrared 
spectra were obtained on a Perkin-Elmer FI 1710 
spectrometer and mass spectra using a Kratos Concept 
1S instrument. Cyclic voltammetric studies were car- 
ried out as described previously [32]; all potentials are 
referenced to an aqueous calomel electrode and, under 
these conditions, E” for the couple FeCp,-FeCp,+ is 
0.43 V in CH,CN. Microanalyses were by the staff of 
the Microanalytical Service of the Department of 
Chemistry, University of Manchester. 

3.1. Preparation of [Mo(CO),{#-(7-exe-C6H,-F-p& 
H,}l (3) 

A stirred suspension of [Mo(CO),(n6-(7-exo- 
OMe)C,H,]I (1.03 g, 3.41 mmol) in diethyl ether (50 
cm3) was cooled to - 78°C then treated with (C,H,-F- 
p)MgBr (1.65 cm3 of a 2 M solution in diethyl ether). 
The reaction was continued for 1.5 h at - 78°C then at 
-30°C for a further 1 h, and then the cold solution 
was transferred to an alumina/diethyl ether chro- 
matography column maintained at - 40°C. Elution with 
CH,Cl,/diethyl ether (1: 3) gave a red band which 
was collected and the solution reduced in volume. 
Addition of n-hexane followed by cooling in dry ice 
gave the product 3 as an orange-red solid; yield 0.71 g 
(57%). Complexes 1 and 2 were prepared similarly; 1 
was obtained in 60% yield from [Mo(CO)3{?76-(7-exo- 
OMe)C,H,)] (1.00 g, 3.31 mmol) and MeMgBr (1.1 
cm3 of a 3 M solution) and 2 was obtained in 65% yield 
from the reaction of [Mo(CO)3{776-(7-exo-OMe~7H7}] 
(2.25 g, 7.45 mm00 with tBuMgCl (9.3 cm3 of a 2 M 
solution). In all cases, yields were lower if column 
chromatography was carried out at room temperature. 

3.2. Preparation of [Mo(CO),{$-(7-exo-CrCPh)- 
C,H& (5) 

A stirred suspension of CuBr * Me,S (0.62 g, 3.01 
mm00 in diethyl ether (20 cm3) maintained at -65°C 
was treated with a solution of LiCzCPh [prepared from 
HGCPh (0.80 g, 7.84 mmol) and “BuLi (4.5 cm3 of a 
1.6 M solution in hexane) in diethyl ether (20 cm3)]. 
The resulting yellow suspension of “(PhC=C),CuLi,” 
was stirred for 0.5 h at -65°C then [Mo(CO),(n7- 
C,H,)][PF,] (1.01 g, 2.43 mm00 was added as a solid. 
The resulting orange suspension was stirred at -65°C 
for 2 h and at -20°C for a further 1 h then the cold 
suspension was transferred to an alumina/ diethyl ether 
chromatography column (3 x 30 cm) which was main- 
tained at - 40°C. Elution with CH,Cl, gave an orange 
band, which was collected. The solution was reduced in 
volume and addition of n-hexane followed by cooling 
with dry ice gave the product 5 as an orange-yellow 
solid; yield 0.65 g (72%). The chromium analogue 4 
was prepared in 35% yield by an identical procedure 
starting from HGCPh (0.40 g, 3.92 mmol), “BuLi (2.5 
cm3 of a 1.6 M solution), CuBr - Me,S (0.28 g, 1.36 
mmol) and [Cr(CO)3(~7-C7H7)][PF6] (0.48 g, 1.29 
mmol). 

3.3. Preparation of [Cr(CO),{~6-(3-C~CPh)C,H,))l 
(6) 

A stirred suspension of 4 (0.57 g, 1.74 mmol) in 
methylcyclohexane (60 cm3) was maintained at 80°C 
for 20 min during which the complex dissolved and the 
colour of the solution changed from red to deep pur- 
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ple-red. The solution was then evaporated to dryness 
and a CH,Cl, extract of the residue was transferred to 
an alumina/ n-hexane chromatography column. Elu- 
tion with n-hexane/ CH ,C1,(9 : 1) gave a brown-purple 
band and the eluate from this was reduced in volume. 
Addition of n-hexane and cooling with dry ice gave the 
product 6 as a deep red solid; yield 0.27 g (47%). 

3.4. Preparation of [Mo(CO),{q7-C7H6(C6H~F-p))l- 
[PF,] (9) from 3 

A stirred suspension of [Mo(C0),{?76-(7-exo-C6H~- 
F-p&H,)] (3) (0.23 g, 0.63 mm00 was refluxed in 
methylcyclohexane (30 cm3) for 2 h during which the 
complex dissolved and the colour of the solution 
changed from orange-red to deep red. The solution 
was evaporated to dryness and the residue was dis- 
solved in CH,CI, (15 cm3> and treated with [Ph,CI[PF,l 
(0.30 g, 0.77 mmol). After 1 h, diethyl ether was added 
to precipitate the crude product, which was recrystal- 
lized from CH,Cl,/diethyl ether to give 9 as an or- 
ange solid; yield 0.13 g (41%). Complexes 7 and 8 were 
prepared similarly; 7 was obtained as an orange solid 
in 76% yield by thermolysis of 1 (1.92 g, 6.72 rnmol) in 
methylcyclohexane (40 cm31 overnight followed by re- 
action with [Ph,C][PF,] (3.13 g, 8.06 mm00 in CH,CI, 
(40 cm3), and 8 was isolated in 4% yield as a yellow 
solid following thermolysis of 2 (0.40 g, 1.23 mm00 in 
refluxing n-octane for 6 h and subsequent treatment of 
the residue with [Ph,C][PF,] (0.33 g, 0.85 rnmol) in 
CH,Cl, (10 cm31 for a period of 3 h. 

3.5. Preparation of [Cr(CO),{q7-C7H,(GCPh)}][PF6] 
(10) 

A mixture of 6 (0.52 g, 1.58 mm00 and [Ph,C][PF,] 
(0.47 g, 1.21 mm011 in CH,Cl, (20 cm31 was stirred for 
1.5 h then the solution was reduced in volume and 
diethyl ether added to precipitate the crude product. 
Recrystallization from CH ,Cl J toluene followed by 
washing with diethyl ether gave pure 10 as a golden- 

yellow solid; yield 0.37 g (65% based on the limiting 
reagent [Ph,C][PF,] which was used in a small defi- 
ciency to avoid purification problems associated with 
the use of equimolar [Ph,CIPF,I). 

3.6. Reaction of [W(CO),(NCMe),l with 7-Me-C,H, 
A solution of W(CO), (1.00 g, 2.84 mm00 in CH,CN 

(50 cm3> was refluxed for 6 days then evaporated to 
dryness, and the residue was treated with a solution of 
7-Me-C,H, (0.90 g, 8.49 mm00 in THF (20 cm3). The 
mixture was stirred for 1 h at 45°C and for a further 1 
h, under gentle reflux, and then evaporated to dryness. 
A CH,Cl, extract of the residue was transferred to an 
alumina/ n-hexane chromatography column and elu- 
tion with n-hexane/ diethyl ether gave an orange band. 
The eluate was reduced in volume and cooled to - 78°C 
to give orange [W(CO),(r16-(7-Me)C,H,)] as an exe- 
endo mixture at C(7); yield 0.47 g (44% based on 
W(CO),). The chromium analogue [Cr(CO)3{176-(7- 
Me&H,}], again as an exe-endo mixture at C(7), was 
obtained in 34% yield by an identical procedure start- 
ing from Cr(CO), (0.858 g, 3.90 mmol) with refluxing in 
CH,CN for 20 h and 7-Me-C,H, (0.853 g, 8.05 mmol). 
Application of the above method to the synthesis of 
[Mo(CO),($-(7-Me)C,H,}] from Mo(CO),, CH,CN, 
and 7-Me-C,H, gave a 21% yield of product which 
was almost exclusively exe at C(7); however, when 
chromatographic purification was replaced by solvent 
extraction of the reaction residue with diethyl ether, 
the complex was isolated as an exe-endo mixture. 

3.7. Preparation of [Mo(CO),(777-C7H6Me)][PF6] (7) 
from [Mo(CO),(NCMe),] and [C, H6 Me][PF,] 

A solution of Mo(CO), (2.96 g, 11.21 mm00 in 
CH,CN (45 cm3) was refluxed for 5 h then evaporated 
to dryness. The resulting residue of [Mo(CO),(NCMe),] 
was suspended in CH,Cl, (60 cm3> and treated with 
[C,H,Me][PF,] (1.40 g, 5.60 mmol) followed by 
[FeCp,][PF,] (0.38 g, 1.15 mmol). After 5 min. the 

TABLE 5. Experimental details for the preparation of [M(C0)s(~7-C7H,RII+ from C7H6R+ and [MKO)&NCR’)sl (R’ = Me or “Pr) 

Complex M=R= AorB a [C,H,RXPF,] Solvent Added Reaction time Purification Yield (%) ’ 
(mm00 (mmol) [FeCpJPFsl method b 

(mm00 

8 MO ‘Bu A 3.14 1.57 THF (20 cm31 0.30 50 min 1 11 
9 MO C,H,-F-p A 11.10 5.58 CH ,CI, (40 cm31 0.82 15 min 1 61 

11 MO GCPh A 3.89 2.98 CH sCI, (30 cm31 - 0.25 min 2 12 
12 WMe B 0.97 0.97 THF (10 cm31 0.09 1.5 h 1 64 
13 W C,H,-F-p B 1.95 1.95 THP (15 cm31 0.20 lh 1 61 

WH B 0.96 0.96 THF(10cm3) - 1.5 h 1 62 

a A = MdCO), converted to [MofCO),(NCMe),] via reflux in CH,CN for 5 h. B = [W(C0)3(NC”Pr)3]. b 1 = product precipitated directly from 
reaction mixture, mother liquors removed, 2 = product precipitated from the reaction mixture after addition of diethylether, all products purified 
by recrystallisation from acetone/ diethyl ether. ’ Yields based on C7H6R+. 
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product 7 began to separate as a bright orange solid 
and after 1 h the mother liquor was removed and the 
product isolated as an orange solid by recrystallization 
from acetone/diethyl ether; yield 1.45 g (60% based 
on [C,H,Me][PF,I). The essential details of the analo- 
gous preparation of 8, 9, 11, 12, 13 and [W(CO),(n7- 
C,H,)][PF,l are summarized in Table 5. 

3.8. Preparation of [MoI(CO),(177-C7H6Me)] (14) 
Addition of NaI (2.60 g, 17.33 mm00 to a stirred 

solution of [M~CO),(777-C7H,Me)][PF,] (7) (1.58 g, 
3.67 mm00 in acetone (40 cm31 caused a rapid colour 
change from red to green. After 1.5 h the solution was 
evaporated to dryness and the residue was recrystal- 
lized from CH ,Cl,/ n-hexane. Further recrystallization 
from diethyl ether/n-hexane gave the product 14 as a 
green solid; yield 0.59 g (42%). The tungsten analogue 
15 was prepared in 64% yield by an identical proce- 
dure starting from [W(CO>,(n7-C,H,Me)][PF,] (12) 
(0.74 g, 1.43 mm00 and NaI (0.54 g, 3.61 mmol). 

3.9. Preparation of [Mo(@-toluene)(q7-C7H6Me)]- 
PI;61 06) 

An orange suspension of 7 (0.52 g, 1.21 mmol) in 
toluene (200 cm31 was refluxed for 27 h and a green 
precipitate was separated from the mother liquor. Sub- 
sequent recrystallization from CH,Cl,/ diethyl ether 
gave the product 16 as a pale green solid; yield 0.35 g 
(66%). 
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