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Abstract 

Reaction of FeRu(CO),(‘Pr-Pyca) (5) with the alkynes RC=CC(O)OMe (R= C(O)OMe (a); R= H (b)) leads 
to the formation of FeRu(CO),(‘Pr-Pyca)(&,$-MeOC(O)C = C(R)-C(0)) (R= C(O)OMe (6a); R = H (6b)). 
In the case of the monosubstituted alkyne HC=CC(O)OMe (b) the C-C coupling reaction between the alkyne 
and the carbonyl ligand proved to be highly regioselective. However, in contrast to literature reports, the C-C 
coupling exclusively takes place at the unsubstituted alkyne C atom, which indicates that substituent effects are 
dominant. An X-ray single crystal structure of complex 6a has been determined. Red crystals of 6a are monoclinic, 
space group P2,/n, 2 = 4, with unit cell dimensions a = 9.277(2), b =20.112(4), c = 15.964(2) 8, and p = 99.267(15)“. 
The structure refinement converged to R = 0.040 for 4123 observed reflections. Thermal conversion of the complexes 
6a, b leads to the formation of FeRu(CO)S(C5H4N-2-CHN = C(Me),)(p,$-RC = CHR’) (R = R’ = C(O)OMe (7a); 
R=H, R’=C(O)OMe (7b); R=C(O)OMe, R’=H (7b’)) . m which, as a result of H migration of the isopropyl 
H atom from the ‘Pr-Pyca ligand to the alkyne, a p,$-vinyl fragment is present which is c-bonded to Ru and 
#-bonded to Fe. The former imine C atom is a-bonded to the Fe centre. The conversion of 6b leads to an 
unseparable mixture of the complexes 7b and 7b’ suggesting that during the H migration reaction the alkyne C 
atoms may change their positions and are both capable of abstracting a proton from the ‘Pr-Pyca ligand. Given 
the fact that the formation of 7t1 is strongly favoured over the formation of 7b’ substituent effects appear to 
be important in determining the product distribution of the H migration reaction. 

Introduction** 

In the past two decades the preparation and reactivity 
of complexes containing a-diimine ligands has been 
studied extensively [l-lo], and in particular compounds 
M,(CO),(L) (M = Fe,, FeRu, Ru,; L= R-DAB, R-Pyca), 
containing the 6e bridging a-N, p2-N’, q2-C=N’ bonded 
cY-diimine ligand, proved to be excellent starting com- 
pounds for a large number of interesting reactions with 
small molecules owing in many cases to the activation 
of the q2-bonded imine moiety by the bimetallic core 
[l, 4-6, 81. For the preparation of Fe,(CO),(L) (L= R- 

*Author to whom correspondence should be addressed. 
**Abbreviations: R-DAB = 1,4-diaza-1,3-butadiene, R-N= 

CHCH=N-R; R-Pyca = pyridine-2_carbaldiimine, C,H,N-2- 
CH=N-R; DMADC= MeOC(O)C=CC(O)OMe; MP= 
HCrCC(O)OMe; AIB=‘Pr-N=CHCH(N’Pr)C(R)=C(R); 
R = C(O)OMe. 

DAB, R-pyca) [4-6] and Ru,(CO),(L) (L= R-DAB, R- 
Pyca) [4, 61 several synthetic routes were known, as 
well as a synthetic route for the preparation of 
FeRu(CO),(R-DAB) [3], whereas a synthetic pathway 
for the preparation of complexes FeRu(CO),(R-Pyca) 
has only very recently become available [ll]. 

In order to explain the observed reactivity of 
FeRu(CO),(‘Pr-DAB) towards DMADC an interme- 
diate (Xl) has been proposed containing a p2-N,p2- 
N’-coordinated ‘Pr-N-CH=CH-N-‘Pr ligand PI 
(Scheme 1). Due to the presence of the aromatic ring 
this intermediate cannot be formed starting from 
FeRu(CO),(‘Pr-Pyca). Moreover FeRu(CO),(‘Pr-DAB) 
reacted with MP to yield products containing a DAB 
ligand in a 8e donating (r-N,a-N’,$-C=N,q2-C=N’ 
coordination mode [9], which would not be possible 
for a ‘Pr-Pyca ligand. 
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‘Pr 1 

Scheme 1. Proposed mechanism for the reactions of FeRu(CO),(‘Pr-DAB) (1) with DMADC (taken from ref. 9). 

For these reasons we were prompted to investigate 
the reactions of FeRu(CO),(‘Pr-Pyca) with DMADC 
and MP and compare the results with those found for 
FeRu(CO),(‘Pr-DAB) [9]. In this article we present 
the results of the reactivity of FeRu(CO),(‘Pr-Pyca) 
(5) towards the alkynes DMADC and MP, in relation 
to the results reported for FeRu(CO),(‘Pr-DAB) [9]. 

Experimental 

Materials and apparatus 
‘H and 13C NMR spectra were recorded on Bruker 

AC-100 and AMX300 spectrometers. IR spectra 
(v(C0); 2200-1600 cm-l) were measured on a Perkin- 
Elmer 283 spectrometer. Mass spectra were obtained 
on a Varian MAT 711 double focussing mass spec- 
trometer with a combined EI/FI/FD ion source and 
coupled to a spectra system MAT 100 data acquisition 
unit [12]. Elemental analyses were carried out by the 
section elemental analyses of the Institute of Applied 
Chemistry TNO, Zeist, The Netherlands. All prepa- 
rations were carried out under an atmosphere of purified 
nitrogen, using carefully dried solvents. Column chro- 
matography was performed using silica gel (Kieselgel 
60, Merck, 70-230 Mesh ASTM, dried and activated 
before use) as the stationary phase. Dimethyl acetylene 
dicarboxylate and methyl propionate were obtained from 
Aldrich and used as received. FsRu(CO),(‘Pr-Pyca) (5) 
was prepared according literature procedures [ 111. 

Synthesis of FeRu(CO), (‘Pr-Pyca) (p-7: 173- 
C(R) = C(R) -C(O)) (R = C(O)OA4e (ba)) by reaction 
of FeRu(CO),(‘Pr-Pyca) (5) with DMADC 

FeRu(CO),(‘Pr-Pyca) (5) (250 mg, 0.53 mmol) was 
dissolved in 75 ml hexane and 150 mg DMADC (1.06 
mmol) was added. The mixture was stirred at room 
temperature until IR spectroscopy indicated that 
the conversion was completed (about 22 h). The 
precipitated product FeRu(CO),(‘Pr-Pyca)(p-n1,q3- 
(R)C=C(R)-C(0)) (R = C(O)OMe (6a)) was filtered 
off, washed with hexane and extracted from the filter 
with CH,Cl,. Evaporation to dryness afforded 6a in 
80-90% yield. Crystallization from hexane/THF resulted 
in red crystals that were suitable for an X-ray single 
crystal structure determination. 

Synthesis of FeRu(CO), (‘Pr-Pyca) (p-ql, q3- 
C(R) =C(H) -C(O)) (R = C(O)OMe (6b)) by reaction 
of FeRu(CO),(‘Pr-Qca) (5) with MP 

FeRu(CO),(‘Pr-Pyca) (5) (470 mg, 1.0 mmol) was 
dissolved in 100 ml hexane and 3 equiv. of MP (0.25 
g) were added. The mixture was stirred at 35 “C until 
IR spectroscopy indicated that complex 5 had disap- 
peared (about 30 h). The precipitated product was 
filtered off and extracted from the filter with CH,Cl,. 
The extract was concentrated to 5 ml and purified by 
column chromatography. Elution with ligroin/CH,Cl, 
(l/l) afforded a yellow-brown fraction containing a 
small amount of an unidentified product. Elution with 
CH,Cl, afforded a red-purple fraction that was evap- 
orated to dryness and yielded FeRu(CO),(‘Pr-Pyca)(p- 
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TABLE 5. Mass spectroscopic and IR data and elemental analyses of the complexes 6a, b and 7a, b/b’ 

Complex FD-mass IR” (cm-‘) 
obs. (talc.) v(C=O) 

6a 616 
(615.32) 

6b 558 
(557.28) 

7a 588 
(587.31) 

7bK’b’ 539 
(529.27) 

2045(s), 2015(vs), 1980(m), 1%7(sh), 
1915(w), 1737(m), 1713(w) 

2038(s), ZOOS(vs), 1968(s), 1953(sh), 
1900(w), 1725(sh), 1712(m) 

2045(s), 2010(s), 1980(s), 1970(sh), 
1715(m), 1710(sh) 

2045(s), 2005(s), 1968(s), 1953(sh), 
1700(m) 

Elemental analysis (%): obs. (talc.) 

C H N 

41.24 
(40.90) 

40.66 
(40.95) 

not analyzed 

3.09 4.37 
(3.09) (4.57) 

2.96 4.91 
(2.90) (5.03) 

not analyzed 

“CH,Cl, solution. 

TABLE 6. ‘H NMR” data of the complexes 6a, b and 7a, b/b’ 

6a 8.67 (lH, s, N=CH); 8.11 (lH, d, 5 Hz, py-H6); 7.79 
(2H, m, py-H3/H4); 7.31 (lH, dd, 7 Hz/5 Hz, py-HS); 
4.34 (lH, sept, 6 Hz, ‘Pr-CH); 3.86/3.67 (3H/3H, s, 
C(O)OCH,); 1.48 (6H, d, 6 Hz, ‘Pr-CHs) 

6b 8.64 (lH, s, N=CH); 8.17 (lH, d, 5 Hz, py-H6); 7.79 
(2H, m, py-H3/H4); 7.25 (lH, dd, 7 Hz/5 Hz, py-HS); 
4.53 (lH, s, C(R)=CH); 4.37 (lH, sept, 6 Hz, ‘Pr-CH); 
3.89 (3H, s, C(O)OCH,); 1.48 (6H, d, 6 Hz, ‘Pr-CH,) 

7a 8.52 (lH, d, 6 Hz, py-H6); 7.86 (2H, m, py-H3/H4); 
7.25 (lH, dd, 6 Hz/7.5 Hz, py-HS); 6.02 (lH, s, 
C=C(R)H); 3.80 (lH, s, N-CH); 3.72/3.64 (3H/3H, s, 
C(O)OCH,); 2.18/1.75 (3H/3H, s, N=C(CH,),) 

7b 9.40 (lH, d, 16 Hz, Ru-CH=C); 8.43 (lH, d, 6 Hz, py- 
H6); 7.69 (2H, m, py-H3/H4); 7.10 (lH, dd, 7 Hz/6 Hz, 
py-KS); 6.41 (lH, d, 16 Hz, C=C(R)H); 3.85 (lH, s, 
N-CH); 3.69 (3H, s, C(O)OCH,); 2.05/1.71 (3H/3H, s, 
N=C(CH& 

7b’ 8.47 (IH, d, 6 Hz, py-H6); 7.64 (2H, m, py-H3/H4); 
7.12 (lH, dd, 7 Hz/6 Hz, py-HS); 6.30/5.41 (lH/lH, s, 
C=CH,); 3.92 (lH, s, N-CH); 3.66 (3H, s, C(O)OCH,); 
2.15/1.71 (3H/3H, s, N=C(CH&) 

aCDCls, 100 MHz, 293 K. 

be emphasized that Xl, which has been proposed several 
times [3, 9, 291, has never been isolated or detected. 
In our case it is obvious that 5 would not be able to 
give a product like 4, since intermediate Xl is not 
accessible due to the presence of the aromatic pyridine 
ring in the ‘Pr-Pyca ligand. 

Complex 5 reacted with DMADC to give 6a (Scheme 
2) in which both nitrogens are still coordinated to 
the Ru centre and which contains a p-n1,n3- 
C(R)=C(R)-C(0) fragment resulting from a coupling 
of the alkyne to a carbonyl ligand. In this reaction the 
‘Pr-Pyca ligand changed from a 6e donating u-N,p2- 
N’,n2-C=N’ coordination mode to a 4e donating u- 
N,a-N’ coordination mode. Although FeRu(CO),(‘Pr- 
DAB) (1) (Scheme 1) and FeRu(CO),(‘Pr-Pyca) (5) 

TABLE 7. 13C NMR” data of the complexes 6a, b and 7a, b/b’ 

6a 

6b 

7a 

7b 

23.8/24.2 (iPr-CH,); 52.8/53.0 (OCH,); 53.4 
(CR=CR-CO); 66.2 (iPr-CH); 126.7 (py-6); 128.2 (py- 
C’); 138.5 (py-C’); 152.0 (py-c6); 153.2 (py-C*); 158.1 
(CR=CR-CO); 159.4 (N=CH); 166.0/176.4 (COOMe); 
191.0 (Ru-CO); 197.5 (Fe-CO); 230.4 (CR=CR-CO) 

23.6/24.2 (‘Pr-CH,); 47.6 (CR=CH-CO); 53.1 (OCH,); 
65.9 (‘Pr-CH); 126.1 (py-d); 128.1 (py-C’); 138.2 (py- 
C?); 147.0 (CR=CH-CO); 151.9 (py-c6); 153.5 (py-C’); 
159.1 (N=CH); 176.7 (COOMe); 191.0 (Ru-CO); 
198.4 (Fe-CO); 236.6 (CR=CH-CO) 

26.9/32.9 (N=C(CH,),); 51.8 (OCH,); 72.6 
(N=C(Me),); 102.5 (CR=CHR); 121.8 (py-6); 122.0 
(py-C3); 124.7 (CR=CHR); 138.2 (py-C?); 151.5 (py-C6); 
153.5 (py-C’); 163.4 (N=CMe,); 170.8/177.2 (COOMe); 
197.7/202.4 (Ru-CO); 215.6 (Fe-CO) 

27.U33.7 (N=C(CH,),); 53.3 (OCH,); 71.7 
(N=C(Me),); 113.8 (CH=CHR); 121.8 (py-d); 122.2 
(py-C3); 131.6 (CH=CHR); 138.3 (py-C?); 151.5 (py-c6); 
154.2 (py-C*); 165.6 (N=CMe,); 173.8 (COOMe); 199.3/ 
203.4 (Ru-CO); 213.4 (Fe-CO) 

“CDCl,, 25 MHz, 263 K. 

(Scheme 2) react differently with DMADC, i.e. pro- 
ducing 2 and 6a, respectively, the formation of 6a does 
not change the arguments favouring the proposed mech- 
anism for the reaction of 1 with DMAC (Scheme 1). 
Since both 6a and 2 contain an a-diimine ligand co- 
ordinated to the Ru centre, while no product like 4 
was observed starting from 5, the formation of 6a as 
a single product is in agreement with the mechanisms 
shown in Schemes 1 and 2, and with the proposed 
structure of the key intermediate Xl. 

However, an interesting question is why in the case 
of 5 a coupling reaction between the alkyne and a 
carbonyl ligand takes place (Scheme 2), while in the 
case of 1 it does not (Scheme 1). For Fe,(CO),(L) 
(L = R-DAB, R-Py ca, Bipy) a similar behaviour was 
observed since Fe,(CO),(R-DAB) reacts with DMADC 
to form Fe,(CO),(R-DAB)&-DMADC) [30] while 
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WWdR-Pica) and Fe,(CO),(Bipy) react with 
DMADC to give Fe&-n’,T’-(R)C=C(R)-C(O))- 
(CO),(L) (L=R-Pyca, Bipy; R=C(O)OMe) in 50% 
and 75% yield, respectively [20]. Moreover MP reacts 
with Fe,(CO),(L) to give Fe&q’,n”-(R)C=C(R’)- 
C(O))(CO),(L) for L=R-DAB (yield about 5%) and 
for L = R-Pyca (yield about 50%). 

These results indicate that the alkyne-carbonyl cou- 
pling is favoured when weaker rr-accepting R-Pyca or 
Bipy ligands are used instead of R-DAB. The electronic 
properties of the cY-diimine as described above influence 
the amount of r-backdonation to the carbonyl ligands 
thus making them more or less susceptible to nucleo- 
philic attack by the alkyne*. Alternatively one may 
employ an alkyne which is sufficiently nucleophilic to 
attack a carbonyl ligand, i.e. an alkyne which does not 
have two electron withdrawing substituents. 

An analogous coupling of an alkyne and a carbonyl 
ligand resulting in complexes containing a p-q1,v3- 
C(R)=C(R)-C(0) fragment has been observed for 
reactions of M2(C0)4(Cp)2 with various alkynes [25, 
271. Often mixtures of CR-CR’-CO and 
CR’-CR-CO coupled products were obtained. It was 
concluded that steric effects are important in deter- 
mining the product distribution, especially when alkynes 
of the type HC=CR were used [27]. However, since 
steric differences of the alkyne substituents cannot 
explain the differences in reactivity between the R- 
DAB, R-Pyca and Bipy systems as described above, 
we think that in our case electronic effects are dominant. 
These results again clearly indicate that our systems 
differ substantially from the photochemically induced 
reactions reported by Knox and co-workers [27] for 
which a plausible mechanism via a CO-loss photoproduct 
has been reported by Bursten et al. [32]. Support for 
the idea that the photochemical induction is one of 
the main causes for the observed differences can be 
found in the work of Shaw and co-workers who reported 
a comparable alkyne-carbonyl coupling on a FePt system 
[24]. For this non-photochemical system coupling of 
the carbonyl ligand to the unsubstituted alkyne C atom 

*It is known that more r-backdonation leads to more positive 
polarization of the carbonyl C atom thus making the carbonyl 
ligand more susceptible for nucleophilic attack. At first sight this 
seems counterintuitive, but it has been found [31] that the 
calculated positive charges of the carbonyl C atoms decrease in 
the order V(CO)6- (+ 0.25) Cr(CO), (+ 0.20) and Mn(CO),+ 
( + 0.18). 
**Unlike Shaw and co-workers we found no evidence for the 

occurrence of isomerization of the Ru-C(R)=C(H)-C(O)-Fe 
complex to the comparable Ru-C(H)=C(R)-C(O)-Fe com- 
plex. However, this does not rule out the possibility that the 
formation of a C(R)=C(H)-C(0) coupled product is kinetically 
controlled while a C(H)=C(R)-C(0) coupled product would 
thermodynamically have been more favourable, since the R group 
would then occupy the sterically least demanding site. 

proved to be the favoured product which is in agreement 
with the non-photochemical systems presented here**. 

In Scheme 3 two possible routes for the formation 
of complexes 6 are presented. The first one involves 
a direct attack of the coordinated alkyne at the Fe 
centre on one of the carbonyl ligands to give 6. The 
second one, which is comparable to the mechanism 
proposed by Knox and co-workers [27], proceeds via 
intermediate X5 and involves an initial C-C coupling 
of the alkyne to a carbonyl ligand at the Fe centre. 
The ferracyclobutenone fragment produced this way, 
after a rearrangement, leads to the formation of a 
complex containing a p-q1,n3-C(R)=C(R)-C(0) frag- 
ment. For reasons outlined above we suggest a direct 
nucleophilic attack of the alkyne on the carbonyl ligand 
to be the most likely possibility in our case. 

Reaction of 5 with MP 
The reactions of FeRu(CO),(‘Pr-DAB) (1) with 

MP gave the complex FeRu(CO),(‘Pr-DAB)(HC= 
CC(O)OMe) in which the alkyne is F,-bridging and 
the DAB ligand acts as an Se donating a-N,o-N’,$- 
C=N,$-C=N’ ligand [9]. It was therefore of interest 
to try the corresponding reaction with 5, since its ‘Pr- 
Pyca ligand can at most donate 6 electrons. 

The reaction of 5 with MP resulted in the formation 
of 6b (Schemes 2 and 3), containing five terminal 
carbonyl ligands and a ~-~1,~3-C(R)=C(H)-C(0) frag- 
ment. Although in principle two regioisomers might be 
expected for 6a spectroscopic data indicated that only 
that product is formed in which a carbonyl ligand is 
coupled to the unsubstituted alkyne C atom. Since the 
unsubstituted C atom is more nucleophilic than the 
alkyne C atom carrying the electron withdrawing sub- 
stituent the coupling to the unsubstituted C atom 
therefore again supports the suggestion that the alk- 
yne-carbonyl coupling is a result of a nucleophilic attack 
of the alkyne on a carbonyl ligand (vide supra). 

When comparing the reactivity of MP with 
Fe,(CO),(Pyca) and 5, respectively, we find an enhanced 
regioselectivity for 5, since in the case of Fe,(CO),- 
(Pyca) both coupling to the substituted and the un- 
substituted alkyne C atom is observed [20] whereas the 
reaction of 5 with MP gives rise to the CR-CH-CO 
coupled product exclusively. This is in accord with the 
findings by Knox and co-workers who concluded that 
the FeRu compound appeared to be far more selective 
in coupling reactions of carbonyl ligands and alkynes 
than the homonuclear complexes [27,33]. It is however 
important to note that for the systems reported by 
Knox and co-workers coupling to the substituted alkyne 
C atom proved to be the favoured, whereas in the case 
of the M,(CO),(R-Pyca) systems coupling to the un- 
substituted alkyne C atom is the favoured one. In the 
system presented here electronic effects appear to favour 
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Me 

Scheme 4. Observed sequence for the thermal conversion of Fel(CO)s(‘Pr-DAB)(h,$-RC=CR) (R=C(O)OMe)) [30]. 

We have as yet no clear idea about the intramolecular 
proton abstraction mechanism. Although there are sev- 
eral indications that the reaction proceeds via a metal 
hydride as intermediate [36, 371, this intermediate itself 
has never been observed. However, the reaction mech- 
anism must involve a decoupling of the alkyne and the 
carbonyl ligand which is a phenomenon that is quite 
common for complexes containing a p-$,q3- 
C(R)=C(R)-C(0) fragment [32,34,35]. In this respect 
it is interesting to note that thermal conversion of 
Fe,(CO),(iPr-DAB)(~z,$-C(R)=C(R)) (2’) leads to a 
similar C-H activation reaction but the starting complex 
of this system contained a F2,n2-coordinated alkyne 
[30] (Scheme 4). It is therefore reasonable to surmise 
that a common type of intermediate, like for instance 
intermediate X3, is formed during the proton abstraction 
reactions of 6a and 2’, producing 7a and 7c, respectively 
(Schemes 3 and 4). 

It is interesting to note that in the case of 
Fe,(CO),(‘Pr-DAB)(p.,,$-DMADC) (2’) a complex 
analogous to 7c was not the only product obtained, 
since the main product was the allylic complex 
Fe,(CO),(Me,C=N-CHCHN-‘Pr)($-RC=CHR) (3’) 
[30] (Scheme 4). The same reactivity was observed 
for the heteronuclear FeRu(CO),(‘Pr-DAB)&,+- 
DMADC) (2) which upon heating yielded 
FeRu(CO),(Me,C=N-CHCHN-‘Pr)($-RC=CHR) 
(3) [9] (Scheme 1). Due to the presence of the aromatic 
pyridine ring in 6a a complex such as 3 or 3’ cannot 
be formed starting from 6a. This result once again 
shows the enormous influence of the type of cz-diimine 
used on the outcome of the reactions. 

Supplementary material 

Tables of anisotropic thermal parameters, all H atom 
parameters, bond lengths, bond angles and torsion 

angles for 6a (6 pages), and listings of observed and 
calculated structure factor amplitudes for 6a (28 pages) 
can be obtained from author A.L.S. 
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