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The reactions of the MenC6H6_,~M(CO)_~ (M = Cr, Mo, W; n = 3, 5, 6) and CsRsM(CO) 3 
(M = Mn, Re; R = H, Me) complexes wilh propargyl alcohol in acidic media under UV 
irradiation were studied. Novel MenC6H6_nM(CO)2(H3-C3H3)BF4 (M = Mo, W; n = 3, 5, 
6) and CsRsRe(CO)2(rl3-C3H3)CF3SOa complexes with the 3e-propargyl ligand were synthe- 
sized, and their properties compared with those of similar rl3-allyl derivatives. The structure 
and dynamic properties of the compounds obtained are discussed. 
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Generation of the carbenium center at the ~x-posi- 
tion to the double bond coordinated with the transition 
metal atom results in the formation of stable cationic 
complexes with the rl3-allyl ligand. These transforma- 
tions have previously been studied IJ in detail for com- 
plexes of Group VI--Vl l i  metals with olefinic ligands 
based on allyl alcohol or conjugated dienes in acidic 
media. The works on studying stabilization of carbenium 
ions at the (z-position to the coordinated triple bond 
resulted in synthesis of sufficiently stable cationic com- 
plexes of Mo, 3,4 W, 3 Re, 5-7 Zr, 8 Pd, 9,10 and Pt 9,11-14 
with the three-electron rl3-propargyl ligand. This work 
is devoted to studying the regularities of formation of 
mononuclear  cationic complexes of Group VI and VII 
metals with the 3~-rl3-propargyl ligand and their struc- 
ture. 

We have previously found I that UV irradiation of 
arenechromiumtricarbonyl derivatives in the presence of 
propargyl alcohol and aqueous tetrafluoroboric acid or 
its ether'ate (Scheme 1) results in the formation of cat- 
ionic complexes with the 2-hydroxyallyl ligand ( la - -e ) .  

Cr(CO) 3 

Scheme 1 

+ HC --CCH20H + HBF a Et20 

Men I | 

ooJ?> J, t 
CO ~" "OH 

l a - - c  

n = 0 (a), 3 (1,3,5-Me 3) (b), 6 (c) 

Unlike arenechromiumtricarbonyls,  a similar one- 
stage reaction of CpM(CO) 3 (M = Mn, Re) resulted in 
the formation of cationic complexes in low yields and 
was accompanied by a considerable decomposition of 
the reagents. For example, according to the data of 
]H NMR spectroscopy, UV irradiation of an ethereal 
solution of CpMn(CO) 3 and propargyl alcohol followed 
by treatment of the n-complex with propargyl alcohol 
(2) formed in situ with 48% aqueous HBF 4 (Scheme 2) 
affords a mixture of two rt-allyl complexes 3 and 4 
approximately in a ratio of 2.5 : 1.0, which, however, 
does not necessarily reflect the initial ratio of reaction 
products, because their multiple precipitation with ether 
from nitromethane was required to obtained a satisfac- 
tory" ~H NMR spectrum. 

Scheme 2 

~ 7  HC--CCH2OH, hv % / c C  H HBF~._ 
Et20 OC / 

M(CO) 3 20H 
M =Mn, Re 2: M=Mn 

5: M = Re 

3 : M =  Mn 4 :  M = Mn 
6 : M  = R e  7 :  M = Re 

In the case of CpRe(CO)3, this reaction in ether is 
impeded by the formation o f  a sufficiently stable 
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dicarbonyl complex with ether (with the characteristic 
bands in the IR spectrum: vCO(Et20)  1846. 1917 cm-I) ,  
which is present in a considerable excess as compared to 
the corresponding complex 5 with propargyl alcohol (with 
the characteristic bands in the IR spectrum: vCO(C6H6) 
1880, 1944 cm- l ) .  Therefore, benzene was used as a 
solvent instead of ether, which afforded a mixture of 
cationic complexes 6 and 7 with a ratio of I : 1. accord- 
ing to the data of lH NMR spectroscopy. 

Complexes 3 and 4 are sand-colored solid sub- 
stances, and complexes 6 and 7 are light-sandy solids, 
sufficiently stable in air and soluble only in polar sol- 
vents. 

The I R spectra of compounds 3, 4, 6, and 7 exhibit 
two absorption bands in the region of  2000--2050 cm -s, 
In the I H N M R spectra of complexes 3 and 4, the signals 
of protons of  the 2-hydroxyallyl ligand are close to those 
observed for compound I. A noticeable value of the 
geminal  spin-spin coupling constant  (JH~v,THonri = 
3--4 HZ) is the characteristic feature of compiexes 6 and 
7, which was also observed for rhenium allyl complexes 
with the unsubstituted allyl ligand, z 

The picture observed i~l the IH NMR spectra of  
complexes 4 and 7 is close, as a whole, to that in the 
spectra of  compounds 3 and 6, except for the signals 
characteristic of the noncoordinated propargyl fragment. 

The formation of a mixture of  products 3, 4 and 6, 7 
can be explained by the competi t ive addition of water or 
propargyl alcohol to an intermediate reactive species, 
which was not detected by 1R spectra. This is confirmed 
when the reaction is performed in two stages: with the 
formation of  sufficiently stable complex 2 followed by 
its protonat ion,  which afford complex 3 as a single 
product.  

It is most likely, in all cases, that n-complexes with 
propargyl alcohol are formed at the first stage after 
el imination of  the CO ligand under UV irradiation 
(which is confirmed by the I R spectra in tile carbonyl 
stretching region), and in the case of  CpMn(CO)3, this 
complex was isolated and characterized.  15 At the next 
stage, this complex is protonated at the oxygen atom of  
the OH group followed by dehydrat ion  and formation of  
a propargyl complex, the a t tack of  which by water or 
alcohol should result in products  of  the type of 1, 3, 6 
or 4, 7, respectively. 

In the examples considered,  we failed to detect 
intermediate cationic species, in particular, the coordi-  
nated propargyl  cation, because of  ~eir .hi .gh reactivity~ 
Therefore. we attempted to increase their stability, using 
similar derivatives of heavier metals from the same 
subgroup and ligands with stronger donating properties. 
Molybdenum and tungsten arenemetaltr icarbonyl com- 
plexes were chosen as starting compounds,  because it 
could be expected that stabil ization of  cationic species 
on the atoms of these metals is higher than on the 
chromium atom. 

The use of  an immersion lamp allowed these com- 
pounds to be efficiently involved in reactions of CO 

substitution. It has been found that UV irradiation of  
arenemolybdenumtricarbonyls with propargyl alcohol and 
tetrafluoroboric acid etherate in ether results in the 
formation of single products, stable cationic complexes 
containing no 2-hydroxyallyl ligand (Scheme 3). The 
compounds obtained were isolated and characterized by 
the data of elemental analysis and IR and ZH and 
13C NMR spectra, and the pentamethylbenzene deriva- 
tive was characterized by the XRD method. 4 Based on 
these data, we assigned to them the structure of  com-  
plexes 8 containing the HC---C--CH 2 fragment as the 
three-electron ligand. 

S c h e m e  3 

M e n . / ~  + HC=CCH2OH 

Mo(CO) 3 

+ HBF 4.0Et 2 Et20 

b Mo \" ~, 
p c  

n = 3 (1,3,5-Me 3) (a), 5 (b), 6 (r 

Complexes 8a--r are red-brown substances soluble 
in polar solvents, sufficiently stable with respect to 
water and air oxygen. They can be stored without 
decomposition in a refrigerator for several months and 
can be precipitated from non-anhydrous solvents. At the 
same time, as established by IH NMR spectroscopy, in 
nitromethane containing 3--5% water, complex 8e re- 
acts with water very. slowly to form 2-hydroxyallyl de-  
rivative 9 (Scheme 4). Alter  5 days at room tempera-  
ture, signals of  complex 9 with a sufficient intensity (up 
to 3 tool.% relative to that of  8e) appear in the spec- 
trum. 

Scheme 4 

OC CO ~ ' ~ "  OH 8e 
9 

If the reaction of  preparation of the propargyl com-  
plexes is carried out in the presence of  48% aqueous 
HBF4, a mixture of  two products,  8c and 9, is formed in 
a ratio of 73 : 27 (Scheme 5) (IH N M R  spectroscopy 
data). When insufficiently anhydrous ether is used, com-  
plex 9 can be formed as an admixture (to 3--4%) even 
in the reaction with tetrafluoroboric acid etherate. 
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Scheme 5 

+ HC=CCH.OH + HBF 4 ~ 8(: + 9 EL20 , 
M MO(CO) 3 H20 

The use of  mesitylenetungstentricarbonyl as the start- 
ing compound in the reaction with propargyl alcohol 
and tetrafluoroboric acid resulted unexpectedly in a 
different result. Complex 10 that formed is of  allyl 
rather than of propargyl type (Scheme 6). 

Scheme 6 
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] ~Me 

W(CO) 3 

-~ Me - ~  BF4- 
- q - .  

Me 

10  

Complex i0 is completely identical to the product  
obtained previously in a similar reaction 2 with allyl 
alcohol instead of propargyl alcohol. In this case, the 
tungsten propargyl complex (11) was not detected even 
as an admixture. Complex 1 1 was isolated in a low yield 
in the staged reaction (Scheme 7), and the allyl com-  
plex is not formed. 

Scheme 7 
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OC CO H~// 
11 

The structure of  compound 11 was confirmed by the 
IR and IH NMR spectra, whose parameters were very 
close to those observed for complex la .  It is most likely 
that the coordinated triple bond is hydrogenated under 
condit ions of the one-stage reaction. This can be ex- 

plained by the attack of a proton at the coordinated 
triple bond with intermediate generation of  the vinyl 
cation, which then adds the hydride ion to form coordi-  
nated allyl alcohol that is easily transformed into stable 
allyl complex 10. Tungsten hydride complexes that are 
formed in parallel reactions and result in a considerable 
amount of  decomposit ion products can serve as the 
source of  the hydride ion. This possibility o f  transforma- 
tion of  the triple bond into the double bond in the 
coordination sphere of the transit ion metal  has been 
shown by us for chelate chromium complexes.  16 When 
the reaction is performed in stages, i.e., in the absence 
of an acid under UV irradiation, the presence of  virtual 
donors of  the hydride ion is ruled out, which results in 
only a single possibility of stabilization - -  through the 
formation of  p ropa~yl  complex I I .  The absence of  the 
hydroxyallyl complex in the react ion products  can be 
related to a lower reactivity of  the tungsten vinyl com- 
plex, as compared to similar chromium and molybdenum 
compounds,  and to the predominant  addit ion of the 
hydride ion, which is a stronger nucleophile than water. 

The material considered agrees with the known state- 
ment on increase in the stability of  cat ionic complexes 
with increase in the basicity o f  the metal,  which in- 
creases both on going from lighter to heavier metals in 
the same subgroup with the same ligand environment 
and for the same metal at a higher donat ing ability of 
the ligands. Therefore, along with increasing the basicity 
of  the metal, we also at tempted to vary the donating 
ability of  the ligands. An increase in the basicity of  the 
metal led to a qualitative change in the result in the 
series of  arenemetaltricarbonyl derivatives of  Group VI 
metals (Cr < Mo < W). However, in the series of  
cyc lopen t ad i eny l t r i c a rbony l  de r iva t ives  o f  G r o u p  
Vil  metals, this transition is insufficient for stabiliza- 
tion of  the propargyl ligand. In the case o f  rhenium, 
stabilization is possible only when the pentamethyl-  
substituted cyclopentadienyl ligand is used. However, 
only the starting complex decomposes under conditions 
of the direct "one-stage" reaction. Since the synthesis 
and isolation of  the cyc lopentad ienyl -  and penta-  
methy lcyc lopentad ienyl rhen iumdicarbonyl  complexes 
with terminal acetylenes through tetrahydrofuran de- 
rivatives has previously been reported,  t7 we at tempted 
to prepare a similar derivative in the reaction with 
propargyl alcohol. As a result, we succeeded in isolating 
complex 12 in the individual state (Scheme 8), al- 
though in a low yield. 5 

The structure of  compound 12 was confirmed by the 
IR and IH N M R  spectra, whose parameters  are close to 
those described previously. 17 A temperature  dependence 
appears in the IH NMR spectrum of  complex 12. For 
example, a well resolved spectrum containing a triplet at 
5.28 ppm and a doublet at 4.71 ppm (J  = 2.1 Hz) is 
observed at 25 ~ in deuteroni t romethane,  which indi- 
cates the coordination of  propargyl alcohol at the triple 
bond. The doublet is broadened on cooling,  and at a 
temperature lower than - 1 5  ~ the decoalescence of  
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Scheme 8 
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the signal with its transformation into the AB system 
with JAB = ]6.0 Hz is observed. This indicates re- 
stricted rotation of  the acetylene ligand about the metal- -  
ligand bond. The vah~e of the free energy of rotation 
AG n = 12.3 kcal tool -I  was determined from these 
experiments.* 

The addition of  tr if luoromethanesulfonic acid results 
in a substantial change in the spectral region of the 
C3H 3 fragment. A similar picture was observed for 
q3-propargyl complexes of molybdenum 8a--c  and tung- 
sten 11. This indicates the formation of  cationic propargyl 
complex 13 (Scheme 9). 

Scheme 9 

Me ... Re~ CH -Re C[ 

12 13 

Thus, the compounds synthesized are representatives 
of a new class of  complexes, mononuclear  complexes 
with three-electron q3-propargyl ligands. We attempted 
to characterize these complexes as entirely as possible 
and study their structure by different physical and physi- 
cochemical methods. They are generally close to the 
well studied q3-allyl complexes; hence,  we compared 
first of  all these two types of  compounds .  

The IR spectra of complexes 8, 11, and 13 contain 
two absorption bands in the carbonyl stretching region. As 
compared with those in the spectra of  the neutral com- 
plexes close in structure, these bands are shifted toward 
higher frequencies. For example, for rhenium complex 
13, ~v = 90--100 cm-L  The presence of only one pair of  

* The synthesis of complex 12 by a similar method has recently 
been reported. 7 It has been characterized by the SH NMR and 
IR spectra, whose parameters virtually coincide with those 
obtained by us, and also with 13C NMR spectra and XRD data. 
The temperature dependence was also explained by retarded 
rotation (J,~8 = 16 Hz, AG ~ = 12.2 kcal mol-J). 

bands indicates the absence of  endo/exo-isomerism, as 
mentioned z for the Mo, W, and Re allyl complexes. This 
can also indicate a substantial difference in the structure 
of the allyl and propa~yl complexes. As follows from the 
IR spectra, in electron-donating properties the propargyl 
ligand is close to the exo-allyl ligand. 

z H N M R spectra are more characteristic for propagyl 
complexes. Signals of protons of  CH 2 groups are the AB 
system (6 4.02--4.07 and 3.27--3.96, JAB = I0.7--  
]0.8 Hz, 4JHH = 2.2--2.5 Hz), and those of protons of 
- C H  are a triplet (6 5.5--5.7) or, more exactly, a 
doublet of  doublets with close spin-spin coupling con- 
stants (4J I = 4J 2 = 2.2--2.5 Hz). It is noteworthy that 
for complexes 8a and 9, the chemical shifts are very 
close, whereas on going from 8a to 8b and further to Be, 
some increase occurs in shielding of  all protons of  the 
C3H3 ligand, especially one (upfield) component of  the 
CH 2 group (the difference in chemical  shifts of the AB 
component  increases: for complexes 8a and 9. 0.11-- 
0.16 ppm; for 8b, 0.45 ppm; and for 8c, 0.71 ppm). 
This can indJ.cate the arrangement of  one of the protons 
of the CH 2 group near methyl substituents of the ring. 
We have previously observed a similar effect for chro- 
mium areneolefinic chelates ts when a noticeable in- 
crease in shielding of one of  the protons of  the n-bound 
vinyl group was also observed upon in- 
troduction of methyl substituents in the / 
arene ligand in the immediate vicinity H~x, / C  
of the H* atom with parallel arrange~ / C = C  
ment of  the olefinic and arene ligands H ~ H  
in the molecule. 

In the IH NMR spectrum of  rhenium complex 13, 
the chemical shifts and especially the coupling constants 
for the C3H 3 ligand are sufficiently close to the param- 
eters in the spectra of similar Mo and W complexes, 
although the signals, as a whole, are somewhat shifted 
downfield. 

In the 13C NMR spectra of  complexes 8a,e, the 
propargyl ligand appears as three signals. A doublet at 
70--75 ppm (1JcH = 243--246 Hz) corresponds to the 
carbon atom of methine. The central carbon atom also 
appears as a doublet in the region of 67--70 ppm 
(2Jet I --- 26--29 Hz), whereas the signal of the carbon 
atom of the methylene group lies in the region of 33--  
40 ppm (1JcH = 167 Hz). The signals ofarene  protons 
and Me groups in the IH N M R  spectra and the signals 
of carbon atoms in the 13C N M R  spectra are arranged 
in-the..-regions..t.hat a re . .eharac ter i s t ic .of  .them,~... but. a~e- 
somewhat shifted downfield, which agrees with the pres- 
ence of  the positive charge. According to this, an upfield 
shift of  the signals of the carbon atoms of the carbonyl 
groups is observed in the z3C N M R  spectra. The carbo- 
nyl groups are nonequivalent, which indicates the ab- 
sence of  symmetD' in molecules 8a,c. 

The data of NMR spectroscopy suggest that the CH 2 
groups are sufficiently strongly bonded with the metal 
atom. This is favored by the upfield shift of the signals of  
protons of this group in the IH N M R  spectra and of car- 
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bon atoms in the 13C NMR spectra. For example, lor the 
rhenium complexes, on going from 12 to 13, the signals 
of protons of  the CH 2 groups are shifted upfield by 
0.47 ppm (8 -4.24), even despite the presence of  the posi- 
tive charge on cation 13. In the case of molybdenum 
8a--e  and tungsten complexes I l ,  these signals are present 
in a stronger field (8 -3.6--4.0).  A similar situation is ob- 
served for the 13C N M R spectra: the upfield shift is 20--  
30 ppm as compared, for example, with the 6(CH 2) value 
for chelate chromium areneacetylene complexes. 5 

A similar tendency is observed in the case of  the 
cat ionic  manganese allyl complex CpMn(CO)?(r l  3- 
C3Hs)BF4, 2 for which the signals corresponding to the 
methylene group are also shifted upfield as compared to 
s imi lar  signals of  its p recu r so r  CpMn(CO)2(r l  2- 
CH2=CHCH2OH) .  At the same time, protons of  the 
CH 2 groups in the propargyl complexes of Mo (Sa- -c ) ,  
W (11),  and Re (13) are  less shie lded than 
protons  o f  CH 2 of  the unsubst i tuted allyl l igand 
(8 2.76) in the m o l y b d e n u m  allyl c o m p l e x  
1,3,5-Me3CrH3Mo(CO)2(q3-C3Hs)BF4. However, the 
signals o f  carbon atoms of  the CH 2 group of compounds  
8a,c are more shielded than the carbon atoms of  the 
CH 2 group of  the unsubstituted allyl ligand, z It is 
noteworthy that in the case o f  primary m e t a l l o -  
cenylcarbenium ions for the whole triad (Fe, Ru, Os), 
the signals of  the CH 2 groups in the NMR spectra (both 
~H and 13C) are shifted downfield as compared to those 
of  the corresponding carbinol,  19 and their shifts for 
protons are 1.18 (Fe),  0.66 (Ru), and 0.33 ppm (Os), 
whereas for carbon atoms, they are 49.2 (Fe),  33.2 
(Ru), and 13.9 ppm (Os). 

In addit ion,  the shape of  the signals of  the CH 2 
group (AB system) and coupling constants (JAB) also 
indicate indirectly the presence of a sufficiently strong 
bond of  this group with the metal. The coupling con-  
stant (JAB = II Hz) is much closer to that for the 
aliphatic CH 2 group (tbr 12, JAB = 16 Hz), whereas 
the geminal  constant  for the  CH 2 groups of  the 
carboranyl analog CpRe(CO)3 20 and allyl complexes is 
close to zero and ranges within 0--3 Hz. At the same 
time, the 1JI3c_ H coupling constant  for complexes 8a,c  
is 167 Hz, which is close to the corresponding values of  
IJI3c_H for metal locenylcarbenium ions and allyl com-  
plexes. The signals of  two other  carbon atoms of  the 
propargyl fragment of  complexes 8a,e are in the region 
characteristic of  coordinated acetylenes, which indi-  
caies, along with the large coupling constant (JJcH = 
243--246 Hz),* a considerably acetylenic character  of  

* The JH and 13C NMR spectroscopy data for the analog of 
complex 13 with the BF4 anion have recently been published. 7 
Their parameters are close to those obtained by us for the 
IH NMR spectrum of compound 13 and for the 13C NMR 
spectra of complexes ga,c. For example, IJ, c H = 232 Hz, 
Igcu , = 170 Hz. Another complex with the unsubstituted C3H 3 
ligancl was described IzJ3 for platinum [(PPh3)2Pt(C3H3)IBF4; 
lEt.OH = 246 Hz, IJcrt2 = 171 Hz. 

this fragment. However, the structure of  these com- 
plexes, as a whole, can be more correctly presented as 
two mesomeric structures 14 and 15 with a predominant  
contribution of  form 14. The contr ibution of  form 15 
with the atlenyl ligand takes place, most likely, with a 
much lower weight, because in this case, the geminal 
constant of protons of the C H 2 g r o u  p should be close to 
zero (0--3 Hz), and the tJcH value for the sp2-hybrid - 
ized carbon atom of the CH group should be substan- 
tially lower (within 160--170 Hz). 

H2,C, ~ ~- H ~ !  1 ~ 

C 
H H 

14 15 

And finally, the most important  information on the 
structure of the propargyl complexes was obtained from 
the XRD data* of molybdenum pentamethylbenzene 
complex 8b. 4 In molecule 8b, as in the molybdenum 
n-allyl complexes, all three carbon a toms are localized 
at bonding distances from the Mo a tom (2.282--  
2.340 ,~). However, unlike the allyl complexes,  in which 
the central carbon atom is noticeably (by -0.7 ~,) shifted 
from the plane that passes through the metal atom and 
terminal carbon atoms of  the allyl ligand, the Mo atom 
and three C atoms of  the propargyl ligand in complex 
8b are localized almost in the same plane (their  devia- 
tions from this plane do not exceed 0.014 A.). 

All data of IH and 13C N M R  spectroscopy obtained 
for propargyl complexes o f  molybdenum and tungsten 
of the type (CrM%Hr-n )M(CO)2(CH2CCH)BF4  and 
rhenium CsMesRe(CO)2(CH2CCH)BF 4 indicate that 
the symmetry plane is absent in the molecule,  which 
distinguishes them from similar complexes with the 
unsubstituted allyl ligand. This is indicated,  for ex- 
ample, by two signals corresponding to two nonequivalent 
CO groups in the 13C N M R  spectra of  the propargyl 
complexes. For the molybdenum,  rhenium, and man-  
ganese allyl complexes, we observed the dynamic  pro-  
cess related to the "rotation" of the rl3-allyl ligand 
(exo/endo-isomerism) with a coalescence temperature 
from 0 to -20 ~ An at tempt to heat solut ions of  the 
( I , 3 , 5 - M e 3 C r H 3 ) M o ( C O ) 2 ( C H 2 C C H ) B F 4  (Sa)  or  
(CrMer)Mo(CO)2(CH2CCH)BF4 ($e) complexe_s _did 
not result in a temperature dependence  in the N MR 
spectra at temperatures below 100 ~ Based on these 
data, a conclusion about s toichiometr ic  rigidity of  the 
propargyl complexes could be drawn. At the  same time, 
a temperature dependence could be absent because o f  
the absence of  appropriate enant iotopic  indicator  groups. 

* The X-ray structural study was carried out by A. I. Yanovsky 
and Yu. T. Struchkov (deceased) (A. N. Nesmeyanov lnsti[ute 
of Organoelement Compounds, Russian Academy of Sciences). 
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As is known, the lower the difference between chemical 
shifts of  enantiotopic groups, the lower the coalescence 
temperature. Therefore, for a signal with a high differ- 
ence in chemical shifts of these groups, the coalescence 
point can not be achieved, for example, because of 
decomposit ion of  the complex. In fact, in the xt-t NMR 
spectrum of  the (CdMe~H)Mo(CO)2(CH,CCH)BF 4 
complex (Sb) at room temperature, all Me groups are 
nonequivalent, and their chemical shifts differ insignifi- 
cantly; however, an increase in temperature results in 
broadening and coalescence of signals, first of m- and 
then of  o-methyl groups. It has been found in studying 
the temperature dependence of the ~H NMR spectrum 
of complex 8b in C D 3 N Q  that at - 2 0  ~ it contains 
five narrow signals with 6 2.193 (Mere), 2.204 (Meo), 
2.246 (Mep), 2.257 (Mere), and 2.410 (Meo) in the 
region characteristic of protons of Me groups. When the 
temperature increases to 20 ~ all signals remain nar- 
row, although a slight temperature drift is observed, 
which results, in particular, in overlapping of  the signals 
of the p-  and closest to it m-methyl groups. At tempera- 
tures higher than 20 ~ the signals of the m- and 
o-methyl groups are noticeably broadened, and the width 
of  the signal of  the p-methyl group remains almost 
unchanged. At 50 ~ coalescence of  m-methyl groups 
is observed (~i 2.24), and at 65 ~ o-methyl groups 
undergo coalescence (~ 2.34). Fur ther  increase in 
the temperature results in a continuous narrowing of 
signals of  m- and o-methyl groups, due to which the 
spectrum contains three signals of  methyl groups 8 2.27 
(Me m, ~,vl/2 = 1.2 Hz), 2.32 (Mep, ~,vu2 = 1.1 Hz), 
and 2.35 (Me o, zXvl/2 = 2.4 Hz) in a ratio of  2 : I : 2. 
The described temperature changes in the spectrum 
can be explained by pseudo-rotation of  the propargyl 
ligand. 

shown in the already ment ioned reactions of  the plati- 
num it and palladium 21 complexes with nucleophiles 
and by the existence of  equilibrium for the neutral 
palladium propargyl complexes 21 (Scheme 10). 

Scheme 10 

K~ R \ / X \  
Pd ~ "  Pd Pd 

X / \PPh 3 25~ Ph3P/ \X  / \ ~ R 

R = Bu t , SiMe 3, SiMe22,u t, SiPri; X --- Cl, Br, I 

The dynamic behavior of  the propargyl ligand is also 
illustrated by the exchange related to a change in the 
type of coordination q3 ~ ql for one ligand accompa-  
nied by synchronous rl I --~ q3 transformation of  the 
second ligand in the zirconium complex containing two 
propargyl ligands with different types of coordinat ion z2 
(Scheme 11). 

Scheme 11 
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Based on the data obtained,  we calculated the 
ac t iva t ion  pa rame te r s  of  this process:  AH # = 
10.1+0.5 kcal mol - t ,  &5 ~ = -21 .2+1 .6  eu, AGn29s = 
t6.4 kcal moVI , - and  E~ = - 1 0 . 8 + 0 . 5 - k c a l  m o t  - t .  T h e  
mechanism of  mutual transformation of  the propargyl 
ligand 8b" ~ 8b" was not studied specially, but it 
can be assumed that at the first stage the triple bond is 
eliminated from the metal atom in cation 8b' (including 
under the action of  the solvent) followed by turning 
about the ~ - M o - - C H  2 bond in the ql-propargyl  ligand 
and further coordination of the triple bond to the 
opposite side (8b"). The fundamental  possibility of  
rl3--rlt-transi 'brmation of  the propargyl ligand has been 

This complex exhibits a temperature dependence  in 
the JH NMR spectrum. At 240 K, the signal of  the 
CH 2 group is broadened (g 2.80), and at 180 K, it is 
split into two broad signals with equal intensities (g 3.3 
and 1.9). It is noteworthy that a similar process was also 
observed for complexes  s imul taneous ly  con ta in ing  
r and 7t-allyl ligands. 23 At the same time, complexes of 
the (rl3-AII)Pd(Hal)(PR3) type do not tend to dimeriza-  
tion accompanied by rl 3 ~ rl I transformation o f  the 
allyl ligand, which is observed in the case of  propargyl 
analogs. 2t This difference in behavior is evidently re- 
lated to- a higher s t r e n ~ h  o f  the bond Of the  rl3-allyl 
ligand as compared to that of  the "q3-propargyl ligand. 
The type of  dynamic behavior  found by us for the 
rl3-propargyt complexes has not been observed for the 
rl3-allyl complexes, although it could be detected,  for 
example, for derivatives with a substituent in position 1 
of the allyl ligand or in the endo-form. 

Thus, Mo, W, and Re complexes of the new type 
with the 3E-rl3-propargyl ligand were obtained,  and 
their structure and dynamic behavior were studied. 
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Experimental 

All procedures on synthesis of the compounds described 
were carried out in an a~on atmosphere using anhydrous 
solvents. A DRL-125 immersion lamp was used for UV irradia- 
tion. IR spectra were recorded in solutions on a Specord IR-75 
spectrophotometer, i H N M R spectra were recorded on a Bruker 
WP-200 SY spectrometer (200.13 MHz),andl3Cand31P NMR 
spectra were recorded on Bruker WP-60 (15.08 M Hz) and 
Bruker WP-200 SY (50.31 M Hz) spectrometers, respectively. 

(rl6-Arene)dicarbonyi('q3-propynyl)molybdennm tetrafluoro- 
borates (general procedure). A solution of arenemolybdenum- 
tricarbonyl (I.5 retool), propargyl alcohol (0.24 mL, 0_22 g, 
4 retool), and HBFz-OEt 2 (0.23 mL, 0.17 g, 2 retool) in 
ether (170 mL) was UV-irradiated (with IR monitoring of  the 
reaction in the region or 2000 cm -I) for 20--30 min until the 
initial substance disappeared. The precipitate that formed was 
filtered off and dried in a strong argon flow. Analytically pure 
samples were isolated by multiple precipitation with ether from 
MeNO~. Complexes 8a (yield 95%), 8b (yield 80%), and 8c 
(yield 8-6%) were obtained. IR (MeNO_~), v/era-J: complex 8a, 
1927, 1977; complex 8b, 1918, 1990; complex 8c, 1917, 1989. 
IH NMR (CD3NO2), 6: comt~lex 8a. 2.25 (s, 9 H, CH3--Ar); 
3.90, 4.06 (AB system. 2 H. --CH2--C-=-, Jr = 2.3 Hz, ~ = 
2.5 Hz, Ja,'er = 2.4 Hz. JAB = 10.7 Hz); 5.72 (t, I H, ~C--H,  
J = 2.4 Hz): 6.65 (s, 3 H, ArH); comt~lex 8b, 2.21, 2.24, 2.26, 
2.26, 2.40 (all s, 15 H, CH3--Ar); 3.39, 3.99 (AB system, 
2 H, --CH2--C=-, Jt = J~ = 2.3 Hz, 2;,t3 = 11.0 Hz); 5.54 (t, 
I H, zC - -H ,  J = 2.3 I~tz); 6.86 (s, 1 H, ArH) (283 K): 
complex 8c, 2.41 (s, 18 H, CH3--Ar): 3.90, 4.06 (AB system, 
2 H, --CH2--C-~, Jl = 2.2 Hz, J~ = 2.5 Hz, "]aver = 2.3 Hz. 
JAB = 10.8 Hz);5.541t, t H. z C - - H , J  =2.3  Hz). ~3C NMR 
(MeNO2),  & 9_9_~j2tr x 8a, 19.9 (q, CH3--Ar ,  
JC-H = 130.9 Hz): 33.4 (t, --CH2--,  J r  = 167 Hz); 66_6 
(d. C---, Jr = 26 Hz); 70.4 (d, ---C--H, J c - a  = 246 Hz); 
110.8 (d, CAr--H, JC--H = 177.2 Hz); 126.9 (s. CAr--CH3): 
228.9, 235.4 (both s, COl: comt~lex 8e. 17.5 (q, CH3--Ar, 
Jr = 130.1 Hz ) ;39 .6 ( t , - -CH2- - . J c_H = 166.6 Hz):69.9 
(d, C~-, JC--H = 28.6 HzJ; 74.5 (d, =-C--H, JC-H = 242.8 Hz); 
123.7 (s, CAr--CH3); 230.9, 237.32 (both s, CO). 

(r!3-2- Hydroxyallyl)dicarbonylO16-hexametbylbenzene) - 
molybdenum tetrafluoroborate (9). A mixture of compounds 8e 
and 9 (0.08 g) was obtained similarly from tricarbonyl(TI6-hexa - 
methylbenzene)molybdenum (0,15 g, 0.44 mmol), propargyl 
alcohol (0.2t mL, 0.2 g, 3.5 mmol), and 48% aqueous HBF 4 
(0.13 g, 1.76 mmol, d = 1.3 g c m  -3) in ether (170 mL), the 
ratio 8c : 9 = 73 : 27 (according to the IH NMR spectra). 
~H N M R  (CD3NO~), ~5:1.37 (dd, 2 H, Han n, JI = 2.2 HZ. 
J2 = 1.2 Hz); 2.39 (s, 18 H, CH3--Ar); 3.72 (dd, 2 H, Hsy.,,, 
Jt = 2.2 Hz, J, = 1.1 Hz): 5.42 (m, 1 H, OH). 

(.q3-Allyl)di'carbonyl(rlr-mesitylene)tnngsten tetrafluoro- 
borate (10). Complex 10 (0.03 g, 32.8%) was obtained simi- 
larly from tricarbonyl(vlr-mesitylene)tungsten (0.19 g, 

0.5- mmol~; propargyl alcohol (0.:24 mE, 0.22-g, 4 retool);-and 
HBF4-OEt  2 (0.28 mL, 0.17 g, 2 mmol) in ether (170 mL) 
under irradiation for 3 h. IR (MeNO2), v/era-z: 1951, 2005 
(CO). Ref. 2: IR (MeNO2), v/era-I:  1956, 2009 (CO). 

Diearbonyl(rl6.mesitylene) (~ 3-propynyl)tungsten tetrafluoro- 
borate ( I I ) .  A solution of tricarbonyffrl6-mesitylene)tungsten 
(0.19 g, 0.5 retool) and propa~yl alcohol (0,24 mL, 0.22 g, 
4 retool) was UV-irradiated for 40 rain (IR monitoring of the 
reaction in the region of 2000 cm -~ ) until the starting complex 
disappeared. HBF 4 �9 OEt2 (0.23 mL, 0.17 g, 2 retool) was added 
to the reaction mixture. The precipitate that formed was fil- 
tered of fand  dried in a strong argon flow. Complex !1 (0.05 g, 
20%) was obtained. The analytically pure sample was isolated 

by multiple precipitation from MeNO~ with ether. ]H NMR 
(CD3NO2), 5:2.30 (s. 9 H, CH3--Ar);  3.96, 4.07 (AB system, 
2 H, --CH2--, "/aver = 2.3 Hz, JAB = 10.6 HZ); 5.71 (t, 1 H, 
~-CH, J = 2.4 Hz); 6.66 (s. 3 H, ArH). 

Dicarbonyl(~3-2-bydroxyailyl)  (rlS-eyelopentadienyi) - 
manganese tetrafluoroborate (3) and dicarbonyi[l-3-rl-2-(prop- 
2-ynyloxy)propenyl] (rlS-cyclopentadienyl)manganese tetra- 
fluoroborate (4). A (without isolation of the complex with 
propargyl alcohol). Propargyl alcohol (0.22 g, 2 retool) was 
added to a solution o fCpMn(CO)  3 (0.21 g, 1 retool) in ether 
(170 mL), and the mixture was UV-irradiated (IR monitoring 
of the reaction in the region of 2000 cm -~) for 10 rain until 
the initial complex disappeared. 48% aqueous HBF4 (0.28 mL, 
0.17 g, 2 retool, d = 1.3 g c m  -3) was added to the reaction 
mixture. The ether was evaporated on a rotary evaporator to 
1/8 of the initial volume, and the oily precipitate that formed 
was decanted and twice precipitated from MeNO 2 with ether. A 
mixture of complexes 3 and 4 (0.21 g) was obtained. IR 
{MeNO~), v/cm-~: 2013, 2054 (COt.  IH NMR ((CD3)2CO), 
~5: complex 3, 3.55 (s, 2 H, Hami); 4.34 (s, 2 H, Hsyn): 5.75 (s, 
5 H, CsHs): 9.23 (s, I H, OH): comt~lex 4. 3.26 (br.s. 1 H, 
~C--H); 3.63 (d, 2 H, Hunti, J = i.7 Hz); 4.56. 4.59 (both d, 
4 H, 2 Hcy,, CH 2, J = 1.8 Hz, J = 1.6 Hz); 5.81 (s, 5 H, 
CsH5). 

B (with isolation of the intermediate cyclopentadienyldi- 
carbonytmanganese complex 2 with propargyl alcohol). A solu- 
tion of CpMn(CO) 3 (1 g, 4.7 mmol)  in THF (70 mL) was 
UV-irmdiated (IR monitoring of the reaction in the region of 
2000 cm - l )  for 70 rain. Propargyl alcohol (0.3 mL, 0.23 g, 
5 mmol~ was added to the reaction mixture, which was stirred 
for 3 h on a magnetic stirrer until the ratio (according to the 
IR spectram) CpMn(CO)~_!THF) : 2 = 1 : 2 was achieved. 
The reaction mixture was concentrated in the absence of air 
and chromatographed on a column with silica gel 40/100 tim. 
The fractions eluted with a petroleum ether--Et20 (2 : I) 
mixture were pooled, concentrated without air, and crystallized 
from an ether--heptane mixture in a Dewar flask with solid 
CO 2. The fraction was repeatedly chromatographed on a col- 
umn with silica gel 40/100 tam with cooling with a solid 
CO2--acetone mixture. A fraction eluted with a petroleum 
ether--Et20 (2 : 1) mixture was gathered. The solvent was 
evaporated, and the residue was crystallized from an ether--  
heptane mixture in a Dewar flask with solid CO 2. Dicarbonyl(rl'-- 
prop-2-ynol)(qS-eyclopentadienyt)manganese (2) was obtained 
(0.2 g, 17.6%). IR (THF). v /era-I :  1931, 1869. 

48% aqueous HBF4 (0.1 mL, 0.75 mmol, d = 1.3 g c m  -3) 
was added to a solution of complex 2 (0.11 g) in MeNO 2 
(2 mL), and the mixture was stirred for 10 rain on a magnetic 
stirrer. Ether (50 mL) was added to the mixture, and the pre- 
cipitate that formed was filtered off  and precipitated with ether 
from MeNO~. Complex 3 (0.09 g, 56%) was obtained. IR 
(MeNO2) , v/cm-J: 2015, 2053 (CO). ~H NMR ((CD3)2CO), ~5: 
3.57 (s, 2 H, Hami); 4.36 (s, 2 H, Hsyn); 5.77 (s, 5 H, CsHs); 
9.44 (s, t H~ OHm. 

DiearbonyIO13- 2-hydroxyallyl) (rlS-cyclopentadienyl) rhenium 
tetraflnoroborate (6) and dicarbonyi[l-3-TI-2-(prop-2-ynyl- 
oxy)propenyl] (~S-cyclopentadienyl)rhenium tetrafluoroborate 
(7). A (without isolation of the intermediate complex with 
propa~yl alcohol). A solution ofCpRe(CO) 3 (0.17 g, 0.5 mmol) 
and propargyl alcohol (0.24 mL, 0.22 g, 4 retool) in benzene 
(170 mL) was UV-irmdiated (IR monitoring of the reaction in 
the region of 2000 cm -I)  for 1 h until the ratio initial 
substance : reaction product = I : 2 was achieved. HBF4" OEt2 
(0.28 mL, 0.17 g, 2 retool) was added to the reaction mixture. 
Stirring was continued for I h, and the precipitate that formed 
was decanted, dissolved in a minimum amount of MeNO 2, and 
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precipitated with ether. The precipitate that formed was filtered 
off and dried in a strong a ~ o n  flow. A mixture of complexes 6 
and 7 (0.21 g) was obtained in a ratio of I : I (according to the 
data o f IH  NMR spectroscopy). IR (MeNO2), v / cm - l :  1993, 
2053 (CO). ltt  NMR (CD3NO2), 8: co oolex 6, 3.59 (dd, 2 H, 
Ham, dl = 1.4 Hz, J2 = 4,1 Hz): 4.27 (dd, 2 H, Hsy n, .I I = 
1.4 Hz,,/2 =4"1 Hz);6.11 is, 5 H, CsHs); (;omplex 7. 2.95 it, 
I H, =--CH..1 = 2.4 Hz); 3.52 (dd, 2 H, Hanti, JI = I Hz, 
J2 =3.2 Hz);4.  t4(dd,  2 H. Hsyn, Jl = 1.I HZ, J,  =3 .2  Hz); 
4.63(d, 2 H, CH, , . /  = 2.5 Hz) 6.06(s, 5 H. CsHs)- 

D i c a r h o n y l ( r l 3 ~ p r o p y n y l ) ( t l S - p e n t a m e ~ y l c y e l o p e n l a d i e n y l )  - 
rhenium triflate (13) (with isolation of the intermediate com- 
plex with propargyl alcohol). A solution of tricarbonyl(rl-%penta- 
methylcyclopentadienyDrhenium (0.8 g, 2 retool) in THF was 
UV-irradiated fIR monitoring of the reaction in the region of 
2000 cm - l )  for 6 h. Propargyl alcohol (0.48 mL, 0.44 g, 
8 retool) was added to the reaction mixture, which was stirred 
tbr 24 h. The reaction mixture was concentrated without con- 
tact with air and concentrated on a column with silica gel 
40/100 )~m. A fraction eluted with an ether--petroleum ether 
(1 : 2) mixture was gathered. The solvent was evaporated 
without air. Dicarbonyl('&-pentamethylcycJopentadienyl)(rt ~- 
prop-2-ynol)rhenium (12) was obtained (0.01 g, 1.15%). IR 
/CHCI3), v/era- l :  1864, 1951 (CO). The substance was dis- 
solved in CD3NO 2 and filtered in a tube for recording NMR 
spectra, tH NMR (CD3NO2), 8:2.01 (s, 15 H, CH3--Cp); 
4.71 Id, 2 H, CH,--C~-, J = 2.1 Hz); 5.28 (t, I H, H--Cz, 
J = 2.1 Hz). After recording a preliminary IH NMR spec- 
trum, I drop of CF3SO3H was added. The repeated detection 
of the IH NMR spectrum showed complex 13. IH NMR 
(CD3NO2), 8:2.15 is, 15 H, CH3--Cp); 3.72, 4.76 (AB sys- 
tem. 2 H, CH2--C---, .1 = 2.3 Hz, .1.~,B = II Hz); 6.02 (t. I H, 
HC- =, . / =  2.3 Hz). IR (CDsNO2). v/cm -)  (after isolation 
from the tube): 1966, 2038 (CO). 

The  au thors  t h a n k  O. V. Gusev  for p a r t i c i p a t i o n  in 
exper iments  on  the synthes is  o f  the  r h e n i u m  propargyl  
complex  and  M. V. G a l a k h o v  for m e a s u r i n g  the  t e m -  
pera ture  d e p e n d e n c e  o f  the  IH N M R  s p e c t r u m  of  
the m o l y b d e n u m  propargyl  complex .  
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