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Reactions of Cr, Mo, W, and Mn carbonyls with 
3,6-di-tert-butyi-o-quinone under the action of elastic wave pulses 
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Solid-state reactions of Cr, Mo, W, and Mn carbonyls with 3,6-di-tert-butyl-o-benzo- 
quinone (Q) proceeding in molded powder-like mixtures (carbonyI--Q) treated with pulses 
of elastic waves were studied. The products of the reactions of Q with Cr(CO)6, Mo(CO)6, 
and W(CO) 6 are paramagnetic semiquinone complexes of Cr, Mo, and W. The formation of 
two semiquinone complexes with one or two manganese atoms was detected in the reaction 
of Mn2(CO)I0 with Q. 
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it has been shown previously t that the action of  
elastic waves on powder-like mixtures of  organic com- 
pounds initiates chemical reactions involving electron 
and hydrogen transfer. This was convincingly demon- 
strated for different redox reactions of  mixtures of  PbO 2 
with sterically hindered phenols (the corresponding 
phenoxyl radicals are formed); silicon di-tert-butyl- 
pyrocatechate with 3,6-di-tert-butyl-o-quinone (the cor- 
responding si l icon-containing biradicals are formed); 
and 3,6-di-tert-butylpyrocatechol with 3,6-di-tert-butyl- 
o-quinone,  which give radical pairs consisting o f  3,6-di- 
tea-butyl-  2-hydroxyphenoxyl  radicals, l Metal-contain- 
ing mono- ,  bi-, and triradicals were synthesized by 
elastic wave action on metal (Zn, Cd, AI, Ga, In, TI, 
Sn, Pb, Bi)--3,6-di-tert-butyl-o-quinone compositions, 
and it was shown that the degree of  conversion of  
quinone to metal-containing compounds  correlates with 
the redox potentials of  the metals used and their ions. 2 
Evidently, the study of  redox processes that occur when 
a solid phase is treated with elastic wave is of  scientific 
and practical interest. 

We attempted to perform chemical reactions be- 
tween W, Mo, Cr, and Mn carbonyls and 3,6-di-tert- 
butyl-o-quinone (Q) in the solid phase. Similar reac- 
tions of  carbonyls of  some of  these metals and Q have 
previously been performed in a toluene solution only 
with photoirradiation. 3,4 The purpose of  this work was 
to show that under  the action of  elastic waves chemical 

Deceased, 

reactions proceed via new channels, because the nature 
and stability of  paramagnetic species depend strongly on 
the conditions of  the chemical reaction. 

Experimental 

Experiments on the action of elastic wave (EW) pulses 
were carried out on the installation presented schematically in 
Fig. 1. An EW pulse appeared during uniaxial compression of 
a polypropylene (PP) plate subjected to high pressure (a 
rheologic explosion took place) and was introduced into a 

Fig. 1. Scheme of the device for pulse mechanical action: 
/, Bridgeman's anvil, 2, sample, 3, PP plate, 4, waveguides, 
5, piezodetector, and 6, holder. 
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sample (a pellet of a metal carbonyI--Q mixture) through a 
steel waveguide. A steel holder prevented dispersion of the 
pellet substance. The pressure of the theologic explosion (Prl~) 
detected by a piezodetector could be varied within wide limits: 
from 4 to 15 kbar depending on the width of the PP plate. ESR 
spectra were recorded on a Varian-El2-A spectrometer in the 
3-cm range. 

R e s u l t s  a n d  D i s c u s s i o n  

The act ion of  EW on a mixture o f  Cr(CO)6 : Q = 
I : I (by weight) results in the appearance of  a singlet 
ESR signal with a l inewidth of  AH = 1.5 mT and g = 
1.9730. 

Powder-l ike mixtures of  Mo(CO)6 (or W(CO)6 ) : Q = 
I : I subjected to EW also gave singlet lines with ~ H  = 
1.2 mT and ,SH = 2.1 roT, at g = 2.0046 and g = 
2.0036 (ga. = 2.0124, gll = 1.9992), respectively. 

An addit ional  signal with AH = 1.7 mT and g = 
2.0025 was detected when a powder- l ike  mixture of  
Mn2(CO)t0 : Q = I : I underwent EW action (Prh = 
4 ~ 5  kbar). The intensity of  this broad signal decreased 
as the EW power  increased to Prh = 9- -10  kbar, and a 
s ix -componen t  signal corresponding to HFC with the 
nucleus of  one manganese atom appeared against the 
background of  the broad signal. This is most likely 
associated with the fact that when the wave action is 
great the me ta l -me ta l  bond in the binuclear  manganese 
complex  decomposes  to form the ' M n ( C O ) s  radical,  
which reacts with Q 

It has been established that  all the paramagnet ic  
centers  to which the new singlet ESR signals are as- 
signed appear  at different threshold energies of  EW 
action. The dependences  of  the relative yields of  these 
particles (Gre 0 on Prh, which well illustrate this si tua- 
t ion,  are presented in Fig. 2. It can be seen that the 
maximum yields of  radical products  in different systems 
appear  at different threshold pressures Pcr" For  example,  
for  c h r o m i u m  c o m p l e x e s ,  Pcr = 4.0 kbar,  and 
for molybdenum,  tungsten,  and manganese complexes,  
Pcr = 4.6, 6.5, and 4.8 kbar, respectively. The energies 
that are in t roduced into the sample can be est imated 
from the formula E = VPcw2/2M, where Vis the volume 
of  the steel waveguide between the PP plate and the 
sample;  M is Young ' s  modulus  of  steel; and Pew = 
0.4Pcr .2 Knowing the E value and determining the num- 
ber of  paramagnet ic  complexes  in a dry weighted sample 
N, one can es t imate  the mechanochemica l  yields (the 
number  of  paramagnet ic  species per 100 eV of energy 
in t roduced by EW) by the formula G = (N/E)  • 100. For 
chromium,  molybdenum,  tungsten, and manganese com-  
plexes, these values are equal to 0.72, 0.34, 0.09, and 
0.29, respectively,  for Pew = 0-4Per (the Per are given 
above). It can be seen that the rnechanochemical  yields 
of  the complexes  obtained are fairly low, and in the 
series of  ch romium,  molybdenum,  and tungsten carbo-  
nyls they decrease as the number  of  the period in which 
the metal  is found increases. 

G (rel. unit) 
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Fig. 2. Dependences of relative yields of paramagnetic prod- 
ucts Gon the Prh value in mixtures: /, Cr(CO)6 : Q = I : I; 
2, Mo(CO) 6 : Q = I : I; 3and Y, Mn~(CO)I 0 : Q = I : 1 
(3, for radical 4; 3', for radical 7); and 4, W(CO) 6 Q = 
I : 1 .  

Since it is impossible to resolve all the newly de- 
tected signals assigned to species that appear  as a result 
of EW action,  because of  the strong exchange interac- 
tion in the solid phase, a solvent ( to luene)  was added to 
the ESR-tubes  with the powders of  the samples ob- 
tained. When the powder- l ike mixtures were dissolved 
in to luene,  the ESR spectra of  the solid phase conta ined 
signals with resolved H FS at the posi t ions of  the singlet 
signals. The ESR signal obtained after the Cr(CO)  6 : Q 
mixture was dissolved in toluene is presented in Fig. 3, a. 
This signal is similar to that described in Ref. 4 and 
belongs to the cation of  the ch romium t r i s -o-semi-  
quinone complex.  An unpaired e lect ron interacts  with 
six equivalent  protons of  three 3,6-di - ter t -buty l -o-semi-  
quinone  ligands (a H = 0.085 mT) and the magnet ic  
isotope 53Cr (act  = 2.55 roT), g = 1.9690. The  result 
obta ined indicates that the following react ion occurs in 
the solid phase affected by elastic wave act ion in our 
exper iments :  

3 Q + Cr(CO)6 - 6  CO ~- [CrQ3]" + A-. 

1 

The structure of  the radical cations ( I )  formed is consid- 
ered in Ref. 1. Under  our condi t ions,  the A -  anion is 
most l ikely O H - .  

Accord ing to t i le ESR spectrum (Fig. 3, b), when 
EW-treated powders of  Mo(CO)6 : Q = I : 1 are dis- 
solved in toluene,  species of  two types, whose magnet ic-  
resonance parameters  differ insignificantly (for one of  
these species, g = 2.0035, aHi = 0.55 roT, all2 = 0.2 
roT, aMo = 0.15 roT; for the o ther  species,  g = 2.0032, 
aHl = 0.56 roT, a H = 0.22 mT, aMo = 0.15 naT), are 
formed. The hypen~ne structure observed in the ESR 
spectra of  these species attests to H F C  of  an unpaired 
electron with two nonequivalent  protons of  the ortho- 
semiquinone  ligand and the magnet ic  isotope 95,97Mo. 
The ESR spectra presented in Fig. 3, b differ from the 
spectrum of  the radical obtained in the pho tochemica l  
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Fig. 3. ESR spectra of toluene solutions of powder mixtures 
treated with EW pulses: a, Cr(CO)6 : Q = I : I; 
b, Mo(CO) 6 : Q = 1 : I; and c, W(CO) 6 : Q = 1 : I. 

reaction, 3 which was detected in toluene at - 6 0  °C 
(aHi = 0.38 mT, all2 = 0.30 mT, all3 = 0.016 roT, and 
aMo = 0.1937 mT). The structure of  compound 2 was 
assigned to the latter. 

H ~ , / ~ O / M ° ( C O ) ' ~  

2 

A comparison of  the data of  Ref. 3 with the results 
presented above makes it possible to conclude that the 
structures of  the radicals are similar in both cases. The 
difference is apparently in the number of  CO groups in 
the radicals obtained in our experiments and their pos- 
sible replacement by other ligands (for example, due to 
the effect of  traces o f  water in analytically pure toluene, 
which was used without special purification). In our 
case, H FC with the nucleus of  the hydrogen atom 
linked to the molybdenum atom is probably observed, 

apparently because the corresponding HFC constant is 
small and the width of  the line is somewhat greater. 
According to the spectrum (Fig. 3, c), the mecha-  
nochemical reaction between Q and W(CO)6 probably 
results also in the formation of a phenoxyl type radical 
with g = 2.00, aHi = 0.65 mT, and all2 = 0.13 rfiT, 
whose structure resembles that of  radical 2. 

The sharpest differences between the structures of  
paramagnetic species obtained by EW action and previ- 
ously described particles generated under the conditions 
o f  liqttid-phase photolysis were observed for the 
Mq2(CO)I0--Q system. In fact, UV irradiation generates 
the " Mn(CO) 5 radical, which adds to o-quinone to give 
manganese-containing ortho-semiquinone complexes (3). 

~ 0 ,  
Q + Mn(CO)5 -CO" " -Mn(CO)4 

0 / 

3 

When the O--Mn2(CO)lo system undergoes EW ac- 
tion, two types of species appear depending on the 
power of this action: 

(~HMn(CO)3---Mn(CO)5 and 

H 0 
H ~  ",~M n(CO) 4 
H H - ~ O /  

Thus, the signal presented in Fig. 4, a appears in the 
ESR spectra of the reaction products (alter their dissolu- 
tion in toluene) when the EW action is Prh = 4.8 kbar. 
It probably corresponds to the interaction of an unpaired 
electron with two equivalent protons of  the ortho-semi- 
quinone-ligand and two nonequivalent nuclei of  55Mn 
(all = 0.325 roT, aMn t = 0.5 roT, aMn 2 = 0.225 roT). 
This spectrum can be ~signed to the paramagnetic 
complex (4) formed in the reaction of the "QH radical 
with Mn2(CO)t0. 

QH + Mn2(CO)lo - -  = QHMn(CO)3--Mn(CO)5 
4 

In fact, an insignificant amount o f Q H  2 always forms 
in the synthesis of Q, and the reaction t Q + QH 2 --* 
2 "QH occurs during mechanical action. In addition, 
the participation of  the semiquinone "QH radical in the 
reaction with Mnz(CO)t0 also confirms the addition of  
QH~ to the solid-phase system before the EW actiom 
because this increases the yield of  radical 4. 

Since only one example is known of  the detection of  
splitting at the hydride hydrogen atom in a molybdenum- 
containing radical, 3 it can be assumed that weak inter- 
action is very characteristic of  hydride hydrogen atoms 
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Fig. 4. ESR spectra of toluene sohitions of a powdered Mn2(CO)i0 : Q = I : I mixture treated with EW pulses at Prh = 4.8 (a) 
and 10 kbar (bL 

in complexes with semiquinones. 
in fact, the react ion of  S Q ' T I  
and Mn2(CO)10 under  photoly-  
sis condi t ions when the reaction 
resulted in the addi t ion of  two 
"Mn(CO)  s radicals to a thai-  

(SQ = [ ~ !  ) 

lium ion has been d e s c r i b e d :  Small splitting (0.08 mT) 
from two manganese atoms was observed in the ESR 
spectrum along with a high H F C  constant  on the TI 
nucleus (6 mT),  and the proton constant  a H = 0.33 roT, 
which is typical  of  SQ-complexes .  The value of  the 
constant  aM, = 0.5 mT attests to the coordinat ion of  
the corresponding manganese a tom with two oxygen 
a toms of  S Q  When a similar reaction of Mn2(CO)i0 
with the dianion of  the Ca tNa  2 salt occurs in T H F  or in 
a T H F i t o l u e n e  (I : I) mixture,  the spectrum is char-  
acter ized by the constants  aM, , = 0.40 mT and a H = 
0.33 mT (triplet  of  protons of  the ring). We assigned this 
spectrum to the radical dianion complex (5). 

CatNa 2 + Mn2(CO)lo 

Na 
6,., 

~o/Mn(CO)4  

5 

In addit ion,  an ESR signal identical to that in the 
spectrum of  complex 4 is observed simultaneously. It can 

be assumed that the reaction of SQ" Na with Mn2(CO)i0 
occurs, resulting in the formation of  radical 6: 

S(3Na + Mn2(CO)I o ~, NaSi~Mn(CO)3Mn(CO) 5 
6 

The spectra of radicals 5 and 6 are identical, appar- 
ently due to the absence of  H F C  on the hydroxyl  proton 
and the Na + cation in complexes 5 and 6, respectively,  
which allows us to conclude that these f ragements  lie 
outside the sphere of  the SQ-l igand.  The  ESR signal 
presented in Fig. 4, b is observed after the act ion of  
more powerful EW (Prh >- 9- -10  kbar) on the reaction 
mixture (after dissohition in toluene).  An unusual char-  
acteristic of  this spectrum is that each line of  the sextet 
from the manganese nucleus (aM, = Q6 roT) is split 
into five lines with a binomial  distr ibution of  intensities 
and with a split t ing value of  0.325 roT. This spli t t ing 
value is typical of S Q ' .  Therefore,  the format ion of  a 
bis-l igand complex can be excluded,  as was observed for 
chromium complexes,  4 because in that case the split t ing 
value would be halved. It can be assumed that the 
aromat ic  ring is hydrogenated and complex  7 forms. 

co,, 

H / ~ "O 

7 
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(Alkyl groups in which the C - - H  bond are cleaved by 
EW action can be a source of  hydrogen atoms. I) 

Proposed structure 7 agrees with the data of  Ref. 6, 
in which the paramagnet ic  manganese-conta in ing  com-  
plexes formed in the photolysis  of  Mn2(CO)10 in the 
presence of  cyclic c~-diketones were studied in deta~: 

it should be emphas ized  that radicals 4 and 7 de- 
scribed above, which are products  of  mechanochemica l  
reactions,  form in fairly low yields, i.e., the degree of  the 
chemical  t ransformat ion is small.  Therefore,  when these 
systems (after powders of  the EW-trea ted  mixtures are 
dissolved in to luene)  are UV-ir radia ted ,  the known 
SQ" Mn(CO)  4 species begin to appear,  and their  cola- 
centra t ion is considerably  higher than that of  the radical 
products  of  the mechanochemica l  reactions. 

Thus, the greatest  structural difference between the 
radicals obta ined by EW action and radicals obtained by 
other  methods  was observed in the case of  the reaction 
of  Q with Mn2(CO)t0. In this reaction,  radical 5 was 
detected,  and Mn2(CO)I0 acted as a diamagnet ic  re- 
agent ,  react ing with the "QH radical  s imi lar ly  to 
Mo(CO)6 .3 All radical reactions of  Mn2(CO)10 studied 
before were accompan ied  by cleavage of  the M n - - M n  
bond. 

The exper imenta l  results presented show that EW 
act ion makes it possible for chemical  reactions to take 
place via new and unusual  channels ,  and the yields of  
these react ions depend  on the nature of  the metal  and its 
posi t ion in the per iodic  system. 
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