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Abstract 

The photochemical reactions of hexacarbonylbis[(l,2,3,4,5-~)-1-methyl-2.4-cyclopentadien-l-yl]di- 

molybdenum (2) and o-quinones, 1.2-diketones and p-benzoquinones have been investigated by EPR 

spectroscopy. The reactions proceed in the same way as in the case of hexacarbonylbis($-2.4-cyclopen- 

tadien-l-yl)dimolybdenum (1) as previously reported, but the observed paramagnetic products differ in 

characteristic features from the complexes derived from 1. As in the case of 1, the paramagnetic products 

of 2 with o-quinone or 1,2-diketone ligands show appreciable changes of g values and MO hyperfine 

couplings with the ligands, reflecting the changes in the spin distribution between the metal fragment and 

the ligands but in general in complexes from 2 the unpaired spin tends to delocalize more onto the metal 

fragment. The presence of the isomers (which have different orientation of the methyl group in the 

cyclopentadienyl ring) was inferred from the line width broadening in the EPR spectra. The methyl group 

in the cyclopentadienyl ring affects the preference of the carbonyl group which coordinates to the metal 

to a greater extent in the coordination of substituted p-benzoquinones. A remarkable temperature 

dependence of the EPR spectra has been observed in the complexes of 2 with p-henzoquinones. The 

intramolecular motions and the most stable conformation of the quinone ligand in such a complex are 

discussed based on the spectra. 

Introduction 

There have been extensive studies on the photochemical reactions of metal 
carbonyl complexes containing a metal-metal bond, because the molecules display 
fascinating and diverse photochemical properties. Photoirradiating the complexes in 
solutions commonly effects homolytic cleavage of the metal-metal bond, and the 
resulting paramagnetic species undergo various reactions [l-4]. 

We have previously reported that photoirradiating hexacarbonylbis($-2,4- 
cyclopentadien-l-yl)dimolybdenum, [CpMo(C0),12 (1) in the presence of o- 
quinones or 1,2-diketones yields paramagnetic complexes of the type of CpMo(CO),- 
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(o-quinone) containing the ci-quinone or the 1,2-diketone as a bidentate ligand. 
which show interesting patterns of spin distribution [S], while photoirradiation in 

the presence of p-benzoquinones yields paramagnetic complexe\ of the type 
CpMo(CO),( p-benroquinone) containing the L,-henzoquinone a\ .I monodt‘ntatc 
Ii&and [6]. In the present uork, we report the stud>- of photochemical reactions (\i 
hex;~carbonvlbis[(l.2,3.4.5-g)-l-methvi-?.4-cvclop~~~t~~dien-l-~l]dirn~~lvb~ienum. 

[MeCpMo(C:C)),jL (2). with o-quinonei;. 1 .I!-&ketone.s. and ,)-hcnzc,quii,ones to 

obtain further information about the photochemical reactions of the mol? hdenum 
carbonyl complexeh with quinonea and the structure5 of Ihe paramapnctic corn-- 
plexes thus prcoduced. 

Experimental section 

[MeCpMo(CO),], (2) was obtained from Strem Chemicals and used as received. 

[MeCpMo( ‘3CO)1]2 (2’) wah synthesized from 2 b\- the photosubstitution of CO 
Lvith “CO under a “CO atmosphere 17.- 101 in toluene. I.l-Acennphthenc~]ulnol?e 
(AQ) and 9.10-phenanthreneyuinone (PQ) were vacuum sublimated before use. 
1 -Phenyl- I ,2-propanedionc (PPD) and diacetyl (DA) Merck \a<uum dirtilled. Fur\1 

(FR) and benzyl (BZ) of the best commercially available grade \+.err 1txe.d M.ith&t 
further purification. 1.4-Benzoquinone (BQ) , 2-meth?il-l.4-bcnrl,iluincin~ (Z-DMBQ). 

2,5-di-tert-butyl-1.4-benzoyuinone (2,5-DBBQ). and I!-phen) I- i .4-17en~,~qt:inol~~~ (?- 
PBQ) were purified b! xublimation. 7-,6-Dimethvl-l.4-hcnroquinc~nr~ I 2.6I)\1 BQ). 

2.5-&methyl-l.4-benzoqu~none (2.5DMBQ). !?.h-di-tert-but\ 1-i .4-hclilc,yui~~~~~~~~ 

(?,h-DBBQ), 2.5-diphenvi-1.4-bcnloquinon~ (2.5IIPBQ). _?.3.j.h-tftrafluoll~-1 .-I- 
benzoquinone (TFBQ). and ‘.i.S,h-tetrachloro-7.4-benzoquinnne (TCBQi <if the 
best commercially available grade were used without furthe:. purifxaticm. 

PPD 

PQ 

BZ 
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BQ 2-MBQ 2,6-DMBQ 

2,5-DMBQ 2,6-DBBQ 2,5-DBBQ 

2-PBQ 2,5-DPBQ TFBQ 

TCBQ 

purified by distillation from LiAlH, under nitrogen atmosphere and stored with the 
sodium perylene anion and sodium benzophenone ketyl anion, respectively. In 
preparation of samples for EPR measurements, these solvents were distilled through 
a vacuum line to a vessel containing the reagents. Typical sample solutions contain- 
ing 2 (1 mg) and the quinones (1 mg) in ca. 1 cm3 of toluene were prepared in a 
vessel connected to a 5 mm o.d. quartz EPR tube. The solutions were degassed on 
the vacuum line and kept at the liquid nitrogen temperature until just before 
photolysis. The solution in the quartz tube was irradiated in situ in an EPR cavity 
with a 100 W high pressure mercury lamp equipped with a UV filter ( < 310 nm) 
and a remote controlled shutter at or below room temperature. 

In the experiments with p-benzoquinones, THF and MTHF were also used as 
solvents, and for measurements at lower temperatures, MTHF was used instead of 
toluene since MTHF solutions gave better spectral resolution at low temperatures 
because of their lower viscosity. 

EPR spectra were recorded on a Jeol JES-FE2XG X-band spectrometer. The 
temperature was controlled by the standard accessories. The microwave frequency 
was monitored with a Takedariken TR5501 frequency counter equipped with a 
TR5023 frequency converter. The magnetic fields were measured with an Echo 
electronics EFM2000 NMR oscillator and the magnetic field difference between the 
NMR probe and sample positions was calibrated by DPPH. 

Results and discussion 

Photochemical reaction of [MeCpMo(CO),], (2) with o-quinones and l,Zdiketo- 
nes. The toluene solution containing 2 and AQ showed an EPR spectrum after 
photoirradiation at room temperature which exhibited the hyperfine (hf) splittings 
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PQ TMeCpMoj CD), 

CpMo(CO), ’ 

(“Bu),N+ 

fdmne 

toluene 

DMF d 

I.9964 

1.9957 

2.0049 

1x3 

11.2 

MeCpMo(CO), e 

CpMo(CO), / 

toluene 2.0051 - 

toluene 2.0050 _ 

FR MeCpMo(CO) 2 tofuene I .9983 9.1 

CpMo(CO), ’ toluene 1.9975 8.6 

(“Bh+ DMF d 2.0048 - 

BZ MeCpMo(Co), toluene 1.9986 9.0 

CpMo(C0) z ’ toluene 1.9978 8.8 

(“B&N+ DMF d 2.0050 _ 

PPD MeCpMo(CO), toluene 1.9995 7.7 
CpMo(CO), ’ toluene 1.9987 7.6 

K+ DMSO/ 

‘BuOH 

(4:l) s 

DA 

AQ 

MeCpMo(CO), 

CpMo(CQ) z = 
K+ 

MeCpMo(CO), 

CpMo(C0) z ’ 

toluene 

DMSO h 

2.0007 6.2 
1.9998 6.1 
2.00483 - 

2.0009 5.1 

2.0003 5.0 

(“Bu),N+ 

toluene 

DMF d 2.0047 

MeCpMo(C0) s ’ toluene 2.0058 _ 

CpMo(CO), ’ toluene 2.0055 _ 

&,3,6,8 =3.D/4B> 
a,3c = 2.1 (2C) h 

aH1,3,6,8 = 1.0 (4H) 

a,sc =1.9 (2C) h 

n,3,6 =1.67 (2H) 

a,1,8 =1.34 (2H) 

a,45 = 0.42 (2H) 

a,2,7 = 0.21 (2H) 

a,1,3 = 2.5 (2H) 

a,2,4,6,8 = 0.8 (4H) 

a,1 = 2.63 (1H) 
a,3 = 2.37 (1H) 

+,2,4,6,8 = 0.8 (4H) 

ars<; = 0.75 (1C) h 

a,I,3 = I.0 (4H) 

a “1.3 = 1.2 (4H) 

a,3 = 2.0 (2H) 

a,7 =1.5 (2H) 

a,2 = 0.35 (2H) 
_ 

_ 

a,p =l.l (2H) 

a,o=l.O(4H) 

ar,tn = 0.35 (4H) 

n,Me = 4.1 (3H) 

a,Me = 4.2 (3H) 

aHo = 0.9 (2H) 

a,p = 0.8 (1H) 

aHnr = 0.4 (2H) 

a,Me = 3.43 (3H) 

a,p=1.84(lH) 

aHo =1.59 (2H) 

aHm = 0.53 (2H) 

a,Me = 5.7 (6H) 

a,Me = 5.8 (6H) 

a,Me = 7.0 (6H) 

a,3,5,6,8 =l.O (4H) 
alsc = 0.6 (2C) * 

a,3,5,6,8 = 1.0 (4H) 

a,sc = 0.5 (2C) h 

a,3,5,6,8 =1.2 (4H) 
a,4,7 = 0.25 (2H) 

a”3,4,5,7=1.0 (4H) 

a,3,4,5,7 =l.l (4H) 

a The number of equivalent protons is indicated in parentheses. b The hyperfine coupling constant of 

13C in carbon monoxide. The number of equivalent 13C’s is indicated in parentheses. ’ Reference 5. d 

Tile amon raalcar’ 1% pro&xx? dy n&Ytiyrir retihctiorr. a* T?ti &ta are itn- tib precurxn- irr wihcir X$ 

crYi&&i<es %0 M0 &j &x C,a-GXYge% I R&x%x ‘, I. PQ eflwxJ&w&.~ cc. &fG by r.luz c-,rJ-‘J~~g~~. a& &Q 

c-xx&,z&~s w, ?& +ij $!hL C~~Yz.~~.. s R&e~W~x, x. T+& ‘ctr,,, ?.ry, 6; &I% r&c& +&L%: a Cwix~ 

C=O-C=O configuration. h Reference 21. ’ The data are for the precursor in which AQ coordinates to 

MO by the C,-oxygen. 



In the photochemical reactions of 2 with other yuinonrs or with 1.2-diketones. 
formation of a similar type of paramagnetic chelate compleses was observed. The 
EPR parameters are listed in Table 1 together with those (of the free anion radicals 
of the corresponding o-quinones and 1,2-diketones. and those of the complexes 
derived from 1 for comparison. 

In the case of AQ and PQ. the complexes corresponding to the precursor- of the 

chelate complex. MeCpMo(CO),( o-yuinone). vvcre ohserved durtng and im- 
mediately after photoirradiation at temperatures below -40°C as wits pre\touslh 
reported in the photochemical reaction of I w-ith o-yuirumes (Table 1 ) [I I]. The 
reaction mechanism. therefore ma>- be written as Scheme ! 

MeCpMo(CO), formed hq photocleac-age of the MC R2o bond of 2 is trapped hi, 
the n-quinones or I .2-diketones. and then the chclntc complex 1s fr.~rmed hv tlte 
elimination of one of the CO groups from the precursor and the coordination of the 
other carbony- group of the o-quinones or l.L’-diketonca 

One of the most characteristic featurea of the paramagnctic chelate complexes 
produced is the remarkable changes of the g values anti MO hi‘ coupling constants 
with o-quinone or 1.2~diketone ligands. .A good correlation I\ ,secn hctvveen the 
changes in the g’s and hfo hf couplings (Fig. 3). Similar changes in the R values and 
the Mo hf couplings have been observ-ed also in the cc)mplexes of 1. Such changes in 
the g values and Mo hi’ couplings as those observed here can ix attributed to the 
changes of unpaired electron distribution betkveen the metal moietv MeC’pMo( COfJ ’ 
and the yuinone or diketone ligands IS]. 

One can see from Fig. 3 that the <c values in the present .;ystcrn are larger than 
those of the corresponding complexes from 1 and closer to a free spin value 
(g, = 2.0023). while the hl~) hf couplin g constanls arc a little Ivrgcr in the present 
s\;stem. On the other hand. as shown in Table I. the “C hf couplings increase and 
the yuinone proton hf couplings decrease a little uith the change from the comp1e.x 
system of I to 2. Though the ,q value depends not onl’~. on the unpaired electron 
dist.ribution in the complexes, hut also on the excited configuration L>f electrons 
contributing to the orbital angular momentum. the hf coupling constants reflect 
direct]) the distribution of tile unpaired electron in the complr~s. So. one can SW 
from the observed changes in the Mo. “C’ and quinonc protc?n hi’ ~‘ouplings that the 
spin density on the quinone is decreased by rh L‘ substitution of methvi at the 
cyclopentadienyl ring, while that otr the metal moict! ii tncrensed: the unpaired 
electron distribution drifts slightly from the quinnne tc> the metal mc>it:t\. 
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Fig. 3. Plots of aMo’ s vs. g values of the complexes MeCpMo(CO),(o-quinone) (o), C~MO(CO)~(~- 
quinone) (O), and CpMo(CO),(DTBQ) (A). The data for CpMo(CO),(o-quinone) and CpMo 

((cO),JDTBQ) are taken hm rek 5 and 22, resgxcjjve)y /NQ =J,~-~J@Ax~J~JL~~ DTBQ = 3,6-dj- 
tLwwLy~x ,ww.z?l+zrx?f,~. 

According to the model proposed in the previous paper, the unpaired electron 
crbital, SOMO, is Eocmed by the aatibomiing combination of the 7r t-e orbital in 
the metal moiety and the r LUMO of the quinones [S]. The spin distribution 
tecween &e metal Eragment and the +none kgand &pen& on t&e relative energy 
heights of both the orbitals; the contribution of the metal moiety orbital to SOMO 
increases if its energy is elevated. Since the electron donative nature of the methyl 
substituted at the cyclopentadienyl ring would elevate the ?T type LUMO of the 
metal moiety, it is expected that this would increase the unpaired electron popula- 
tion on the metal moiety. This is in good agreement with the experimental results 
and it indicates also that the model proposed for the unpaired electron orbital is 
reasonable. 

In addition to the changes in the distribution of unpaired electrons appreciable 
line width broadening is observed in the EPR spectra of the complex system of 2 as 
shown in Fig. 4. The signal3 With Viie symbo% * ale due to Vhe eomplx ckri-& f7ern 
1, and those with symbol o to the complex from 2. The latter signals show much 
larger line widths than the former. These line widths did not change with tempera- 
ture and hence the broadening may not be due to relaxation processes arising from 
intramolecular motions such as the rotation of the cyclopentadienyl group. It may 
rather be &te to the presence oE some isomers in the comp’texes ‘irom 2 which Wier 
in orientation of the methyl group of the cyclopentadienyl ring, i.e., the observed 
EPR spectra are the overlaps of isomers with slightly different EPR parameters. 
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In contrast to what is observed with the chelate type complexes with o-quinones 
and 1.2-diketones, the g values and Mo hf couplings in the complexes of p-brnzo- 
quinones do not change so much with the quinone ligandc. From comparison of the 
proton hf couplings with those of the free yuinone anion>. the most unpaired 
electron ix considered to populate the quinone ligands. i.e.. the unpaired electron 
populate mostly the 7: LCiMO of the qulnones. and there ic no remarkable change 
of spin distribution between the complexes from 1 and 2. 

The coordination of the i-,-benzoquinonc to the molybdenum i> extensiveI> 
affected by steric factors of the substituents adjoining the yuinone carbonyl groups. 
For example, in the reactions \vith 2.6dialkylsubstituted p-benzoyuinonez, the c>nlv 
complexes obsenred were those in which the molybdenum w-as L,oordinated I~> the 
C, carbonyl oxygen of the quinones. On the other hand. II~ the reaction \slth II-PBQ. 
two type complexes were formed as shown in the EPR spectrum (Fig 6): th EPR 
absorption showing a doublet of multiplets (0) is due 16 the complex in which the 
molybdenum is coordinated bv the C, carbonyl oxygen, and the L)ther showing a 
doublet of doublets (*) IX <iue to the complex in which the molybdenum ii 

coordinated by the C, oxygen. It can be easily seen that the formation of the f~mer 
complex is much more highly favoured than the latter. Such selectivity in thz 
coordination was also observed in the photochemical reactions of 1. tlo\\ever’, in the 
reaction of 1 with 2-PBQ. the relative ratio of the Cl coordination t;pc complex to 
the C, coordination type L\:AS I/‘3 which is larger than the ratio in the ~sr: of 2. Thib 
indicates that the steric factor more stronglv affects complex formati~~n in the 
reaction of 2 with p-benzoquinones. 

Fig. 6. First-derivative X-band EPR spectrum of a toluene solutions of MeCpMo(C0),(2-PBQ) at 
- 40 o C. The signals marked with i are for the C,-oxygen coordinating complex and the onrs marked 
with * are for the C,-coordinating complex. 
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The EPR spectrum observed for the BQ complex at - 40” C exhibits a triplet 
proton hf splitting, i.e., the hf coupling is symmetrical about the axis connecting the 
two carbonyl groups of the p-benzoquinone ligand (Table 2). However, by cooling 
the solution, the EPR spectrum began to show the line-width alternation effect and 
by cooling further it became a doublet of doublets pattern due to couplings with 
non-equivalent two protons (Fig. 7a) [12]. Such temperature variations of the EPR 
spectra were observed also for the 2,6-DMBQ complex (Fig. 7b), and they are 
attributed to restricted intramolecular motions. 

Two types of motions are considered as possible causes for such effects. One is 
the rotation of the p-benzoquinone ligand about the C-0(-MO) bond and the other 
is the rotation of the MeCpMo(CO), group about the MO-O bond. The similar line 
width alternation effect due to the restricted intramolecular motion has been 
reported for the monoprotonated p-benzosemiquinone radical and has been ex- 
plained by the restricted rotation of the OH group about the C-O bond [13]. In 
view of this fact, it seems likely that the line width alternation effect observed in the 
present system is to be attributed to the restricted rotation of the p-benzoquinone 
ligand about the C-0(-MO) bond. The most stable conformation of the complexes 
is considered to be the one where the MO-O bond is in the benzoquinone plane. In 
such a conformation, the proton hf couplings cease to be symmetrical about the axis 

ohs. 

sim. 
0x10-7 5 

-6OOC 

Fig. 7. First-derivative X-band EPR spectra of the complexes MeCpMo(CO),(BQ) in MTHF (a) and 
MeCpMo(CO), (2,6-DMBQ) in MTHF (b) at different temperatures, and their simulated spectra 
calculated by use of modified Bloch equations assuming the two-jump model. 
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connecting the two carbonyl groups. and the v electrons of the henzoquinonc can 

delocalize more onto the metal moiety. 
The temperature dependent ERR spectra were analyzed by the modified Bloch 

equation for the restricted rotation of henzoquinone hgand assuming a two-jump 
model. The simulated spectra are shown in Figs. 7a and 7b with the observed 

spectra. From the plots of iog,,,(l/T) vs. l/7’ (Fig. 8). the acti\-ation energies 
obtained for the restricted rotation in the BQ and 2.6DMBQ complexes were 
25 2 2 kJ/mol and 29 + 2 k.l,~~mol. respectively. 

In the case of the complexes from 1. this type of spectral change with tempera- 
ture was observed only at temperatures near the freezing point of the Avent. This 
indicates that the methyl group in the cyclopentadienyl ring has an appreciable 
effect on the rotation of the IT-benzoquinone tigand; the methvl group vvould make 
the transition state in the intramolecular motion unstable by steric interactions with 
other ligands. leading to higher activation energies for the complexex from 2 than 

those of the complexes from 1. 
‘The results obtained here imply that the EPR spectra recorded at high tempera- 

tures do not necessarily give information about the most stable structure for thiq 



419 

7 

Y- 

co 

0” - 
6 

5 

1-- - 

0 

! 
.O 

1 
.O 1 1_ 

4.0 
- 

\ 

5.0 6.0 

l/T -lo3 

Fig. 8. Plots of log,,(l/T) (7: correlation time/s) vs. l/T (T: temperature/K) for the complexes of BQ 
(0) and 2,6-DMBQ (0). 

kind of complex. It is known that p-benzoquinones coordinate to group 4B 
organometallic and also to some transition metals by one of the carbonyl oxygens 
producing paramagnetic complexes [14-191. However, neither details of the coordi- 
nation structures nor dynamic motion of the complexes have been known. This is 
the first case which shows clearly the most stable conformation of the p-benzo- 
quinone hgands and their restricted rotation. 
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