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Reactions of bis(hexafluorobut-2-yne) complexes [MCI(CF3C=CCF,),(q5-C5H5)] ( M  = M o  or W) 
with anions L-L = MeCO;, Me,PS;, and R,NCS; (R  = Me or Et) give adducts 
[ M (  L-L) (CF,C2CF,),(q5-C,H,)] which exhibit a bis(a1kyne) structure containing a monodentate 
ligand L-L and/or an isomeric q2-vinyl structure in which the ligand L-L forms a bridge between 
the metal and the q2-vinyl ligand. In the cases M = M o  or W, L-L = R,NCS, (R  = M e  or Et) the 
q2-vinyl structure is stereochemically rigid whereas with M = Mo, L-L = MeCO; or Me,PS,-; 
M = W, L-L = Me,PS,-, 19F n.m.r. studies reveal fluxional behaviour attributed to reversible 
cleavage of the ( L-L)-q2-vinyl linkage which regenerates the bis(a1kyne) structure. Thermolysis of 
q2 -vi n y I complexes [ M o{q 3-  C ( C F,) C ( C F,) ( L-L) } ( C F,C=CC F,) (q ,- C, H 5) 3 gives 
tetrakis(trifluoromethyl)cyclobutadiene derivatives [ M o (  L-L)(q4-C4(CF3),}(q5-C,H,)] 
(L-L = S,CNR,) in which the cyclobutadiene ring exhibits high barriers to  rotation about the 
metal-ligand axis. Complexes of this type can also be obtained from the metathetical reactions of 
[ M O I ( C O ) ( ~ ~ - C , ( C F , ) ~ } ( ~ ~ - C ~ H , ) ]  with metal salts of (L-L) - (S,CNMe, or pyridine-2-thiolate). 
Thermolysis of [Mo{q3-C(CF3)C(CF,)S,CNR,}(CF,C=CCF,) (q5-C5H5)] also gives small quantities 
of the q2 -vi n y I com plex [ M o{ q3- C (C F,) C (C F3) C ( C F3)=C ( C F,) S} ( qz- R2N CS) ( v5- C,H,) ] resu It i ng 
from condensation of the two  fluorocarbon units and fragmentation of the R,NCS, moiety. This type 
of complex is the major product when the +vinyl complex [Mo{q3-C(CF,)C(CF,)S,CNR,}- 
(CF,C=CCF,) (T~~-C,H,)] is photolysed in solution. 

Co-ordination of unsaturated organic molecules such as alkenes 
and alkynes to a transition metal can, under appropriate 
circumstances, result in activation towards nucleophilic attack.' 
In the case of alkynes, studies have centred around cationic 
complexes such as [Fe(CO)(PPh,)(MeC=CMe)(q'-C,H,)] +,' 
[Pt(Me)L,(RCgR)] + (L = tertiary phosphine or arsine, 
R = a l k ~ l ) , ~  and [Mo{P(OMe),},(RC=CR)L]+ (L = q5- 
C,H, or q5-C9H7), where, in addition to  simple vinyl pro- 
ducts, a number of unusual complexes have been obtained 
as a result of intramolecular rearrangements, 

In previous reports it has been demonstrated that neutral 
mono- and bis-hexafluorobut-2-yne complexes [M(SC,F,)- 
(CO)(CF,C=CCF,)(q5-CsH5)] (M = Mo or W), and 
[MX(CF,C=CCF,),(qS-C5Hs)](M = MoorW,X = C1;M = 
W, X = SR)6  undergo external and/or internal nucleophilic 
attack to give q2-vinyl complexes. In the case of 
[M(SR)(CF,C,CF,),(q5-C,H,)1 both q2-vinyl and bis(a1kyne) 
isomeric forms exist depending upon the ability of the thiolate 
sulphur to attack an alkyne carbon However, 
complexes [M(SC,H,N)(CF,C,CF3),(q5-C5H,)] (SCs- 
H,N = pyridine-2-thiolate) only exist in some isomeric form 
containing an q2-vinyl ligand resulting from attack of a hetero- 
ring nitrogen on an alkyne I now report the 
synthesis of a variety of complexes containing other potentially 
bidentate ligands designed to assess the effect of the ligand on 
the structure of such derivatives. Some of this work has been 
published previously as preliminary  communication^.^ 

Results and Discussion 
Previously thallium salts have been employed to replace the 
chloride ligand in complexes [MCl(CF3C=CCF3),(~5-C,H,)] 
(M = M o  or W) l o  with other anionic ligands, e.g. t h ~ o l a t e s , ~ ~ ~ ~  

but on reaction with thallium acetate pure products were not 
obtained easily. However, the bis(a1kyne) complexes react readily 
with silver acetate in thf (tetrahydrofuran) at room temperature 
to yield off-white crystalline complexes [M(O,CMe)(CF,- 
C,CF3),(qS-C,H5)] [M = Mo, (la); M = W, (lb)] in good 
yields. The spectroscopic properties of the tungsten complex are 
somewhat similar to those of the parent chloride, suggesting 
a similar bis(a1kyne) structure, (I)," and hence with a 
monodentate acetate ligand. Thus two v(C&) bands are 
observed in the i.r. spectrum near 1800 cm-' while two CF, 
resonances are present in the I9F n.m.r. spectrum below ca. 
-50 "C. At higher temperatures the two peaks broaden and 
coalesce above ca. 10 "C to  give a singlet indicating the onset of 
alkyne propeller r ~ t a t i o n . ~ "  

The i.r. and n.m.r. data for the molybdenum complex (la) are 
somewhat similar to those of (lb) at room temperature but a t  
-60°C two isomeric forms are indicated in the 'H and I9F 

n.m.r. spectra (see Table), ratio 5 :  1. The major isomer has 
similar spectral features to those of (lb), indicating structure (I), 
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Table. N.m.r. data for the complexes" 

'H "F 

Complex C,H, L-L 
(la) (I)c 5.77 2.03 (s, 3 H, Me) 

(1bId 5.88 1.88 (s, 3 H, Me) 
(WE 5.80 2.12 (d, 3 H), 1.32 (d, 3 H) 

(2b) 5.95 2.20 (d, 6 H) 

(3a) 

(11) 6.15 2.35 

5.88 3.60 (s, 3 H, Me), 3.50 (s, 3 H, Me) 

(3b) 5.91 

5.86 

( 3 4  5.84 

(4s) ; 5.57 
5.03 
5.68 

(4b) 

(7a) 5.99 

(7b) 5.97 

3.60 (s, 3 H, Me), 3.57 (s, 3 H, Me) 

3 . 7 4 . 1  (m, 4 H), 1.41 (t, 3 H), 1.30 (t, 3 H) 

3.8 (m, 4 H), 1.42 (t, 3 H), 1.31 (t, 3 H) 

3.20 (s, 6 H) 
2.90 (m, 4 H), 0.65 (t, 6 H) 
7.60 (br d, 1 H), 7.43 (m, 1 H), 6.70 (m, 2 H) 

3.45 (s, 3 H), 3.28 (s, 3 H) 

3.71 (q, 2 H), 3.55 (q, 2 H), 1.34 (t, 3 H), 
1.23 (t, 3 H) 

T I T  
- 56.87 (s, 6 F), - 57.10 (s, 6 F) 

- 57.36 (s) 
-52.36 (qq, 3 F), -55.67 (qqq, 3 F), -56.37 (qq, 3 F), 
-57.20 (dq, 3 F) 

- 60 
-54.84 (m, 3 F), -56.54 (m, 3 F), -63.56 (br s, 3 F) 

- 30 
- 40 

-52.69 (br s, 3 F), -55.40 (m, 3 F), -56.45 (spt, 3 F), 
-56.62 (br m, 3 F) 

-57.14 (m, 3 F) 

- 80 

20 -53.54 (spt, 3 F), -56.17 (Spt, 3 F), -56.67 (q, J 3.7, 3 F), 

20 

20 

20 

- 70 
- 10 

20 

20 

20 

-54.95 (spt, 3 F), -56.31 (q, J4.0,0.3 F), -56.49 (spt, 3 F), 

-53.38 (spt, 3 F), -56.09 (Spt, 3 F), -56.49 (4, J 3.7, 3 F), 
-57.21 (m, 3 F) 

-57.12 (m, 3 F) 
-54.54 (spt, 3 F), -55.70 (q, J 3.6, 3 F), -56.48 (m, 3 F), 

-52.49 (m, 3 F), -53.0 (spt, 6 F), -55.66 (spt, 3 F) 
-56.69 (spt, 3 F) 

-52.78 (Spt, 3 F), -52.99 (spt, 6 F), -55.59 (spt, 3 F) 
-51.70 (spt, 3 F), -52.99 (spt, 3 F), -53.70 (spt, 3 F), 
-55.67 (spt, 3 F) 
-53.44 [qq, J(F1F2) 11.8, J(F'F3) 2.5, 3 F], -54.29 [qqq, 
J(F2F') 11.8, J(F2F3) 7.0, J(F2F4) 13.3, 3 F], -56.75 [qq, 
J(F3F') 2.8, J(F3F2) 7.0, 3 F], - 57.79 [q, J(F4F2) 13.3,3 F] 
-52.96 (qq, 3 F), -54.36 (494, 3 F), -56.88 (qq, 3 F), 
-58.01 (q, 3 F) 

'Proton n.m.r. spectra recorded at 20°C except for (la) (-60°C). 
complex involved (see text). ' In CD,CI,. In (CD,),CO. In CDCI,. ' In C,D,CD,. 

L-L = MeC0,-, Me,PS;, Me,NCS,-, or Et,NCS,- depending on the 

whereas the minor form exhibits three CF, peaks of equal 
intensity. However, it seems probable that the fourth resonance 
is obscured by the major isomer peaks. Thus four distinct CF, 
environments are present in the minor isomer consistent with an 
q2-vinyl structure (XI) similar to that of [Mo{q3- 
C(CF,)C(CF,)SC,H,N}(CF,C=CCF,)(q '-C,H,)], as revealed 
by X-ray diffraction studies6" As the temperature is raised two 
effects are observed in the ''F n.m.r. spectrum. The two major 
isomer peaks coalesce at ca. -20 "C while the minor isomer 
peaks broaden and eventually coalesce with the major isomer 
resonances to give a single peak above - 10 "C. This indicates 
that the 0-C bond in the qZ-vinyl structure (XI) undergoes 
reversible fission to regenerate the bis(a1kyne) form (I) and this 
leads to exchange between the two isomers. Similar effects have 
been observed with [W{q3-C(CF,)C(CF,)SR}(CF3C&CF3)- 
(q5-C,H,)] (R = Me, Et, Pr', or Pr") although in these cases the 
bis(a1kyne) structure is not observed as a distinct species at low 
t e m p e r a t ~ r e . ~ ~ , ' ~  

The spectra of simple q2-vinyl thiolates such as this are in fact 
almost identical to those of dimethyldithiophosphinates (2a) 
or (2b) obtained from reactions of Na(S,PMe,) with 
[MC1(CF,C=CCF,),(q5-C,H,)] (M = Mo or W). Complexes 
(2 )  and related dithiocarbamate derivatives (3), see later, were 
originally assigned bis(alkyne) structures but similar spectro- 
scopic features to those of the pyridine-2-thiolate derivative 

C,H,)] 6a98 suggest that structure (XI) is more appropriate. For 
example the complexes exhibit only one v(C=C) band in the i.r. 
spectra while four distinct CF, resonances are observed in the 
"F n.m.r. spectra at -40 "C (2a) (see Figure 1) and -80 "C 
(2b) [cf: (la)]. Moreover these broaden and coalesce at higher 
temperatures to give a broad singlet, again indicating reversible 
fission of the bond between the bidentate ligand and the 
fluorocarbon qz-vinyl moiety (Scheme 1) but in this case a 
distinct bis(a1kyne) structure (I) is not observed. 

[Mo{q3-C(CF,)C(CF,)SC,H,N)(CF3C*CF,)(ll5- 

The variable-temperature 'H n.m.r. spectra of complexes (2a) 
and (2b) are also consistent with the mechanism in Scheme 1. At 
- 60 "C two doublets are observed in accord with structure (11) 
in which two distinct methyl group environments are present, 
each of which is split by coupling to phosphorus. At higher 
temperatures these collapse to a doublet as the two methyls 
exchange when the C-S bond breaks to give a monodentate 
S,PMe, ligand. 

Interestingly, at lower temperatures a second type of fluxional 
behaviour is observed since one of the four CF, resonances in 
the 19F n.m.r. spectrum broadens and disappears into the base- 
line. I have observed this previously with other fluorocarbon 
complexes and attribute the phenomenon to restricted rotation 
of the CF, group resulting from steric interactions within the 
molecule." This can be explained in terms of the probable 
structure of (2a) (Figure 2) which I assume is similar to that of 
the pyridine-2-thiolate complex [Mo{q3-C(CF,)C(CF,)SC,- 
H,N}(CF,C=CCF,)(q5-C,H,)1.6" This is based upon ap- 
proximately octahedral co-ordination at the metal with the 
cyclopentadienyl ligand occupying a face and the other ligands 
corners of the octahedron. The alkyne C=C axis lies approxi- 
mately parallel to the Mo-S bond while the CF,C-CCF, bond 
of the q2-vinyl, constrained by attachment to the Me,PS, 
group, is rotated by an angle 8 from a similar orientation. These 
structural features are also exhibited by related q2-vinyl 
complexes derived from bis(a1kyne) derivatives [MX(CF3C= 
CCF3),(q5-C,H,)] (X = C1 or C6H4Me-4) where the main 
structural variable appears to be the q2-vinyl orientation 
defined by the magnitude of €L6 Assuming a value of 8 close to 
that in the pyridine-2-thiolate derivative, ca. 35", molecular 
graphics * studies indicate that only the CF, attached to the sp3 
a-carbon of the q2-vinyl is likely to encounter steric congestion 
as a result of close approach to the two CF, groups of the 
alkyne. This tentatively indicates that this CF, is most likely to 
experience restricted rotation, and in an attempt to confirm this 
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"F homodecoupling experiments were carried out on complex 
(2a) at -40 "C which are summarised in Figure 2. 

Significantly the CF, signal which broadens at lower 
temperature, ti,, is the one which is coupled to all the remaining 
CF, groups. Since coupling in these derivatives probably has a 
strong contribution from a 'through-space' mechanism, 

- 5 2  - 54 -56 -58 
6 1p.p.m. 

Figure 1. The "F n.m.r. spectrum of [Mo{q3-C(CF,)C(CF,)S,- 
PMe,}(CF3C*CF,)(qs-C,H,)I (2a) at -40 "C: (a) normal spectrum; 
(b)  as for (a)  but with irradiation of 6,; (c )  as for (a)  but with irradiation 
of s, 

particularly where intraligand CF,-CF, interactions are 
~oncerned , '~  the CF, on the a-carbon can be assigned to 6, since 
this group is unique in being within ca. 4.2 of the other three 
groups (measured in terms of the C-C distance). Moreover, the 
assignments in Figure 2 are consistent with those made 
previously 7 b  and later in this paper for q2-vinyl complexes of 
this type. Interestingly 6, also shows coupling to phosphorus 
(Jp-F = 2.0 Hz) and, in accord with the assignments, 
molecular graphics studies established that this CF, group is 
probably close enough to the phosphorus atom for through- 
space coupling to occur. 

Further support for the assignments in Figure 2 was provided 
indirectly by the homodecoupling experiments since irradiation 
of 64 = - 57.2 at -40 "C resulted in 6, suffering a significant 
reduction in intensity relative to 6, and 6,, while irradiating 6, 
= - 55.67 reduced the intensity of 6, markedly, Figure 1. These 
effects, which can be ascribed to  spin-saturation transfer,', 
indicate that at -40 "C slow exchange is still occurring and that 
more significantly 6, exchanges with 6, while 6, exchanges with 
6,. This selective exchange indicates that alkyne propeller 
rotation as observed with (la) is slow at  -40 "C in (2a) relative 
to migration of the Me,PS, group from one alkyne to the other. 
It is also apparent that fission ofthe C-S bond in (11) to generate 
the bis(a1kyne) structure (I) (Scheme 1) is consistent with the 
n.m.r. data only if the assignments in Figure 2 are correct. 

Reactions of [MCI(CF3Cd2CF,),(q5-C5H5)] with 
Na(S,CNMe,) and Na(S,CNEt,) give yellow crystalline 
complexes (3a)-(3d) in moderate to good yields. As with (2a) 
and (2b) an q2-vinyl structure (11) is indicated by i.r. and n.m.r. 
spectra since a single v(Cd2) mode is observed near 1 790 cm-' 
in each case while "F n.m.r. spectra exhibit four distinct 
resonances at  ambient temperature. The resonances consist of a 
quartet, two septets (qq), and a complex multiplet (qqq) thus 
indicating a similar coupling pattern to that of complex (2a) 
except for the absence of phosphorus coupling to the simple 
quartet. This was confirmed by double resonance experiments 
with (3c) which are summarised in Figure 3. 

The presence of four CF, signals a t  room temperature in all 
four cases with well resolved multiplet structure contrasts with 
"F n.m.r. data for (1) and (2) and indicates that C-S bond 
fission leading to CF, scrambling does not occur with the 
dithiocarbamate complexes under these conditions. Comparing 
the behaviour of the three types of complex it is apparent that as 
the donor ability of the chelate ligand increases MeC0,- 
< Me,PS,- < R,NCS,- (R = Me or Et)', the q2-vinyl 
structure (11) becomes more stable relative to the bis(a1kyne) 
form (I). This is also reflected in the ease with which the chelate 
q2-vinyl linkage is broken as evidenced by coalescence 
temperatures in the "F n.m.r. spectra. This is in accord with 
previous studies of thiolate complexes [W(SR)(CF,C,CF,),- 
(q5-C,H,)] where the stability of the q2-vinyl form increases 
as the electron-donating ability of the thiolate substituent R 

scheme 1. 
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}3.5 

Figure 2. "F N.m.r. spectral data and assignments for [Mo{q'- 
C(CF3)C(CF3)S2PMez}(CF3C&CF,)(q5-C,H,)] (2a); couplings in 
HZ 

/ 
Et"\Et 

Figure 3. "F N.m.r. spectral data and assignments for [Mo(q3- 
C(CF,)C(CF,)SzCNEt,}(CF3C=CCF,)(qS-C,H,)] (3c); couplings in 
HZ 

increases.6dv7b Moreover, the stability of the q 2-vinyls 

increases as the electron-donating ability of R increases 
although in these complexes steric factors may also be 
important. 7 b  

Re~en t ly ,4 .~* '~ . '~  attention has been drawn to the role of q2- 
vinyls in the chemistry of co-ordinated alkynes. It was therefore 
of interest to investigate their role in the cyclisation reactions of 
co-ordinated alkynes. Previously it was reported that 
bis(a1kyne) complexes [MoX(CF3C&CF,),(q5-C5H5)] are 
intermediates in the formation ofcyclobutadiene [MoI(CO){q4- 
C4(CF3),}(q5-C,H,)] and cyclopentadienone complexes 
[MoX(CO){~~-C,(CF,)~CO}(~~-C,H,)] (X = C1, Br, or 
I) 7 u * 1 0  and this prompted me to carry out thermolysis of 
complexes with structure (11). No reaction was observed when 
the pyridine-2-thiolate complex [Mo{q3-C(CF,)C(CF,)SC,- 
H,N}(CF,C=CCF,)(q5-C5Hs)] * was heated in hexane at 
90 "C for 20 h in a sealed tube. However (3a) and (3c) react 
above ca. 65-70 "C- to give moderate yields of compounds (4a) 
and (4b) with the same stoicheiometry as the precursors but 
which exhibit quite different spectroscopic features. Complex 
(4a) was subsequently obtained by an alternative route in- 
volving reaction of the tetrakis(trifluoromethy1)cyclobuta- 
diene derivative [MOI(CO)(~~-C,(CF~)~}(~'-C,H~)] 9n with 
Na(S,CNMe,) in thf indicating that cyclisation of the two 
fluorocarbon units in (3) had occurred on thermolysis to give 
the cyclobutadiene structure (4). Reaction of [MoI(CO){q4- 
C,(CF3),}(q5-C5H5)] with Tl(SC,H,N) similarly gave (4c) in 
moderate yield. 

The spectroscopic features of complexes (4a)-(4c) are clearly 
in accord with the illustrated structure since no v(C=C) modes 

CW(sR){q2-C(CF,)C(CF,)PR',J(CF3C~CF,)(q '-C?HdI 

0 
( 4 ' )  

j=l 
(4ii) 

are observed in the i.r. spectrum while the I9F n.m.r. spectrum of 
(4c) contains four separate septets (quartet of quartets) 
indicating that each CF, couples to two others with very similar 
coupling constants of ca. 3-3.5 Hz. These data also indicate 
that the cyclobutadiene ring adopts a fixed orientation and 
either the staggered (4') or eclipsed form (4") is possible. The 
19F n.m.r. spectra of (4a) and (4b) are somewhat broad at 20 "C 
but at or below - 15 "C three distinct septets (qq) of ratio 1 : 2: 1 
are observed consistent with the staggered conformation (4i). 
This was subsequently confirmed by X-ray diffraction studies of 
(4b) which revealed the presence of a plane of symmetry in the 
molecule which renders two CF, groups and the two alkyl 
groups on the dithiocarbamate ligand equivalent. Comparable 
structures have been determined for [Mo(CO) , (~~-C ,P~ , ) , ] ,~~  
[MoC~(CO)(~~-C,P~,M~)(~~-C~H~)],~~ [V(CO),(q4-C,Ph,)- 
(q5-C,H,)],20 and [Nb(CO)(PhC=CPh)(q4-C,Ph,)(q5- 
C,H,)] in the solid state. 

A variety of structurally related cyclobutadiene complexes 
has been synthesised oia diverse synthetic routes including 
[MoX(CO)(q4-C,Ph4)(q5-C5H5)] (X = C1, Br, I, or H)22*23 
and [V(CO),(q4-C,R,)(q5-C,H,)] (R = H or Ph).20J4 
Comparable tetrakis(trifluoromethy1)cyclobutadiene deriv- 
atives are more limited and comprise [MoI(CO){q4- 
C,(CF3)4)(q'-C,H,)],9" its isocyanide substitution product 
[MoI(CNBu'){q4-C4(CF3),}(q'-C5H5)], and the thiolate 
derivative [Mo(SC6F,)(PMe,Ph){q4-C,(CF,),}(q $-C,H,)] ' 
which show similar 19F n.m.r. spectral features to (4). 
Interestingly, however, the 'H n.m.r. spectra of both 
CMo(CO)Ar14-C,Me,)(q '-c5H5)1[BF41 l 9  and [V(CO)Aq4- 
C4H4)(q5-C5H5)] 24 exhibit a single sharp cyclobutadiene 
proton peak at 20 "C indicating rapid rotation of the C, ring 
and hence the lack of an orientational preference at this 
temperature. In contrast this is clearly not the case with 
(4) which are stereochemically rigid at or just below ambient 
temperature according to I9F n.m.r. data. However, as the 
temperature is raised the three peaks in the spectra of (4a) and 
(4b) broaden and coalesce to a singlet above ca. 75 "C. This 
suggests the onset of cyclobutadiene rotation about the metal- 
ring axis, the high coalescence temperatures indicating 
substantial barriers to rotation. This contrasts with the implied 
low barrier in [V(C0)2(q4-C,H4)(q5-C5H5)] and in general 
with complexes containing q"-C,R, rings ( n  = 3-8) where low 
barriers to rotation are the norm.25*26 

This conformational preference could reflect either electronic 
or steric factors, or perhaps both. Extended-Huckel calculations 
on a variety of cyclobutadiene complexes including [Mo(S2- 
CNMe2)(q4-C4H,)(q5-C5H5)] suggest that the electronic 
contribution to a rotational barrier is dominated by the la 
orbital, (A), which favours the staggered form (4').27 A computed 
barrier of 0.26 eV (ca. 0.416 x l O - I 9  J )  for the dithiocarbamate 
derivative probably underestimates the value in the trifluoro- 
methyl-substituted derivative (4a) although the complexity of 
the CF,-CF, coupling prevents experimental determination of 
this barrier. Moreover, some contribution to the barrier might 
be expected from steric interactions between the cyclobutadiene 
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(A) 

and the rest of the molecule, particularly with CF, substituents 
present. Although molecular graphics studies d o  not reveal any 
substantial interactions, van der Waals repulsions were found to 
be at a minimum in the staggered conformation (4') and a 
maximum in the eclipsed form (4"). 

The metal-promoted dimerisation of two alkynes to form a 
cyclobutadiene ring is well documented and presents one of the 
most accessible synthetic routes to cyclobutadiene complexes.25 
Uncomplexed tetrakis(trifluoromethy1)cyclobutadiene has been 
generated previously in a low-temperature matrix at 77 K 2 8  

whereas (4a) and (4b) represent the first fully characterised 
transition-metal complexes of this ligand. The isomerisation of 
(3) into (4), which results in alkyne dimerisation, clearly 
involves carbon-sulphur bond fission at some point. As 
illustrated earlier with (la) and (2), Scheme 1, this could be the 
first stage in the reaction leading initially to a bis(a1kyne) 
intermediate (Scheme 2) followed by nucleophilic attack at the 
metal by the free sulphur to generate the chelate structure (5). 
Subsequent oxidative cyclisation to give the 16-electron 
metallacyclic intermediate (6) is then followed by reductive 
cyclisation to give the final product (4). 

It is also possible to explain the formation of a wide variety of 
alkyne insertion and cyclisation products from bis(a1kyne) and 
q2-vinyl complexes of molybdenum and tungsten in terms of 

reactive bis(a1kyne) intermediates similar to (5).6b*9",10315" 
Activation of the alkyne in this situation can be rationalised in 
terms of a switch in bonding mode from formal three-electron 
donation in the bis(a1kyne) structure (I) to two-electron 
donation in (5). Subsequent metallacyclisation to give (6) is 
supported by my previous report that the bis(p-alkyne) 
complexes [(q5-C,H,)(OC)M(p-CF,C=CCF3)2Co(CO),I 
(M = Mo or W) on reaction with C O  give metallacyclo- 
pentadienes [(q5-C,H,)(OC)2M{C(CF3)=C(CF,)C(CF3)&- 
(CF,))CO(CO),].~~ Moreover q2-vinyl complexes [W(q3-C- 
(CF3)C(CF3)SR}(CF3C=CCF3)(q5-C5H5)] (R = Prior  But) re- 
lated to (3) react with 1 molar equivalent ofCNBu' to give the 16- 
electron metallacyclic complex [W{C(CF3)=C(CF,)C(CF3&- 
(CE',)}(SR)(CNBut)(q5-C5H,)] structurally analogous to 
(6). Transformation of metallacyclopentadienes into cyclo- 
butadienes is also a known reaction as exemplified by the 
thermolysis of [Co{C(Ph)=C(Ph)-C(Ph&Ph)}(PPh,)(q5- 
C,H,)] which gives [CO(~~-C,P~,)(~~-C~H~)].~~ 

The fact that previously it was possible to isolate and charac- 
terise the metallacycle [W{C(CF3)=C(CF3)C(CF3)=k(CF3)}- 
(SBU') (CNBU~)(~~-C,H~)]  similar to  (6) prompted me to 
follow the thermolysis of (3) by 19F n.m.r. spectroscopy with 
a view to detecting intermediates. The reaction was studied in 
two different solvents, diethyl ether and toluene, in a sealed tube 
at 65 "C, but, since the same features were observed in both 
cases, solvent effects appear to be negligible. Moreover, no 
reaction intermediates were detected under these conditions but 
two minor products were observed in addition to the 
cyclobutadiene complex (4b). At the end of the reaction these 
comprised 22 and 4% of the product mixture according to 
integrated intensities in the "F n.m.r. spectrum, the remaining 
74% being complex (4b). The reaction was repeated using 
photochemical activation when two products formed, the 
cyclobutadiene complex (4b), lo%, and the major side product 
of the thermal reaction (7b), 90%. Thus, although the thermal 
and photochemical reactions give essentially the same products 
thermolysis favours cyclisation (3)+(4) while photolysis 
preferentially leads to the insertion product (7). 

The spectroscopic properties of complexes (7a) and (7b) did 

7 

R 

I I R 
I, 

(4) 
Scheme 2. R = CF,; R' = Me or Et 

(6 )  
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N 

(8) 

Scheme 3. R = Me or Et 

Figure 4. 19F N.m.r. spectral data and assignments for [Mo{q3- 
C(CF, )C(CF, )C(CF,~(CF~)~} (~ ' -Et ,NCS) (~ ' -C~H~)I  (7b); 
couplings in Hz; including minimum F-F distances assuming free 
rotation of CF, groups 

not provide unequivocal structural information but X-ray 
diffraction studies of (7b) established the illustrated structure 
which reveals that cleavage of a C-S bond within the 
dithiocarbamate moiety has occurred to generate an q '- 
SCNEt, ligand." The remaining sulphur atom is attached to an 
alkenyl function (presumably from the original q ,-vinyl moiety) 
which is further attached to a new q2-vinyl group, formed by 
linking of the two fluorocarbon moieties. The overall structure 
is remarkably similar to that of [Mo{q3-C(CF,)C(CF,)- 
SC,H4N}(CF3C=CCF,)(q5-C,H,)], and hence related com- 
plexes with structure (XI), in that an q2-vinyl is present which is 
co-ordinated to the metal directly via two carbon atoms and 
indirectly via a three-atom chain. Moreover, the qz-thio- 
carboximido ligand in (7) adopts a co-ordination position and 
orientation comparable to the alkyne ligand in (XI) in that the 
C-S bond lies approximately parallel to the M-S bond: the 
S-Mo-C-S dihedral angle of 15.6" compares with the 
S-Mo-C-C angle of 7.4" in the pyridine-2-thiolate complex. 

The spectroscopic properties of (7) can be interpreted in 
terms of the solid-state structure, in particular the "F n.m.r. 
spectra where four CF, multiplets are observed. Homonuclear 
decoupling experiments were carried out on (7b) and these are 
summarised in Figure 4 along with peak assignments. The large 
coupling between 6, and 6,, 13.1 Hz, can be assigned to the cis- 
CF3C=CCF3S alkene group ,' thus identifying the quartet 6, as 
the CF, adjacent to sulphur. Assuming that a through-space 
mechanism '* again contributes substantially to CF3-CF, 
coupling, remaining peak assignments are tentatively made on 

( 7 )  

the basis of minimum F-F separations established by molecular 
graphics studies, the smaller the F-F distance the larger being 
the coupling constant. 

The formation of (7) from (3) clearly involves C-S bond 
fission at some stage to generate an q'-thiocarboximido ligand, 
a process for which precedents exist in molybdenum 
c h e m i ~ t r y . ~ ~ , ~ ~  This can be explained in terms of the mechanism 
in Scheme 3 in which insertion of CF,C&CF, into the M=C 
bond of the q2-vinyl metal linkage to give an intermediate q4- 
butadienyl complex (8) precedes C-S bond fission. I note that 
three q4-butadienyl complexes have recently been structurally 
characterised 5bs34*35 one of which, (S), compared closely with 
intermediate (8). 

(9) 

Whatever the mechanistic details of the reaction, the 
formation of (7) from (3) illustrates that an q2-vinyl ligand and 
a co-ordinated alkyne can undergo carbon-carbon bond 
formation at a metal centre to yield a new q2-vinyl ligand in a 
process which serves as a model for metal-promoted alkyne 
oligomerisation reactions. Previously it has been pointedout that 
q2-vinyls could function as intermediates in alkyne oligo- 
merisations" and this reaction is clearly in accord with these 
proposals. The results of the present work and previous 
studies 9,15b involving reactions of alkynes with co-ordinated 
q2-vinyl ligands to give alkyne oligomerisation products can 
therefore be summarised as follows. The alkyne can insert 
directly into the M S  bond as illustrated in Scheme 3. This type 
of reaction finds precedent in the reactions of alkynes with a 
variety of metal alkylidene and alkylidyne complexes which 
involve insertion into the or M e  bonds.,' 
Alternatively this could be preceded by an q2 - a vinyl 
transformation such that insertion occurs into a metal-carbon 
single bond as discussed previously. Interestingly, however, 
reaction of the a-vinyl alkyne complex [Mo(CO)(CMe=CH- 
(Me)}(MeC=CMe)(q5-C5H5)] with carbon monoxide results 
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Reaction of [MoCI(CF3C=CCF3),(q’-CsH5)] with 
Na(S,CNMe,).-The complex (250 mg) and Na(S,CNMe,) 
(130 mg) in thf (20 cm3) were stirred at room temperature for 2 
h. Volatiles were removed in vacuo and the residue extracted 
with diethyl ether (25 cm3). The extract was filtered, hexane (15 
cm3) added, and the solution concentrated. On cooling to 
- 15 “C yellow crystals were obtained which were recrystallised 
a second time from diethyl ether-hexane to give 180 mg (62%) of 
[Mo{q3-C(CF,)C(CF,)S,CNMe,}(CF,C=CCF,)(q ’-C,H,)] 
(3a) (Found C, 31.6; H, 1.6; S, 10.7. Calc. for C,,H,,MoNS,: C, 
31.75; H, 1.80; S, 10.6%); i.r. (CHCI,) v ( M )  1811wm cm-’. 

Reaction of [WCl(CF,C=CCF,),(q ’-C,HS)] with Na(S,- 
CNMe,).-The complex (200 mg) and Na(S,CNMe,) (100 mg) 
reacted similarly to above for 16 h to give 85 mg (37%) of pale 
yellow crystals of [W{q3-C(CF,)C(CF,)S~CNMe~}(CF3G 
CCF3)(q’-CSHs)] (3b) (Found: C, 27.7; H, 1.60. Calc. for 
C16Hl ,NS,W: c ,  27.7; H, 1.80%); i.r. (CHCI,) v(c=C) 1 784wm 
cm-‘ . 

initially in CO rather than alkyne insertion into the Mo-C vinyl 
bond.,’ The third possibility involves bond cleavage within the 
q2-vinyl to regenerate an alkyne as in Schemes 1 and 2 and this 
subsequently undergoes oligomerisation with other co-ordin- 
ated alkynes. Evidence for this mechanism is provided by the 
diverse reactions of q2-vinyl thiolate complexes [M{q3- 
C(CF,)C(CF,)SR}(CF,C=CCF,)(qS-CSHS)] which must 
proceed oia carbon-sulphur cleavage.’ ’ It therefore appears 
that several competing mechanisms may be available for metal- 
promoted alkyne condensation reactions which lead to linear or 
cyclic oligomerisation products via intermediate q2-vinyl 
complexes. 

Experimental 
N.m.r. spectra were recorded in CDCl, (unless stated otherwise) 
on a Bruker WP 200 SY spectrometer at 200.13 (‘H) and 188.31 
MHz (I9F). Coupling constants are in Hz while chemical shifts 
are referred to SiMe, and CCI,F, 6 = 0. 1.r. spectra were 
recorded as solutions on a Perkin-Elmer 580 spectrophoto- 
meter. Reactions were carried out under dry oxygen-free 
nitrogen using standard Schlenk techniques. Solvents were 
dried by refluxing over powdered calcium hydride (Et,O, 
hexane), P,O, (dichloromethane), or sodium-benzophenone 
(thf and toluene) and distilled just before use. Complexes 
[MCI(CF3C=CCF3),(qS-CSHs)] (M = Mo or W) and metal 
salts TI(SC,H,N) ’ and Na(S,PMe,) 39 were synthesised by 
known methods while Ag(0,CMe) and Na(S,CNR,) (R = Me 
or Et) were obtained commercially. 

Reaction of[MoCI(CF,C=CCF3),(q’-C5Hs)] with Ag(0,C- 
Me).-The complex (200 mg) and Ag(0,CMe) (120 mg) in thf 
(20 cm3) were stirred at room temperature for 2 h. Volatiles 
were removed in uucuo and the liquid extracted with diethyl 
ether (20 cm3) and centrifuged. The clear liquid was transferred 
to another vessel, hexane (10 cm3) added, and the solution 
concentrated. On cooling to -15  “C pale yellow crystals 
formed which were recrystallised a second time from diethyl 
ether-hexane to give 120 mg (51%) of [Mo(O,CMe)(CF,C,- 
CF3),(q’-CSHs)] (la) (Found: C, 32.9; H, 1.6. Calc. for 
C,,H,F,,MoO,: C, 36.1; H, 1.45%); i.r. (CCI,) v(C=C) 1 824w 
(sh) and 1810wm cm-’. 

Reaction of [WCI(CF,C=CCF,),(q’-C,H,)] with Ag(0,C- 
Me).-The complex (250 mg) and Ag(0,CMe) (140 mg) 
reacted similarly to give 170 mg (65%) of off-white crystals of 
[W(0,CMe)(CF3C,CF,),(q5-C,H,)] (lb) (Found: C, 28.7; H, 
1.3. Calc. for C,,H,F,,O,W: C, 28.5; H, 1.25%); i.r. (CCI,) 
v(C=C) 1 800w (sh) and 1 784wm cm-’. 

Reaction of [MoCl(CF3C=CCF3),(q’-CsH5)] with Na(S,- 
PMe,).-The complex (200 mg) and Na(S,PMe,) (75 mg) in 
thf (20 cm’) were stirred at room temperature for 3 h. Volatiles 
were removed in uucuo and the residue extracted with diethyl 
ether (25 cm3). The extract was filtered, hexane (15 cm3) added, 
and the solution concentrated. On cooling to - 15 “C yellow- 
brown crystals were obtained which were recrystallised a second 
time from diethyl ether-hexane to give 120 mg (51%) of [Mo- 
{q3-C(CF,)C(CF3)S,PMez}(CF3C=CCF3)(q’-CsHs)] (2a) 
(Found: C, 29.3; H, 1.7; S, 10.1. Calc. for C,,H,,MoPS,: C, 29.5; 
H, 1.80; S, 10.5%); i.r. (CHCI,) v(C=C) 1799wm cm-’. 

Reaction of [WC1(CF,C=CCF3),(q’-CsH5)] with Na(S,- 
PMe,).-The complex (200 mg) and Na(S,PMe,) similarly 
gave 85 mg (37%) of pale yellow-brown crystals of [W{q3- 
C(CF3)C(CF3)S,PMe,}(CF3C=CCF3)(qs-C5Hs)] (2b) 
(Found: C, 25.9; H, 1.4. Calc. for C,,H,,PS,W: C, 25.8; H, 
1.60%); i.r. (CHCI,) v(C=C) 1 764wm cm-’. 

Reaction of[MoC1(CF,C=CCF,),(q’-CSHs)] with Na(S,C- 
NEt,).-The complex (300 mg) and Na(S,CNEt,) (150 mg) 
reacted similarly for 2 h to give 205 mg (56%) of yellow crystals 

CsHs)] (&) (Found C, 32.7; H, 2.5; N, 2.5. Calc. for 
C,,H,,MoNS,: C, 34.1; H, 2.35; N, 2.20%); i.r. (CHCI,) v(C=C) 
1807wm cm-’. 

of [Mo{q3-C(CF,)C(CF,)S2CNEt2}(CF3C=CCF,)(q ’- 

Reaction of [WCI(CF3C=CCF3)2(q’-C5HS)] with Na(S,- 
CNEt,).-The complex (200 mg) and Na(S,CNEt,) (90 mg) 
reacted similarly for 15 h to give 80 mg (34%) of pale yellow 
crystals of [W{ q 3-C(CF3)C(CF,)S2CNEtz}(CF3C=CCF,)(q ’- 
C,H,)] (3d) (Found: C, 29.6; H, 1.9. Calc. for C18H15NS,W: C, 
29.95; H, 2.10%); i.r. (CHCI,) v(C=C) 1 776wm cm-’. 

Thermolysis of [Mo{q3-C(CF,)C(CF,)S~CNMez}(CF3C= 
CCF,)(q5-C5H,)] (3a).-The complex (60 mg) was dissolved in 
toluene (30 cm’) and transferred to a thick glass tube fitted with 
a Westef stopcock. The solution was degassed using the freeze- 
thaw method and then heated at 65 “C for 48 h. Solvent was 
removed in uucuo and the residue extracted with diethyl ether 
(10 cm3). Hexane (5 cm3) was added and following con- 
centration and cooling to - 15 “C yellow crystals were obtained. 
A second crystallisation from dichloromethane-hexane gave 28 

(Found:C, 32.1; H, 1.6;N,2.2.Calc.forCl6Hl,MoNS,: C,31.75; 
H, 1.80 N, 2.30%). Concentration of the mother-liquor from the 
first crystallisation gave an impure solid which was recrystal- 
lised twice from dichloromethane-hexane to give 5 mg (8%) of 
[Mo{q3-C(CF3)C(CF3)C(CF,)(CF3)S}(q2-Me,NCS)(q ’- 
C,H,)] (7a) (Found: C, 32.0; H, 1.7. Calc. for CI6H,,MoNS,: 
C, 31.75; H, 1.80%). 

Thermolysis of [Mo{q3-C(CF3)C(CF3)S~CNEtz}(CF3G 
CCF3)(q5-CsHs)] (&).-The complex (50 mg) reacted 
similarly to give 16 mg (32%) of [Mo(S,CNEt,){q4- 
C,(CF,),}(q’-C,H,)] (4b) (Found: C, 34.5; H, 2.3; N, 2.0. Calc. 
for C,,H,,MoNS,: C, 34.1; H, 2.35; N, 2.20%) and 4 mg (8%) 

C’H,)] (7b) (Found: C, 33.8; H, 2.2. Calc. for CI8H,,MoNS,: 
C, 34.1; H, 2.35%). 

Photolysis of [Mo{q3-C(CF,)C(CF3)S~CNEt,)(CF,Cr 
CCF,)(q’-C,H,)] (3c).-The complex (150 mg) in diethyl ether 
(30 cm3) was transferred to a thick glass tube under nitrogen 
and the solution degassed by the freeze-thaw method. The 
solution was irradiated with a medium-pressure mercury lamp 
for 10 d. Volatiles were removed and the solution extracted with 

mg (47%) of CMo(SzCNMe2){r14-C4(CF3)4J(tl ’-CsHs)I (4a) 

Of [Mo{ q 3-C(CF,)C(CF,)C(CF,)(CF,)S} { q ’-Et zNCS}(q ’- 
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dichloromethane (25 cm') and  filtered. Addition of hexane 
followed by concentration and  cooling to - 15 "C  gave yellow 
crystals. These were recrystallised a second time to  give 105 mg 

Et,NCS)(q5-C5H5)] (7b) (Found: C, 34.3; H, 2.4; S, 10.5. Calc. 
for C,,H,,MoNS2: C, 34.1; H, 2.35; S, 10.1%); i.r. (CHCI,) 
v(C=C) 1 570w cm-'. 

Reaction of [MoI(CO){q4-C,(CF3),}(q5-C5H5)] with 
Na(S,CNMe,).-The complex (150 mg) and Na(S,CNMe,) 
(100 mg) were refluxed in thf (30 cm') under nitrogen for 5 h. 
Volatiles were removed and the residue extracted with diethyl 
ether (25 cm3) and filtered. Hexane (10 cm3) was added, the 
solution concentrated in uacuo, and on cooling to  - 15 "C 
yellow crystals were obtained. These were recrystallised a 
second time to  give 32 mg  (23%) of (4a) ( F o u n d  C, 31.2; H, 1.8; 
N, 2.1%). 

(70%) of [Mo{q3-C(CF3)C(CF3)C(CF3)&(CF3)S}(q2- 

Reaction of [MoI(CO){q4-C4(CF3),}(q5-C5H5)] with 
Tl(SC,H,N).-The complex (100 mg) and  TI(SC,H,N) (60 mg) 
in thf (10 cm3) were stirred a t  reflux for 6 h. Volatiles were 
removed in vacuo and the residue extracted with diethyl ether 
(20 cm3). The mixture was centrifuged, hexane (10 cm3) added 
to  the clear liquid, and the solution concentrated. On cooling to  
- 15 "C  orange crystals were obtained which were recrystallised 
from diethyl ether-hexane to  give 22 mg (24%) of [Mo(SC,- 
H,N){q4-C4(CF3),}(q5-C5H5)] (4c) (Found: C, 30.6; H, 1.5; N, 
2.3. Calc. for C,,H,MoNS: C ,  30.25; H, 1.50; N, 2.35%). 
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