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Tricarbonylchromium complexes with phenalene. 
Synthesis, structure, and thermal rearrangements 
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The reaction of phenalene with Cr(CO)3Py;/BF3-OEt 2 afforded a mixture of two 
isomeric complexes, tricarbonyl(6a,7--9,ga,9b-@-phenalene)chromium (1) and tri- 
carbonyl(3a,6a,gb,4--6-qS-phenalene)chromium (2). Deprotonation of the mixture of com- 
pounds 1 and 2 followed by treatment with MeI, Bunl, or D20 gave complexes exo-l-R-1 
(3--5: R = Me (3), Bu n (4), or D (5)). The molecular geometry of complex 3 was established 
by X-ray structural analysis. Heating of compiex 5 in toluene or CsF6 at 90--110 ~ resulted 
in redistribution of deuterium among positions exo-l, endo-l, and 3 in the resulting 
complexes of types 1 and 2 via sigmatropic shifts of the Hex o and Hendo atoms in the 
nonaromatic ring as well as via inter-ring migrations of the tricarbonylchromium group. In 
the case of 3, the methyl label is distributed among positions exo-I and 3 to form isomeric 
complexes with similar structures (exo-l-Me-2 (6), 3-Me-2 (7), and 3-Me-! (8), respec- 
tively) via processes analogous to those observed in the case of isomerization of compound 5 
(except for migration of the Hex o atom). The mechanisms of these rearrangements are 
discussed. 

Key words: phenalene, tricarbonylchromium complexes, intra- and intermolecular 
haptotropic rearrangements; X-ray structural analysis; IH and 13C NMR spectra. 

n-Complexes of transition metals with unsaturated 
and aromatic ligands, in which only part of the ligand 
positions accessible for coordination are involved in 
bonding with the metal atom, are characterized by high 
lability, which is manifested in the variety of dynamic 
processes that occur in these compounds. Among them, 
intramolecular iaaptotropic rearrangements, which occur 
with migration of the metal atom from one position of 
the ligand to another (Scheme 1), have received the 
most study (see, for example, reviews I--6). 

Scheme 1 

M L  n M L  n 

In some cases, the migration of the M metal atom is 
accompanied by reversible migrations of H atoms (or the 
R group) between the M atom and the endo-positions of 

the unsaturated ligand, These processes, which are in- 
tramolecular reactions of oxidative addition and reductive 
elimination, are generally considered from the viewpoint 
of activation of C--He.a. o bonds. The ease of both types of 
rearrangements is closely associated with the catalytic 
activity of the complexes. In this connection, the study of 
their intramolecular dynamics is of obvious theoretical 
and practical interest (see reviews 7 and 8). 

Inter-ring haptotropic rearrangements in the course 
of which a ML n organometatlic or carbonylmetal group 
migrates along the plane of the ~-system of the ligand 
from one ring to the other are typical of complexes of 
transition metals with polycyclic aromatic ligands. Pres- 
ently, migrations of the ML n group between two six- 
membered aromatic rings in derivatives of naphthalene, 
acenaphthylene, biphenylene, and biphenyl (@,@-rear- 
rangements) as well as between the five-membered and 
six-membered rings in complexes with indenyl and 
fluorenyl anions and their heteroanalogs (@,@-rear- 
rangements) are well studied, a-6 Rapid reversible mi- 
grations of the Mn(CO)3 group between two five-mem- 
bered tings in derivatives of indeno[1,2-a]indene,  9 the 
rapid migration of the @-bonded PdL 2 fragments from 
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one s ix-membered ring of  the phenalenyl system to the 
other, I~ and migrations of  the q2-bonded Ni(PR3) 2 flag- 
metats between the s ix-membered rings of  5-alkyl- and 
5,10-dialkylanthracenes were also reported (see Ref. i l 
and references therein). 

"Ricochet" rearrangements (Scheme 2) 5 comprise a 
special class of  inter-ring haptotropic rearrangements. 
In these processes, migrations of the metal  atom from 
one ring to the other are accompanied by simultaneous 
migrations of the H atom or the atkyl group from the 
metal atom to one of  the endo-positions of the ligand. 

Scheme 2 

RMLn R ML n 

We found the first examples of "ricochet" rearrange- 
ments (see Scheme 2) in the case of  thermal isomeriza- 
tion of e-alkyl(rlS-indenyl or fluorenyl)tricarbonyl com- 
plexes of  chromium 12'13 (Schemes 3 and 4). 

Scheme 3 

(CO)3Cr--R 

R = Me, CH2Ph, H, D 

(CO)3Cr R 

Scheme 4 

(CO)3Cr--R (CO)3Cr 'R 

R = H ,  Me, D 

When studying thermal rearrangements of complex 
exo-l-D-1,12 we found that the change in the position 
of the deuterium label occurs along with the usual 
q6,rl6-inter-ring migrat ion of  the Cr(CO) 3 fragment, 
which was observed in the case of naphthalene deriva- 
tives. This may be associated with the direct participa- 
tion of the metal atom in the process (which involves 
intermediate formation of  the H- -ML~ group), which 
occurs as the "ricochet" inter-ring rearrangement (see 
Scheme 2). However, the possibility ofsigmatropic shifts 

of H atoms without the part icipat ion of  the metal  atom 
must not be ruled out. With the aim of studying these 
processes in detail and revealing the  extent to which the 
metal atom is involved in them, in this work we synthe- 
sized a series of new tr icarbonylchromium complexes 
with substituted phenalenes and s tudied their structures 
and the kinetics of thermal rearrangements.  

Results and Discussion 

Synthesis of isomeric 
tricarbonyi(q6-phenalene)chromium complexes 

Tricarbonyl(6a ,7--9 ,9a ,9b-  @- phena lene)chromium 
(1) was first synthes ized  by  the r eac t ion  of  
Cr(CO)3(MeCN) 3 with phenalene at 45 ~ and isolated 
by chromatography and sublimation in 21% yield.14 We 
synthesized complex 1 by Ofele 's reaction.IS As a result, 
two isomers 1 and 2 were obtained in a ratio of 2 : 3 in 
a total yield of 44% (Scheme 5). 

Scheme 5 

Pv3Cr(CO) 3' BFa" OEt. 

Et20, 0--20 ~ 

Cr(CO) 3 Cr(CO) 3 

1 2 

Complexes 1 and 2 were separated chromatographi-  
cally and characterized by spectral methods (see the 
Experimental section). 

In the IH NMR spectrum of compound 1, the AB 
portion of the complex spin system (Fig. 1) in the 
highest field belongs to the geminal  pair of the protons 
at the C(I)  atom. Below is demonstra ted that transfor- 
mation of complex 1 to anion 9 under the action of 
BuaLi followed by treatment o f  9 with D20 yields 
exclusively complex exo- l -D-1  (Scheme 6). In this case, 
the high-field signal in the AB par t  of  the N M R  spec- 
trum of complex 1 (in C6Dd) disappears,  which allows 
one to assign this signal to the exo-proton at the C(1) 
atom. The assignment of other signals was made using 
the double resonance method and  Overhauser effect 
experiments. 

The solvent has a pronounced effect on the positions 
of the signals in the IH NMR spect ra  of the tricarbonyl- 
chromium complexes with phenalene.  In particular, in 
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Fig. 1. tH N M R  spec t rum (400 MHz)  of  t r icarbonyl(6a ,7--  
9 . 9 a , 9 b - q 6 - p h e n a l e n e ) c h r o m i u m  (1) in C6D 6. 

g o i n g  f r o m  C 6 D  6 to  C 6 F  6, all r e s o n a n c e  s i g n a l s  sh i f t  
d o w n f i e l d  by 0 . 5 - - 1 . 1  p p m .  T h e r e f o r e .  h e x a f l u o r o -  

b e n z e n e  d o e s  n o t  e x h i b i t  t h e  A S I S  e f fec t  ( the  a r o m a t i c  

s o l v e n t - i n d u c e d  sh i f t )  16 t yp i ca l  o f  o t h e r  a r o m a t i c  so l -  

ven t s .  T h e  l a rges t  d o w n f i e l d  s h i f t  is. o b s e r v e d  for  t h e  

s igna l  o f  t h e  exo-protons at  t h e  C ( I )  a t o m  (8 1.09 a n d  
0 .92  lbr  c o m p l e x e s  I a n d  2,  r e s p e c t i v e l y ) .  In  t h e  c o r r e -  

s p o n d i n g  s h o r t - l i v e d  " c o l l i s i o n  c o m p l e x e s ,  ''17 t h e s e  p r o -  

t o n s  a re  d i r e c t e d  t o w a r d  t h e  d e u t e r o b e n z e n e  m o l e c u l e s  

l o c a t e d  a b o v e  t h e  p l a n e  o f  t h e  s i x - m e m b e r e d  r ing  c o o r -  
d i n a t e d  to  t h e  C r  a t o m .  It is i n t e r e s t i n g  t h a t  t h e  s igna l s  

o f  t h e  exo-  a n d  endo-protons in t h e  s p e c t r u m  r e c o r d e d  

in C 6 F  6 c h a n g e  p laces .  A c o m p l e t e  a n a l y s i s  o f  t he  

s p e c t r a  o f  c o m p l e x e s  1 a n d  2 in C 6 F  6 was  c a r r i e d  o u t  
u s i n g  t h e  d o u b l e  r e s o n a n c e  m e t h o d  a n d  i t e r a t i v e  c a l c u -  

l a t i ons .  T h e  o b t a i n e d  p a r a m e t e r s  a re  g i v e n  in  T a b l e s  l 
a n d  2. T h e  v a l u e s  o f  8 13C for  c o m p l e x e s  1 a n d  2 a re  

l i s ted in T a b l e  3. T h e  a s s i g n m e n t  o f  t h e  s i g n a l s  in t he  
13C N M R  s p e c t r a  was  m a d e  u s i n g  t h e  D E P T  p r o c e -  

du re .  

T h e  s i g n a l s  o f  t h e  H a n d  C a t o m s  o f  t h e  s i x - m e m -  

b e r e d  r ings  in c o m p l e x e s  1 a n d  2,  w h i c h  are  i n v o l v e d  in 

c o o r d i n a t i o n  to  t he  C r ( C O ) 3  f r a g m e n t ,  u n d e r g o  upf ie ld  

sh i f t s  typ ica l  o f  x - c o m p l e x e s  o f  t r a n s i t i o n  m e t a l s .  In th i s  

Table 1. Chemica l  shifts in the IH N M R  spectra o f  complexes  I and 2 

C o m p o -  Solvent  6 

und H(1)ex o }t(l)enao H(2) H(3) H(4) H(5) H(6) H(7) H(8) H(9) 

1 C6F 6 3.01 3.164 5.60 6.20 6.33 6.68--6.72 6.68--6.72 5.11 4.76 4.41 
C6F 6 4.01 4.02 6.30 6.66 6.98 7.37 7.33 5.90 5.64 5.37 

2 C6D 6 3.26 3.54 5.58 5.73 4.52 4.76 5.26 6 .74- -6 .85  6.74--6.85 6.45 
C6F 6 4.!8  4.09 6.34 6.40 5.29 5.63 6.06 7.45 7.49 7.31 

Table 2. Sp in -sp in  coupl ing  cons tan ts  (JrtH) in the  IH N M R  spectra (400 MHz)  of complexes  1 and  2 (in C6F6) 

Atom C o m p o -  Y/Hz (+0.05) 

und  H(l)exo H( l )~do H(2) H(3) H(4) H(5) H(6) H(7) H(8) H(9) 

H(l)exo 1 - -  - 2 4 . 9 4  3.65 - 2 . 4 2  1.06 <0.I  0.39 - -  - -  - 0 . 9 1  
2 - -  - 2 5 . 4 3  2.82 - 2 . 4 6  0.59 - -  . -  1.06 <0_1 - 1 . 7 2  

H(l)endo 1 - - 2 4 3 4  - -  4.57 --1.99 1.05 <0.1 0.39 - -  - -  --0-81 
2 --25.43 4.20 --2.06 - -  - -  - -  0.93 <0.1 -- 1.62 

H(2) 1 3.65 - -  - -10 .03  0.59 - -  0.46 - -  - -  - -  
2 9.98 . . . . . .  

H(3) 1 - 2 . 4 2  - 1 . 9 9  10.03 - -  0.52 - -  - -  <0.I  - -  - -  
2 - 2 . 4 6  - 2 . 0 6  9.98 - -  0.27 - -  - -  0.2 - -  - -  

t-I(4) 1 1.06 1.05 0.59 0.52 - -  6.86 1.07 - -  - -  - -  
2 0.59 0.46 - -  0.27 - -  6.11 1.09 - -  - -  - -  

H(5) ! <0.1 <0.1 - -  - -  6.86 - -  8.68 - -  - -  - -  
2 - -  - -  - -  6.1I - -  6.72 

H(6) 1 0.39 0.39 0.46 - -  1.07 - -  - -  0.2 - -  - -  
2 . . . .  1.09 6.72 - -  0.23 - -  

H(7) l - -  - -  - -  <0.1 - -  - -  - -  6.73 1.05 
2 1.06 0.93 - -  0.2 - -  - -  0.23 - -  1.09 

H(8) 1 . . . . .  6.73 - -  6.16 
2 <0. t  <0.1 . . . . .  8.63 7.00 

H(9) 1 - 0 . 91  -0 .81  . . . . .  1.05 6.16 - -  
2 - 1 . 7 2  - 1 s  . . . . .  1.09 7.00 - -  
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Table 3. Chemical shifts in the 13C NMR spectra of the tficarbonylchromium complexes with phenalene and its derivatives (ira C6D6) 

Corn- 3 (4-0_02) 

pound Cfl) C(2) (5(3)  C(4) C(5) C(6 )  C(7) C(8) C(9) C(3a) C(6a) C(9a) C(9b) CO Me CH, 

1 30.68 123.69 125.97 126.76 128.38 129.23 88.77 89.74 93.02 133.62 100.78 103.75 105.45 232.99 -- 

2 31.26 129.00 t28.65 88.87 89.86 93.12 [26.11 125.79 124.57 I01.68 99.70 135.75 106.71 232.99 -- 

3 35_81 124.45 12491 127.37 12981 135.12 89.81 90.03 93.69 133.92 100.14 106.23 1.10.38 233.48 27.23 

4 41.06 123.84 t25.6t 1.26.73 129.21 133.t9 89.33 89.39 92.99 I33.49 100.05 t09.16 t00.58 233.93 t3.99 

11 35.44 123.95 I24.51 128.46 133.15 133.98 85.88 89.56 92.91 131.14 99.72 110.68 105.09 232.98 19.37 
26.82 

14 30.96 128.40 133.00 92.01 87.32 86.03 128.88 I25.88 [25.32 101.69 t02.54 133.32 105.88 233.07 !8.26 
! 8 .96 

u 

23.03 
27.30 
40.23 

R ~ V ~ . . ~ W  

a " 'H  
4 3a ,~ga 9 

5 6 ~ 8 
CrfCO) 3 

1 - - 4 ,  1 1 ,  1 4  

,Vote. I n  m o l e c u l e s  2 a n d  14 ,  t h e  m r ( C O ) 3  f r a g m e n t  is b o n d e d  to  

1 :  R 1 = R 3 = R 6 = R 7 = H 

2 :  R I = R 3 = R 6 = R 7 = H 

3 :  R ~ = M e ,  R 3 = R 6 = R 7 = H 

4:  R I = Bu n, R 3 = R 6 = R 7 = H 

1 1 :  R 1 = R 6 = M e ,  R 3 = R 7 = H 

1 4 :  R 1 = R 6 = [-{, R 3 = R 7 = H 

the C{3a), C(4), C(5), C(6), C(6a), and C(9b) atoms. 

case, the absolute values of the spin-spin coupIing con- 
slants of the protons of the coordinated nuclei decrease 
substantially. This is most pronounced with the long- 
range spin-spin coupling constants, which is indicative 
of a substantial shift of the n-electron density to the 
metal atom. The difference in the spin-spin coupling 
constants of the H(l)exo and H(l)~ndo atoms are also 
typical. Taking into account the sign, the values of the 
3J~{(t),H(~). 4JH(~),H(3), and 4JH(t),H(9 ) constants for the 
exo-protons are slightly lower than those for the endo- 
protons (3.65 and 4.57 Hz; -2 .42  and -1.99 Hz; -0.91 
and -0.81 Hz, respectively), which can be used for the 
stereochemical assignments. 

Ofele's reaction with 3-D-phenalene (obtained by 
reduction of phenalanone with LiAID 4 followed by de- 
hydration of the resulting phenalanol) gave a mixture of 
complexes 1 and 2 of the same composition. In both 
isomers, the deuterium label is uniformly distributed 
among positions exo-l, endo-l ,  3, 4, 6, 7, and 9. Appar- 
ently, redistribution of the deuterium label occurs in the 
phenalene molect~le under the action of BF 3 �9 OEt 2 prior 
to formation of the complex because it is well known 
that substituted phenalenes are readily isomerized under 
the conditions of acid or basic catalysis. 18 TficarbonyI- 
chromium complexes with phenalene 1 and 2 as well as 
the complexes of substituted phenalenes are less sensi- 
tive to acid agents. Thus, we demonstrated by special 
experiments that under the conditions of Ofele's reac- 
tion, exo-l-Me-1 (3) and exo- l -D-1 (5) are quantita- 
tively regenerated (without isomerization) by treatment 
with Py3Cr(CO)3 and BF3"OEt  2, respectively. 

The mass spectra of isomeric complexes 1 and 2 
(electron impact) have medium intensity molecular ion 

peaks at m/z of 302 whose fragmentation occurs through 
successive elimination of CO groups. The difference in 
fragmentation is that the mass spectrum of compound 2 
has the low intensity peak of the [ M - C O ]  fragment (at 
m/z 274), which is absent in the mass spectrum of 
isomer 1. 

Apparently, the authors, 14 who described complex 1 
for the first time, also dealt with a mixture of isomers 1 
and 2 formed by the reaction of Cr(CO)3(MeCN) 3 with 
phenalene. However, they failed to detect the presence 
of two isomers in the ~H NMR spectra recorded on an 
instrument operating at I00 MHz in a solution of iso- 
tropic CDCI 3. The above-mentioned fact also accounts 
for the lower melting temperature of  complex 1 reported 
in Ref. 14 than that determined by us. 

Metallation of complexes 1 and 2 

When treated with n-butylli thium ( -70  ~ THF), 
both isomeric complexes 1 and 2 transformed readily to 
anion 9. Lithium salt 9 is unstable in THF at a tempera- 
ture higher than -20  ~ and produces a phenalene anion 
through elimination of the Cr(CO)3 fragment (Scheme 6). 
The IH N M R  spectrum of salt 9 (Table 4) is indicative 
of the symmetrical structure with complete delocalization 
of the charge over both six-membered rings, which are 
not involved in coordination to the metal atom. Based on 
the data of the spectra recorded at different temperatures, 
it may be concluded that inter-ring haptotropic migra- 
tions of Cr(CO) 3 between the six-membered rings (rather 
rapid within the NMR time scale) do not occur in anion 
9 at a temperature up to - 20  ~ 
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Table 4. Parameters of the ]H NMR spectra (400 MHz) of complex 9 and the phenalenyl anion (in THF-d 8, -40  ~ 

Com- 

pound 

J/Hz 
H(1), H(3) H(2) H(4), H(9) H(5), H(8) H(6), H(7) JH(t),rf(2), JHC2~.H(3) JH(4),H(5), JH(8) H(9) JH(s),n(6), Jn(7),n(8) 

9 4.521 5.23 5.517 6.53 6.02 5.91 6.78 7.t9 

Phenalenyl 
anion 5.195 7.44 5.!.95 5.20 5A95 7.32 7.32 7.32 

7 6 - 7 6 - 

Or(CO) 3 
9 

A comparison of  the tH N M R  spectra of salt 9 and 
the phenalenyl anion (see Table 4) demonstrated that 
coordination of  the Cr(CO)3 fragment results in upfield 
shifts of the resonance signals of  the H( I ,  3) and H(2) 
protons of  the coord ina ted  nucleus by 0.674 and 
2.21 ppm, respectively, with a decrease in the vicinal 
constant JHIIj,Hc~) from 7.32 to 5.91 Hz, which is typi- 
cal of coordination effects. The signals of the protons of 
the rings, which are not involved in bonding with metal, 
H(5, 8), shift upfield by 0.91 ppm, whereas the signals 
of H(4, 9) and H(6, 7) shift downfield by 0.322 and 
0.925 ppm, respectively. The total downfietd shift of all 
the protons of the uncoordinated nuclei in the spectrum 
of complex 9 compared to the signals of  compound 1 
indicates that in anion 9, the negative charge shifts 
substantially from the ligand to the metal atom. The 
chemical shifts in the IH N M R  spectrum of compound 
9 are temperature independent.  This suggests that lithium 
salt 9 occurs in T H F  predominantly as solvent separated 
ionic pairs. 19 

Reaction of  complex 9 with electrophific reagents 

The reactions of  salt 9 with electrophilic reagents 
(Mel,  BunI, and D20) at low temperatures proceed 
regio- and stereoselectivity to form the corresponding 
exo-I derivatives (Scheme 6). 

Note that if  RX = MeI and an excess of BuaLi was 
present in the reaction mixture, compound 4 occasion- 
ally formed in small amounts  along with the expected 
complex 3 due to formation of Bunl through exchange 
between butylli thium and methyl iodide. 

The regioselectivity of  the reaction was confirmed by 
a complete  X-ray structural study of complex 3. In the 
IH N M R  spectrum of  complex exo - l -D-1  (5), the sig- 
nal at 5 3.01 is absent, which allows one to make the 
reliable assignment in the AB portion of the spectrum, 
whereas in the 2H N M R  spectrum of compound 5, only 
one singlet at ~ 3.01 is observed. The parameters of the 
IH N M R  spectra of methyl derivative 3 and the other 

substituted tr icarbonylchromium complexes with phena- 
lene are given in Table 5. The chemical  shifts in their 
13C N M R  spectra are listed in Table 3. 

Scheme 6 

BunU 
1 o r 2  

9 Cr(CO}3 

T>20 U " ~ X  R 

2 3--5 Or(CO)3 

RX = Mel ,  Bun[, D20 ;3: R = Me 

4". R ---= BU n 

5 : R  = D  

It should be noted that fragmentat ion of compound 5 
under the action of  the electron impact also proceeds 
regioselectively. The [M] § [ M - 2 C O ] ,  [ M - 3 C O ] ,  and 
[M-HCr(CO)3  ] peaks in the mass spectrum of complex 
5 are shifted to greater masses by I amu compared to the 
spectrum of compound 1, i.e., the las t-mentioned frag- 
mentation ion forms through migration of the endo- 
proton from the C(1) atom to the chromium atom 
(Scheme 7). 

X-ray structural analysis of  complex 3 

The structure of molecule 3 is shown in Fig. 2. The 
projection of the t r icarbonylchromium group onto the 

Scheme 7 

-Her[co)3 ~ 

Cr(CO) 3 
m/z 303 m/z 166 
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Table 5. Parameters of the IH N M R  spectra (400 MHz) of the tricarbonylchromium complexes with derivatives of 

Compo- 8 ( / /Hz) 

und R~exo R2en,,o H(2) R 3, H(3) R ~, H(4) 

3 0.84 3.17 5.64 (JH(D,H(2) = 4.9, 6.19 (JH(2),H(3) = 10.1, 6.40 (JH(~),H(5~ = 6.0, 
(JCn3,p,2 = 7.3) (&Z,CH3 = 7.3) J~(2},H(3} = I0.I) JH{3},R2 = 1 . 3 5 )  arH(4),H(6) = 2.0) 

0.7 (CH3); 1.27, 3.3! (JcH~,CH~ = 5.9, 5.79 (JH(I).H{2) = 4.9, 6.35 (JH(t),H{3) = 1.4, 6.43 (J'H(,~LH(S) = 6.1, 
1.04, 0.88 (CH2) JRZ.H{9) ='0.8) /H(Z),H(3) = i0.0) JH(2),H(3) = I0.0) JH(4).H(6} = 2.2) 

12 3.12 3.20 5.58 (JH{2).HO} = 6.18 6.35 
(JRLR2 = 24 3) (JRLR2 = 24.3) 10.2, JH(2),R] = (JH{2),tt(3) = 10.2) 

JH(2I,R.~ = 4.3) 

l l  0.90 3.20 5.67 (JH(2),R2 = 4.64, 6.23 (JH(2},H(3~ = 9.77, 6.38 
(JRI.R2 = 7.27) (arRt. RZ = 7.27) JH(D,H(3} = 9.77) /H(3),H(4) = 0.92) (JH(4).H(5) = 7.08) 

14 3.35 3.57 5.49 1.63 4.87 
(JRI.R: = 25.7) (JOt,R-" = 25.7) 

15 3.12 3.i7 5.5t 1.80 6.72 
{JRLR2 = 24.9) (JRLR2 = 24.9) (JH{a),H(S} = 7.13) 

16 3.53 1.30 
(JRJ.R-" = 7.3) 

17 2.89 3.26 
(JRI.R2 = 22,3) (JRI.R2 = 22.3) 

6 3.31 3.56 

7 3.13 
(/p, Lp,2 = 23.5) 

19 [.21 (CH3) 

3_28 

3.61 
(H, JH,CH 3 = 7.4) 

20 3.66 3.66 

5.75 (JH{2}.R2 = 3.96, 6.54 (J'Hr2).H(3} = 10.16, 1.85 

J'Hr = 10.16) JR2,H(3) = 2.15) 

5.46 4.6 [ ( JH(4) ,H(5)  = 6.3. 6,61 
(JH(2),CH3 = 1.7) JH(4),H(6) = t.[) 

5.49 1.75 6.58 (JH{4LH(6) = 1.6, 
(JH{2),H(1) = 4 .5 )  JH(4) .H(5)  = 6 .3 )  

5.75 6.44 6.98 
(JH{2),CH3 = 2.0) (JHf2).H(3} = 9.6) 

5.58 1.91 6.98 

FO R a 3:  R 1 = Me  R1 
4:  FI 1 = Bu n -. 

W 1 2 :  R 6 -= Me  Ft R 9 
2 1 1 :  R 1 = R 6 = Me 

15" R 3 = R 7 = Me 
R ~  y "Rs 16 :  R 2 = R 6 = Me 

Cr(CO)3 1 7 :  R 4 = R 9 = Me (C0)3~.  R 6 R:' 

7:  R 3 = M e  6,  8,  1 4  
3, 4, 7 ,  1 1 ,  12 .  1 5 - - 1 7  

14 :  FI 3 = R 7 = Me 
6:  R 3 = M e  
8:  R 1 = M e  

Note. The remaining substituents R = H (unless otherwise stated). Chemical shifts for complexes 6, 8, and 14 were measured in 
toluene-d 8. Compounds 19 and 20 are the ligands obtained by decomposition of complexes 3 and 4, respectively. 

plane of  the phena lene  l igand is shown in Fig. 3. The 
bond lengths and bond angles  are given in Tables 6 and 
7, respectively. The  dis tance  be tween the Cr  atom and 
the mean  plane o f  the rl6-ring A (I .746 .~.) is equal  to 
that observed in the t r icarbonyl( r l6-naphthalene)chro  - 
m i u m  molecu le  (1.747 A) 20 and is somewhat  larger 
than that in the t r i ca rbony l (q6 -benzene )ch romium tool-  

ecule  (1.726 ~) ,z t  which is cons i s ten t  with the lower 
~ -donor  ability of  the condensed l igands.  [n molecu le  3, 
the or ienta t ion of  the Cr(CO)~ g roup  with respect  to the 
"naphthalene"  fragment (rings A a n d  B) is ident ical  to 
that in rl6-CsH6Cr(CO)3. The  ca rbonyl  groups are lo-  
cated below the C(6a) - -C(7) ,  C ( 8 ) - - C ( 9 ) ,  and C(9a) - -  
C(9b) bonds. The rings A and /1 are approx imate ly  
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phenalene a 3, 4, 6, 7, I1, 12, 14--17, 19, 20 in C6D 6 

6 (J /Hz)  

H(5) R 6, H(6) R 7, H(7) H(8) R 9, H(9) 

-6.70--6.80 -6.70--6.80 5.15 (JH(7).Hr = 6.5, 4.81 (JH(7),H(8) -~ 4.55 (JH(S),H(9) = 6.5, 
arH(7),it(9) = 0.9) JH(8),H(9) = 6.5) JH(7),H(9) = 0.9. 

/R2.H(9) = 0.9) 

5.18 (JH(7),H(8) = 6.5, 4.64 (JH(V).H(9) = 
JH(7).H(9) = ],.I) [.1, JH(S),H(9) = 6.2, 

JR2,H(9) = 0.8) 

6.57 2.05 5.83 4.45 
(JH(7),H(8~ = 6.3) (JH(8),H(9) = 6.3') 

-6.71--6.78 -6,71--6.78 

2.09 5.25 
(JH(7),H~8) = 6.9) 

-4.87 5.47 2.18 

2.20 

6.57 
(JH(4).H(5) = 7.08) 

6.85 (]FI(4),H(5) = 7_13, 7.48 
JH(5),H(6) = 8.9) (JH(S),H(6) = 8.91) 

1.83 

4.83 (JH(7).H(8) = 6.5, 
JH(8),H(9) = 6.2) 

4.78 (JH(8).HO) ~ 
JH(7),H(8) = 6.3) 

4.83 (JH(7),H(8) = 6.9, 4.63 
JHtS),HO) = 6.2) (JH(g).H(9) = 6.2) 

6.71 (JR7 n(8) = 1.0, 6.52 (JH(8),H(9) = 7 . l l ,  
JH(SLH(9) = 7.11) JHO),H(I) = 1.70) 

4.59 4.73 
(arH(S),H(9) = 6.16) (JH(g).H(9) = 6.16) 

6.58 6.72 5.28 4.72 1.59 
(Jia(5~.H(s) = 8.67) (Jms~,H~6) = 8.67) (JH~7).H(8~ = 6.80) (JH(7),H(8) = 6.80) 

4.80 4.88 5.36 6.72--6.84 6.72--6.84 
(JH(5),H~6) = 6.7) 

6.78 6.76 5.12 4.79 (JH(S),H(9) = 6.5, 4.47 
(JH(7),H(9) = 1.0) JH(7),H(8) = 6.9) 

7.10--7.35 
(m, H(5)--H(9))  

7.10--7.35 
(m, H(5)--H(9))  

7 8 9 9a ~ l . ~  1 

\ ,  ~x /' " 

Cr 

Oc 

o ) 

Fig. 2, Molecular structure of  complex 3. 

o02)( 

2 3 

Fig. 3. Projection of  the tr icarbonylchromium group onto the 
plane of the phenalene ligand in complex 3. 
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Table 6. lnteratomic distances (d) in molecule 3 (see Figs. 2 and 

Bond d/A Bond ~& 

Cr--C(6a) 2.30445) Cr--C(12) 1.826(6) 
Cr--C(7) 2.229(6) Cr--C(13) 1.829(6) 
Cr-C(8)  2.205(7) O(11)--C(t 1) 1.156(7) 
Cr--C(9) 2.219(7) O(12)--C(12) 1.157(8) 
Cr--C(9a) 2.24l(6) O(13)--C(13) 1.159(8) 
Cr--C(9b) 2.273(6) C(1)--C42) 1.50249) 
Cr--C(I !) 1.830(6) C(I)--C(9a) 1.522(9) 

3) 

Bond d/A 

C(l)--C(10) 1.530(9) 
C(2)--C(3) 1.310(1) 
C(3)--C(3a) 1.450(9) 
C(3a)--C(4) 1.360(9) 
C(3a)--C(9b) 1.437(9) 
C(4)--C(57 1.430(1) 
C(5)--C(6) 1.330(1) 

Bond d/A 

C(6)--C{6a) 1.425(8) 
C(6a)--C(7) 1.43041 ) 
C(6a)--C(9b) 1.443(9) 
C(7)--C(8) 1.380(1) 
C(8)--C(9) '.4oo(1) 
C(9)--C(9a) 1.395(9) 
C(�a)--C(9b) 1.420(9) 

Table 7. Bond angles (o) in molecule 3 (see Figs. 2 and 3) 

Angle .~/'deg Angle o/deg 

C(11)--Cr--C(12) 87.1(3) 
C(I 1)--Cr--C(13) 91.4(3) 
C(12)--Cr--C(t3) 86.8(3) 
C{2)--C(I)--C(9a) 111.8(5) 
C(2)--C(I)--C(10) 109.7(5) 
C(9a)--C(1)--C(I0) 109.0(5) 
C(1)--C(2)--C(3) 124.6(6) 
C(2)--C(3)--C(3a) 122.0(6) 

C(3)--C(3a)--C(4) 122.146) 
C(3)--C(3a)--C(9b) 117.8(5) 
C(4)--C(3a)--C(�b) 119.9(6) 
C(3a)--C(4)--C(5) 120.4(6) 
C(4)--C(5)--C(6) 121.4(6) 
C(5)--C(6)--C(6a) I21.0(6) 
C(6)--C(6a)--C47) 123.6(6) 
C(6)--C(6a)--C(9b) 118.4(6) 

.Angle c0/deg Angle o/deg 

C(7)--C(6a)--C(9b) 117.9(6) 
C(6a)--C(7)--C(8) !20.9(6) 
C(7)--C(8)--C(9) 120.7(7) 
C(8)--C(9)--C(9a) 120 8(67 
C(I)--C(9a)--C(9) 120,145) 
C(1)--C(9a)--C(�b) 120.If5) 
C(9)--C(9a)--C(9) 119.5(6) 
C(3a)--C(9b)--C(6a) 118.7(5) 

C(3a)--C(�b)--C(9a) 121.2(5) 
C46a)--C(9b)--C(�a) 120.1 (5) 
Cr--C(I 1)--O(1 I) 177.6(5) 
Cr--C(12)--O(12) 177.2(5) 
Cr--C(13)--O(13) 179.5(6) 

planar although they exhibit weak wave-like distortions 
(the distances from the Cr atom to the C(6a) and C(9) 
atoms of the ring A and to the C(5) and C(9b) atoms of 
the ring B are somewhat larger (by 0.02--0.03 A) than 
the remaining C - - C r  distances in these rings) typical of 
condensed arene x-ligands. 2z 

In the q6-CmHsCr(CO) 3 molecule, the distances 
between the annelated atoms of the rt6-ring and the Cr 
atom are larger than those between the peripheral atoms 
and the Cr atom (the average distances are 2.32 and 
2.02 A., respectively), which is typical of the complexes 
with condensed x-arene ligands, z3 For  compound 3, this 
tendency is less pronounced.  Note that in the @-octa-  
methylnaphthalenetr icarbonylchromium molecule 24 one 
of the annelated atoms of  the arene system is far re- 
moved from the Cr atom (2.406 A), whereas the second 
atom comes closer to the Cr atom so that five Cr - -C  
distances have close values (average 2.25 A). The 
nonaromatic ring Cwi th  the localized C(2)=C(3) double 
bond adopts a sofa conformation.  The C(1) atom devi- 
ates from the C(2)C(3)C(3a)C(9b)C(9a)  plane in the 
opposite direction with respect to the Cr atom by 0.23 A. 
The C(10) atom deviates from this plane toward the Cr 
atom by 1.65 A, i.e., in such a manner  that the methyl 
substi tuent has a pseudoaxial  exo orientation.  The 
C r - - H ( l ) e , a  o distance in molecule 3 is 3.42 A, which is 
1.86 A larger than the sum of the covalent radii of the 
Cr and H atoms. The Cr- -C(1)  distance is 3.65 A, 
which is 0.63 .A, larger than the sum of  the covalent radii 
of the Cr and C atoms. Abundant  experimental data on 
the structures of  compounds  with agostic bonds z5 indi- 
cate that direct agostic interaction between the metal 
atom and the C - - H  bond is possible only if the M - - H  
distance is larger by no more than 0.6 A than the sum of  

the covalent radii of the M and H atoms. Therefore, 
there is no efficient interaction between the Cr atom 
and the C--He~ao bond at the C ( I )  atom ip the ground 
state of molecules of the t r icarbonylchromium com- 
plexes with phenalene. This is also confirmed by the 
spectral data; that is, upfield shifts typical of agostically 
bonded H atoms are not observed in the 1H N M R  
spectra, z6 and the anomalies are absent in the v(CH) 
vibration region of the IR spectra. 

The conformational transition of the C(I )  atom in 
the ring, as a result of which the Me group changes its 
orientation to pseudoaxial due to the shift of the C(1) 
atom toward the Cr atom, should not  require a substan- 
tial expenditure of energy. Based on  the results of quan- 
tum-chemical  calculations by the PM3 method,  the 
energy of the conformation, where the C(1) atom devi- 
ates from the C(2)C(3)C(3a)C(9b)C(9a)  plane toward 
the Cr atom by 0.23 A, differs from that of the initial 
conformation by no more than I kcal mol - t .  In this 
conformation, the calculated Cr - -C(1 )  and C r - - H (  1 )~r, do 
distances are 3.2 and 3.4 A., respectively, which is also 
unfavorable for the occurrence o f  direct agostic inter- 
actions. 

Deprotonation of substituted tricarbonylchromium 
complexes with phenalene and reactions 

of the corresponding anions 

Deprotonation of complexes 1 and 2 occurs as the 
stereoselective exo-attack of the base at the geminal pair 
of the methylene protons. The react ion of  a mixture of  
isotopoisomeric complexes 1 and 2 monodeuterated at 
positions exo-l, endo-l, 3, 4, 6, 7, and 9 (which was 
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prepared by 0 fe l e ' s  reaction from 3-D-phenalene with 
the equally probable distribution of deuterium among 
positions exo-1, endo-l, 3, 4, 6, 7, and 9) with BunLi 
( - 7 0  ~ in THF)  followed by treatment of the resulting 
anion with water gave compound 1 in which deuterium 
is absent at position exo-l ,  whereas the distribution of 
the deuterium label among the remaining positions endo- 
1, 3, 4, 6, 7, and 9 remains unchanged. Complex 3 
containing only endo-protons deprotonates more slowly 
than compounds I and 2 because the Hendo atom is less 
accessible to a base. In this case, it is necessary, to 
increase the temperature of  the reaction mixture to 
- 4 0  ~ The resulting anion 10 is subjected to electro- 
philic attack exclusively in the exo-position at the C(6) 
atom to form compounds 11 and 12 under the action of 
Me[ and H20, respectively (Scheme 8). 

Scheme 8 

Cr(CO) 3 
3 

RX = Mel, H20 

Bunu ~ Li+ 

J'- ~ Me 

Cr(CO) 3 
10 

Cr(CO) 3 
11, 12 

11= R = Me 
12"R =H 

Rx 

In turn, deprotonat ion of  complex 11 yields anion 
13. When treated with water, the latter does not form 
the endo-methyl complexes,  but reacts exclusively at the 
C(3) or C(4) atom (added a proton in the exo-position) 
to form complex 14 (Scheme 9). 

The absence of  any other compounds except for 11, 
12, and 14 among the reaction products (see Schemes 8 
and 9) confirms the fact that inter-ring haptotropic 
rearrangements do not occur in anions 9, 10, and 13 at 

low temperature ( - 7 0  ~ Storage of l i thium salt 10 in 
T H F  at - 2 0  ~ for 2 h followed by treatment with 
water gave a mixture of all five possible isomeric com- 
plexes, which differ in the position of the methyl group 
in the six-membered rings. The results obtained demon-  
gra ted  that inter-ring haptotropic rearrangements in 
anion 10 occur at - 7 0  ~ but they proceed slowly 
within the NMR time scale. These experiments will be 
discussed in more detail elsewhere. The parameters of 
the ~H N M R  spectra of the resulting complexes are 
given in Table 5. The values of ~ L3C are listed in 
Table 3. 

The tr icarbonylchromium complexes with substituted 
phenalenes synthesized by us are orange-red or red 
cry. stalline compounds,  which are rather stable in the 
solid state. They can be stored indefinitely in sealed 
tubes under an atmosphere of inert gas. These com- 
plexes are readily soluble in aromatic solvents (benzene, 
toluene, and hexafluorobenzene) and moderately soluble 
in alkanes at room temperature,  and therefore, are 
crystallized from alkanes. Solutions of these compounds 
are very sensitive to light and atmospheric oxygen. In 
polar (THF and ether) and cli lorine-containing solvents, 
the complexes are moderately stable. 

Thermal isomerization of 
tricarbonylchromium complexes with phenalene 

Thermal isomerization of tr icarbonytchromium com- 
plexes with phenalene was studied under various condi- 
tions. In the experiments reported previously, z7 solu- 
tions of individual complexes I and 2 in decane were 
heated under an atmosphere of  purified argon at tem- 
peratures from 80 to 140 ~ for 10--15 h. In this case, 
the complexes underwent isomerization to form an equi- 
librium mixture. The ratio of compounds 1 and 2 was 
87 : 13 no matter  what isomer was taken as the initial. 
The mixture of the complexes was isolated chromato-  
graphically and analyzed by IH NMR spectroscopy. 
However, in a number of  experiments, destruction of 
the complexes was observed, which was accompanied by 
the appearance of a fine suspension of greenish para- 
magnetic particles, which are, apparently, chromium 
oxide. The degree of  destruction depended on the care- 
fulness of purification of argon, temperature, and the 
duration of  heating. In this connection, in this work we 
used an alternative procedure. Thermal isomerization of 

Cr(CO) 3 
11 

B unU 

Scheme 9 

Me- ~ -Me 

Cr(CO) 3 
1,3 

H20 p_ 

H H 

Me Me 

Cr(CO) 3 
14 
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the complexes was carried out in CrF 6 or toluene (in the 
case of compound 3, in toluene-d 8) in NMR tubes. The 
complexes are rather readily soluble in these solvents, 
which allows one to determine reliably the concentra- 
tions of all the reaction products up to deep degrees of 
transtbrmations. Special procedures for purification of 
the solvents and for the preparation of samples (see the 
Experimental section) made it possible to exclude com- 
pletely traces of oxygen and moisture. 

Thermal isomerization o f  c o m p l e x  5. Isomerization of 
complex 5 was studied in a CrF 6 solution at 85, 100, and 
1!0 ~ and in toluene at 90, I00, and 110 ~ The 
concentrations of the resulting products were determined 
by 2H{IH} NMR spectroscopy. The spectra were re- 
corded with stabilization of the resonance conditions on 
the 19F nucleus using the signal of C6F 6 as the reference. 
lsomerization in a toluene solution was studied using 
samples in which I0 vol.% of C6F 6 were added to stabi- 
lize the resonaaace conditions. The samples were carefully 
degassed by repeating freezing--evacuation--thawing 
cycles with the use of a vacuum line at 10 -5 Torr and 
were then sealed in vacuo. In the recorded spectra, many 
signals, which are substantially different in intensity, over- 
lap. Therefore, the standard procedure for the integration 
did not provide the required accuracy of determination of 
concentrations. Because of this, we used a procedure of 
analysis based on deconvolution of the spectra (represen- 
tation of the total spectral profile as the sum of Lorentz 
lines). The phase and the nonuniformity of the magnetic 
field were corrected (see the Experimental section). The 
tmambiguous assignment of the signals in the ~-H NMR 
spectrum was made based on the corresponding IH NMR 
spectra (see Table 1). 

Toluene is a convenient solvent for studying the 
thermal isomerization of complex 5 by 2H{tH} NMR 
spectroscopy because this complex is readily soluble in 
toluene at room temperature. Moreover, owing to the 
ASIS effect, the distances between the signals are suffi- 
ciently large for accurate integration, and the singlet of 
the CH2D group and three singlets in the aromatic 
region (which correspond to three nonequivalent posi- 
tions of the protons of the aromatic nucleus), which are 
caused by the solvent with a natural deuterium content, 
can serve as the standard for determining the positions 
of the signals and as the standard for integrating these 
signals. The drawback of toluene as a solvent is the 
occurrence of the side reaction of replacement of the 
phenalene ligand in complex 5 by toluene. This ligand 
exchange in arene complexes of tricarbonylchromium is 
well known and was studied from the viewpoint of 
kinetics in detail, zs However, because this exchange 
occurs rather slowly at moderate temperature, it is pos- 
sible to study the kinetics of thermal isomerization 
against the background of this exchange in detail. Evo- 
lution of the spectra that occurs in the course of heating 
of complex 5 in toluene at 100 ~ is shown in Fig. 4. 

In the early stages of transformations, the signal of 
the tricarbonyl(phenalene)chromium containing deute- 

J 

a 5 

5d 

5 

i! 5a  5dl t  
l~ ~ ~/~ 

it ib 1 
8 7 6 5 4 3 2 1 8 

22 i 21 5b 5 

!ii ,i 

,i ,? i~ Sdt! 1 
I! ii 5a  lSe ; :Ji 

_ j  L _ d \ _  \ _ 

6.5 6?0 55 5.0 45  4.0 3.5 3.0 

Fig. 4. Evolution of ~he 2H{IH} NMR spectra of complex 5 
in the course of thermal rearrangement in toluene at [00 ~ 
a, 2 h after the beginning of heating; b, 12 h; c, 110 h; d, the 
fragment of the spectrum obtained after 74 h. The signals from 
the natural deuterium content of the solvent are also given. 
The corresponding kinetic curves are shown in Fig. 5. 

rium at position 3 (5a) appears originally along with the 
sing/et of the initial complex 5. This  complex forms 
through the [l,5]-sigmatropic shift of  the Henao atom in 
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Fig. 5. Kinetic curves of thermal isomerization and dissocia- 
tion of complex 5 (toluene, 100 ~ 

molecule 5 (Scheme 10). Simultaneously, complex 5d 
forms through the q6,rl6-haptotropic shift of the Cr(CO) 3 
group (see Fig. 4, a, b). Then, the signal of isotopoisomer 
5b, which is formed from complexes 5a and 5d, appears 
in the low field. The intensity of the signal of this 
complex in the 2H NMR spectrum increases more rap- 
idly than that of the signal of 5a (see Fig. 4, b, c). An 
analysis of the spectrum makes it possible to detect the 
rather low-intensi ty  signals of endo-l -D-tr icarbo-  
nyl(6a,7--9,9a,gb-q6-phenalene)chromium 5e and endo- 
1 - D-tricarbonyl(3a,6a,gb,4--6-q6-phenalene)chromium 
5e (see Fig. 4, d), which form via the [l,5]-shift of the 

H(1)exo proton in molecules 5a and 5b. The change in 
the concentrations of the complexes that formed with 
time is shown in Fig. 5. The intensity of the signal of 
complex 5e is sufficient to identify it reliably but is too 
small to determine the changes in the concentration of 
5e with time with an accuracy necessary for kinetic 
studies. All the processes that occur in the system are 
shown in Scheme 10. Note that with the aim of assign- 
ing reliably the signals of deuterium in isotopoisomers of 
phenalene-dt,  we analyzed the IH NMR spectra of 
phenalene in toluene-d 8 and C6F 6 using the double 
resonance method and internuclear Overhauser effect 
experiments. In the course of these studies, we rectified 
the errors of the assignment of the signals made 
in Ref. 29. 

The kinetic curves of interconversions of complexes 
5, 5a, 5b, and 5e are adequately described within the 
framework of the model of reversible first-order reac- 
tions. There is no question that these processes occur as 
intramolecular reactions because in the case of elimina- 
tion of the Cr(CO)s fragment, it will be immediately 
captured by toluene, which is present in high excess. 
Studies of the thermal isomerization of compound 5 in 
C6F 6 provided additional supporting evidence lot the 
intramolecular character of both the [ l ,5]-migration of 
the H atom and the q6,q6-haptotropic rearrangement. It 
was demonstrated that the rates of these processes re- 
mained virtually unchanged when the concentration of 
complex 5 decreased by half as well as when 10 equiva- 
lents of hexamethylbenzene, which can efficiently cap- 
ture Cr(CO) 3, were added. 

The above-considered data indicate that the pro- 
cesses of thermal isomerization of tricarbonylchromium 
complexes with phenalene involve several consecutive 

Scheme 10 
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and concurrent reversible and irreversible reactions. In 
this connection, it was necessary to choose the kinetic 
model and to determine the parameters. The values of 
the residual dispersion of the correspondence between 
the calculated and experimental kinetic cu~'es, the stan- 
dard deviations of the desired parameters, and the ma- 
trix of the pair linear correlations are conventionally 
used as the criteria of uniqueness of solution of this 
nonlinear inverse problem. However, in complex kinetic 
schemes analogous to that described above, solutions 
can be nonunique.  From the viewpoint of mathematics. 
this manifests itself in the fact that the columns of the 
Jakobian matrix of partial derivatives of responses with 
respect to the parameters, "~d = Oxi/OkJ ' are not inde- 
pendent. What this means is the model is not rigorously 
locally identifiable, i.e., there is a continuous range of 
values of the parameters tbr which a single value of the 
responses is available within the total experimental er- 
ror. In these cases, the above-mentioned criteria are 
lacking. Because of this, we used the calculation proce- 
dure 3~ for the numerical study of the identifiability of 
the parameters of nonlinear models (see the Experimen- 
tal section) and analyzed different models of the kinetic 
scheme using this procedure. In particular, we also 
considered the cases where the reactions of replacement 
of the phenalene ligand by toluene in complexes 5, 5a, 
5h, and 5c are characterized by the individual pseudo- 
first-order constants. However, it was established that 
the values of the constants obtained in this case are 
substantially correlated, and the procedure used by us 
unambiguously indicated that the parameters of the 
model are nonidentifiable. In this connection, the rate 
constants of the ligand exchange for complexes 5, 5a, 
5b, and 5c were assumed to be equal, which did not lead 
to a substantial deterioration of the convergence be- 
tween the experimental and theoretical curves. 

The rate constants of the major processes (see 
Scheme 10) at 90, I00, and 110 ~ are given in Table 8. 

Thermal isomerization of complex 5 in C6F 6 pro- 
ceeds in many ways analogously to that described above 
for the case of the toluene solution. In this case, at high 
degrees of transformations (6 h and more), the iso- 
topoisomers of phenalene-dj  also appear. However, it is 
hard to attribute their formation to the exchange of the 
phenalene ligand for C6F 6. 

It is well known that arches containing electron- 
withdrawing groups exhibit reduced ability to coordinate 
the Cr(CO) 3 fragment, and if the arene molecule con- 

rains three halogen atoms, it is impossible to carry out 
the direct synthesis of its tr icarbonylchromium com- 
plexes. 31 Thus, only tr icarbonylchromium complexes 
with difluorobenzene can be prepared by the direct 
synthesis. 32 However, complexes of this type synthe- 
sized by alternative procedures are rather stable. In 
particular, hexachlorobenzenetricarbonylchromium was 
described in Ref. 33. It should be noted that we failed to 
detect hexafluorobenzenetricarbonylchromium by spec- 
tral methods or TLC. As mentioned above, we also 
found that addition of hexamethylbenzene (a tenfold 
excess with respect to complex 5) has no pronounced 
effect on the rate of formation of the free ligands. In this 
case, the tricarbonylchromium complex with hexa- 
methylbenzene was detected in the reaction mixture by 
TLC. The precautions taken (C6F 6 was kept in vacuo 
over a potassium mirror and was transferred into a tube 
immediately before use; the samples were repeatedly 
degassed) made it possible to exclude oxidative destruc- 
tion of compound 5 under the action of oxygen dis- 
solved in C6F 6. The samples turned transparent, and the 
line widths in the spectra remained unchanged, which is 
indicative of the absence of paramagnetic particles. The 
corresponding kinetic parameters are given in Table 8. 

The characteristic feature of thermal isomerization 
of complex 5 in C6F 6 is that after long duration of the 
processes (100 I1 at 110 ~ in pure C6F 6 and 200 h at 
l I0 ~ in C6F 6 with the addition of  hexamethylbenzene), 
isotopoisomers 1 and 2 containing deuterium labels in 
the coordinated nuclei appeared in the reaction mixture. 
When the process was carried out in toluene, isotopo- 
isomers were not detected. This suggests that in a C6F 6 
solution, coordinatively unsaturated highly reactive par- 
ticles, which may cause redistribution of the deuterium 
label among all amphi-posit ions of the phenalene ring in 
the free phenalene, appear, much as under the condition 
of Ofele's reaction followed by the bimolecular reaction 
with this ligand, the tr icarbonylchromium complexes 
with phenalene, which contain deuterium in the coordi- 
nated ring, form. It is not inconceivable that it is the 
resulting CdFdCr(CO) 3, which should very. readily ex- 
change C6F 6 for another arene ligand, that acts as such 
particle. The thermodynamic parameters of the reac- 
tions (shown in Scheme I0) in toluene are given in 
Table 9. 

Thermal isomerization of complex 3. Thermal isomer- 
ization of 3 in deuterotoluene and hexafluorobenzene in 
the temperature range 90--110 ~ occurs analogously to 

Table 8. Rate constants of thermal rearrangements of complex 5 in toluene at various temperatures 

T/~ k12" 10 -4 k2! - !0-4 k73- I0 -4 k32" 10 -4 k25.10 -6 k52" 10 -6 K23 k L" 10 -6* 

S-I 

90 0.05-1-0.01 0.24+0.01 0.52+0.03 0.11+0.03 0.77+0.01 0_16+0.01 4.79-+0.14 0.58• 
100 0. t7+0.01 0.75• 0.97+0.06 0.22+0.06 1.59+__0.01 0.36+_0.01 4.4t+-0. I0 1.73+_0.03 
I l0 0.53• 2.35• 2.88+_0.18 0.654"0.18 7.73• 1.74+_0.07 4.444"0.12 I0.44• I9 

* Here, k L is the rate constant of elimination of the ligand from complex 5. 
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Table  9. Activation parameters of thermal rearrangements of complex 5 in toluene 

Reaction AG = a AH ~ ~ AS = O Ea l, logA Z, 

kcal tool -t  /cal tool -I deg -I /kcal tool -Z /s - t  

5 ~ 5a 30.14+-0.05 31.88+_0.19 4 . 6 3 + _ 0 . 5 0  32.61+_0.19 14.34+0.11 
5a -+ 5 29.04+_0.01 30.75+_0.50 4 . 6 7 + _ 1 . 3 7  31.51+0.50 14.35-_+0.30 
5a .-4, 5b 28.85+_0.04 22.84+_4.07 -15_79+-10.90 23.53+_4.12 9.884-2.39 
5b --* 5a 29.76+_0.47 23.74+_3.49 -15.35+9.34 24.48+3.47 9.75+_2.05 
5a ---* 5c 31..90_+0.01 31 .01+7.31  -l.78+I9.64 31.76+7.32 12.94+-!._29 
5e ~ 5a 33.01+_1.64 32.12+_6.60 -1. .80+_17.72 33.86+6.59 12.93-'-3.87 

a At I00 ~ ,AG n = 4.576T(10.32 + logT-  [ogk). b Calculated using the least-squares method. 

that described above for complex 5. In the initial stage, 
the isomer containing the Me group in the vinyl position 
(6) forms due to [l ,51-migration of the H(1)end o atom. 
The inter-ring shift of the organometallic group, which 
results in complex 7, proceeds somewhat more slowly. 
Analogously, compound 8 forms due to the shift of the 
tricarbonylchromium group of complex 3 and the He~.a o 
atom of compound 7. The interconversion of the methyl 
isomers is described by Scheme 11. 

S c h e m e  11 

M e  Me ~ Hexo 

Cr(CO)3 Cr(CO}3 
3 6 

,,IL- "11" 
M e  M e ... . , . . . . ,~,..~ H ex ~ 

endo endo 
k43 
k~ 

Cr(CO)  3 Cr (CO)  3 

8 7 

All signals of the resulting four isomeric methyl 
complexes 3, 6, 7, and 8 are observed in the NMR 
spectrum of the reaction mixture. The assignment of the 
signals was made based on the spectra and nuclear 
Overhauser effect experiments. 

The kinetic curves for the methyl isomers were con- 
strutted using precision integration of the signals of the 
corresponding methyl groups of the isomeric complexes 
in deuterotoluene with the use of the program for the 
analysis of the total spectral profile, which is applied in 
studies of rearrangements of complex 5 (Fig. 6). Models 

C (%) 
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80 3 7 

60 

4O 

2O 
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. , 1 9  
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Fig. 6. Kinetic curves of thermal isomerization of complex 3 
(toluene-d 8, 90 ~ 

of the kinetic scheme were studied using the same 
procedure. The parameters were calculated using the 
same program as in the case of complex 5. Tile rate 
constants are given in Table I0. The corresponding 
activation parameters are listed in Table 11. Note that 
in the case of complex 8, we did not observe the 
[ 1,5]-sigmatropic shift of the Hex o atom with the forma- 
tion of the complex analogous to 5e containing the Me 
group in the endo-orientation. 

T h e r m a l  i s o m e r i z a t i o n  o f  c o m p l e x  14. Heating of 
compound 14 in decane (80 ~ afforded complex 15 
due to the shift of the Cr(CO)3 fragment. Heating 
during 18 h afforded compounds 14 and 15 in a ratio of 
93 : 7. Subsequent storage of the mixture at the same 
temperature for 10 h gave isomer 11 (14 : 15 : 11 = 
75 : 18 : 7), which formed either immediately from 
complex 14 through the [1,5]-sigmatropic shift of the 
Hendo atom or from compound 15 as a result of the two- 
stage reaction involving both the [1,5]-sigmatropic shift 
of the hydrogen atom and the inter-ring haptotropic 
rearrangement of the Cr(CO)3 fragment, which is con- 
sistent with the ratio of the corresponding rates of 
isomerization of monomethyl complex 3 (see Table l 1). 
Under more severe conditions (140 ~ 18 h), complex 
14 in decane also gave isomer 16, which differs from 11 
only by the endo configuration of the Me group at the 
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Table 10. Rate constants of thermal rearrangements of complex 3 in toluene-d~ at 
various temperatures 

T/~ k~2. 10 -5 k2p- I0 -5 k23.10 .5 k32- t0 -5 K,,2 K23 
S-' 1 

90 1.14__'0.03 0.674-_0.03 7.34.-2_0.62 3.51+0.62 1.71+0.14 2.09+_0.15 
100 3.53• 1.08-+0.08 18.15• 5.69+1.19 3.27+0.4! 3.I9+_0.23 
110 10.34• 4.97_+0.24 5a.98• 13.34__.0.13 2.08• 4.124-0.25 

Table I1. Activation parameters of thermal rearrangements of complex 3 in toluene-d 8 
(~H NMR) 

Reaction :~G ~ a a /U b AS ~ L, Ea e IogA b 

kcal tool -k /cal mol -I deg -h /kcal tool -t / s - '  

3 --* 6 29.60• 29.72+0.02 -t.76+0.50 30.46+0,03 13.39+0.02 
6 --~ 3 30.48+0.06 27.70_+8.60 -7.90*--2.30 28.44+8.60 11.33"5. t5 
6 ~ 7 28.39_+0.05 27.04_+2.05 -3.43+5.02 27.78+_2.05 12.58• 
7 ~ 6 29.25-Z0.47 17.60• -28.17+7.20 18.40• 6.59,_'1.89 

a At 100 ~ AG ~ = 4.576T(10.32 -~ I o g T -  logk). 
o Calculated using the least-squares method. 

sp3-hybridized C atom of the phenalene ligand. Isomer 
16 was identified in the reaction mixture using nuclear 
Overhauser effect experiments. Ill addition, signals of 
isomer 17, which has the structure of complex 1 and 
contains Me groups in the aromatic rings, were observed 
in the spectrum (compound 17 was isolated chromato- 
graphically and was identified by N M R  spectroscopy). 
It should be noted that a complex with such a structure 
can appear only as a result of an interrnolecular ex- 
change analogous to the process, which causes forma- 
tion of tricarbonylchromium complexes with phenalene, 
which contains the D atom in the coordinated ring, in 
the course of  thermal isomerization of complex 5. The 
ratio of complexes 14, 17. 15, 11, and 16 in the reaction 
mixture was 12 : 39 : 36 : 8 : 5. 

Kinetic and thermodynamic parameters of inter-ring 
rl6,@-haptotropic rearrangements in the 
tricarbonylchromium complexes with phenalene. The ki- 
netic measurements were carried out for a limited num- 
ber of temperatures. Therefore, the separation of the 
entropy and enthalpy contributions given in Tables 9 
and 11 is arbitrary. However, based on all the data 
obtained, a number of reliable conclusions can be made 
about the inter-ring rl6,,@-haptotropic rearrangements 
in the tricarbonylchromium complexes with phenalene. 
The corresponding activation and thermodynamic pa- 
rameters, which we determined for compounds 3 and 5, 
agree well with each other and with the published data 
for the complexes of substituted naphthalenes whose 
free activation energies are in the range of  26--30 
kcal mo1-1 (see Refs. 5 and 34). The process is insensi- 
tive to the solvent, concentration of  the complex, and 
admixtures of  a ligand capable of participating in coor- 
dination. These lacts along with the kinetic data unam- 

biguously indicate that the migration of  the Cr(CO) 3 
fragment in complexes 5 and 3 proceeds as an in tmmo- 
lecular reaction. In both equitibria shown in Schemes 10 
and 11, the isomers in which the Cr(CO)3 group is 
bonded to the six-membered ring containing the sp 3- 
hybridized C atom at the c~-position are thermodynami-  
cally more favorable, which also corresponds to tile 
usual effect of substituents on the relative stability of 
isomers. 

Kinetic and thermodynamic parameters of [l ,5]- 
migrations of hydrogen in tricarbonylchromium com- 
plexes with phenalene. The data on the rates of  [l ,5]- 
s igmatropic  migrat ions of  the hydrogen a tom in 
tricarbonylchromium complexes with phenalene are of 
great interest. There is indirect evidence 3s that this 
migration occurs in free phenalene. It occurs under 
severe conditions at a temperature higher than 170 ~ 
However, the activation parameters of this process can 
be estimated from the value of  the activation energy of 
migrat ion of the SiMe 3 group in phenalene  (~27 
kcal tool- l ) .  36 Previously, we have developed a simple 
procedure that makes it possible to compare the free 
activation energies of prototropic and metallotropic [1,5 l- 
shifts in various cyclic systems with adequate accu- 
racy. 37 The approximate estimate of  the free activation 
energy of  the [I ,5]-H-shift  in phenalene,  which was 
made using this procedure based on the corresponding 
data on migration of  SiMe 3, gave the value of  36 
kcal tool - l ,  which corresponds to the conditions under 
which these shifts occur. A comparison of this value 
with the free activation energies for [1,5]-sigmatropic 
rearrangements in molecules of complexes 3 and 5 
demonstrated that the activation barriers to the migra- 
tion of  the H atoms decrease sharply (this decrease is 
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Scheme 12 
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most pronounced for the Hendo atoms). This effect is 
generally observed for complexes of transition metals 
with monocyclic dienes and trienes, ss 

According to the commonly accepted and well sup- 
ported viewpoint, s9 migrations of hydrogen atoms in mol- 
ecules of complexes of monocyclic or open dienes with 
transition metals generally proceed via intermediate for- 
mation of complexes with agostic bonds and hydride 
intermediates (Scheme 12). In this case, the final result of 
the rearrangement is isomerization of the complex, which 
manifests itself in the change in the position of the 
radical-label R with respect to the diene fragment. These 
transformations occur most readily in the case of elec- 
tron-deficient 16-electron complexes in which activation 
barriers are so low that rearrangements occur rapidly 
(within the N M R  time scale) and result in the appear- 
ance of the typical reversible temperature dependences of 
the 1H and lsC N M R  spectra (see Ref. 40). 

Generally, the thermal isomerization of  selectively 
labeled 18-electron rl6-cycloheptatriene and rlS-cycto - 
hexadieny[ complexes of transition metals requires more 
severe conditions than those in the case of the rearrange- 
ment of formally 16-electron compounds shown in 
Scheme 12. The  act ivat ion energy of  this process 
(Scheme 13) for the rl6-cycloheptatriene complexes 41 
(18) is ~24 kcal mol - l ,  which is somewhat lower than the 
corresponding value for the free ligand (28 kcal tool-l) .  4z 
For  these processes (see Scheme 13), intermediate  
agostic and hydride forms were not detected. However, 
the stereospecific migration of the Hendo atoms (but not 
the H~ o atoms) was reliably established. 43 To the con- 
trary, the agostic form was detected by N M R  spectros- 
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copy at low temperature in the case of the tricarbonyl- 
chromium complex with benzocyclohepta t r iene.  At 
higher temperature, this form is involved in the agostic 
exchange. 44 Generally, the appearance of the agostic 
interaction in the transition state was also supposed when 
there is no direct experimental evidence confirming this 
interaction. In this ease, a substantial difference in the 
activation energy of migration of identical substituents in 
the complex (generally, H atoms) occupying endo- and 
exo-positions with respect to the metal atom is considered 
as the strongest argument in favor of the direct M - - H  
interaction. 

As demons t r a t ed  above,  tile Cr--Hendo and 
Cr--C(1)  distances are too large, and therefore, agostic 
interactions in complexes 3 and 5 do not occur. How- 
ever, this interaction can occur in the transition state. It 
is significant that the [ l ,5]-migrat ion of the He.xo atom 
was unambiguously detected in complex 5. Therefore, it 
can be concluded that coordination of Cr(CO)s fragments 
in phenalene promotes substantially the [ l ,5]-s igma- 
tropic shifts of  the hydrogen atom. Apparently,  this is 
determined by the fact that the transition state in these 
processes is characterized by a substantial charge separa- 
tion. In this case, the H atom carries a noticeable 
positive charge. The strong electron-withdrawing effect 
of the Cr(CO) s group is favorable for this polarization 
increasing the lability of  the H atom. We did not carry. 
out a detai led study of  exchange reactions of the 
phenalene ligand for another  arene in complexes 3 and 
5. It can only be noted that the observed rates of this 
process and the data reported in the literature z8 are of 
the same order. 
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M(CO) 3 
18 

Scheme 13 
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Therefore ,  it was es tab l i shed  tha t  w h e n  l -~xo-subs t i -  
tu tcd  p h e n a l e n e  complexes  are hea ted ,  several c o n c u r -  
rent  react ions  p roceed  s imul taneous ly .  T he  lowest  act i -  
va t ion barr ier  occurs  in the  case of  the  i n t r amo tecu l a r  
q6 , r l s - in te r - r ing  hap to t rop i c  r e a r r a n g e m e n t ,  wh ich  pro-  
ceeds  more  rapidly and  leads to in t e rconvers ion  of  the  
i somer  tha t  differs in the  pos i t ion  of  the  t r i ca rbonyl -  
c h r o m i u m  f r a g m e n t  in the  s i x - m e m b e r e d  rings o f  the  
p h e n a l e n e  l igand.  The  ac t iva t ion  energy of  the  supra -  
facial [1,5]-shif t  of  the  H(1)er, d o a tom is somewha t  higher ,  
and  this  shif t  occurs  w i t h o u t  f o rma t ion  of  agostic and  
hydride in te rmedia tes .  T he  c o n c u r r e n t  react ions  o f  the  
i n t e r m o l e c u l a r  l igand exchange  in complexes  with aro- 
mat ic  solvents  ( to luene  or  C6F 6) and  the  ana logous  
processes with the  par t i c ipa t ion  of  subs t i tu ted  phena l enes  
tha t  are fo rmed  a / lord  c o m p l e x e s  con ta in ing  the label in 
the c o o r d i n a t e d  ring. In sum,  the  a b o v e - m e n t i o n e d  
t r ans fo rma t ions  d e t e r m i n e  the  d i s t r ibu t ion  of  the  label 
a m o n g  posi t ions  1, 3, 4, 6, 7, and  9. A deta i led  analysis  
of  the  k inet ic  da ta  m a d e  it possible to establ ish tha t  the  
migra t ion  o f  t he  H( l )ex  o a t o m  proceeds  substant ia l ly  
more  slowly t h a n  tha t  o f  the  H(l)end o atom.  

Experimental 

,HI operations, except for TLC, were carried out under an 
atmosphere of  purified argon. The solvents (ether, decane. 
THF, and hexafluorobenzene) were boiled over a K/Na alloy. 
which was washed free of aromatic hydrocarbon, and distilled 
before use. Unless otherwise stated, chromatographic isolation 
of the resulting complexes was carried out on 40/100 !a silica 
gel (Chemapol, BratisIava). 

The [R spectra were recorded on a UR-20 spectrometer 
(Karl Zeiss) in heptane. The NMR spectra were measured on 
a Varian VXR-400 spectrometer (400 MHz for IH). The 
assignments in the IH NMR spectra were made based on 
double homonuclear resonance (in some cases, the COSY 
procedure was used) and Ovethauser effect measurements 
using the NOEDIF  procedure, which was realized in the 
soRware of the spectrometer. The assignments in the 13C NMR 
spectra were made using the DEPT procedure and by compar- 
ing with the spectra of the model compounds. The mass 
spectra were recorded on a MAT-[12S instrument (ionizing 
voltage 70 eV). 

Decane, toluene, toluene-dg, and CdF 6 used for thermal 
isomerization of  the t r icarbonylchromium complexes of 
phenalene were freed from water and oxygen by keeping over a 
potassium mirror followed by distillation and freezing--evacu- 
ation (to t0 -5 Torrl-- thawing repeated three times. 

Tricarbonyl(6a,7--9,9a,gb-rld-phenalene)chromiom (1) and 
tricarbonyl(3a,6a,gb,4--6-qd-phenalene)chromium (2). Freshly 
distilled BF 3 - OEt 2 (13.8 g, 97 retool) was added to a mixture 
of phenalene (5.7 g, 21.4 retool) and Cr(CO)3Py 3 (8 g, 
21.4 retool) in ether (75 mL) at --I0 ~ The reaction mixture 
was stirred at 25 ~ for I h and then washed with water three 
times. The ethereal layer was dried over MgSO 4. The ether was 
removed in vacuo. The residue was chromatographed on a 
3x40 cm column with silica gel (a benzene--petroleum ether 
mixture was used as the etuent). After rec~stallization of the 
red zone from a heptane--benzene mixture, a mixture of 
complexes 1 and 2 was obtained in a ratio of 40 : 60 (accord- 

ing to the data of IH NMR spectroscopy) in a yield of 3.8 g 
(44%). More mobile complex I was completely separated From 
2 by TLC on silica gel (a l0 : I hexane--e ther  mixture was 
used as the eluent). Compound I was crystallized from hep- 
tane as red prisms, m.p. 168--170 ~ Literature data: t4 m.p. 
I16--118 ~C. MS: m/z (~,el (%)): 302 [M]* (20.47), 246 
[M-2COI (12.32), 218 [M-3CO] (70.13), 165 [M-HCr(CO)3]  
(52.46), 52 [Cr] (100). IR, v (CO) /cm-! :  1904, 191S, 1976. 
The parameters of the ~H and t3C N M R  spectra are given in 
Tables 1, 2, and 3. 

Lithium salt 9. A mixture of complexes 1 and 2 in THF 
was treated with a solution of BunLi in hexane (the molar 
ratio (1 + 2)/BuLl = I : 3) at - 7 0  ~ The reaction mixture 
was stirred at - 7 0  ~ for 15 min. The  solution turned dark- 
red. The parameters of the Ill N M R  spectra are given in 
Table 4. 

Synthesis of complexes 3, 4, 5, and ! from lithium salt 9. 
Water (0.1 mL) in THF  (5 mL) was added to a solution of salt 
9, which was obtained from a mixture of compounds 1 and 2 
(0.2 g, 0.49 mmol) in THF (30 mL), at - 7 0  ~ The reaction 
mixture was heated to -20 ~ The  solvent was removed 
in vacuo. The residue was chromatographed on plates with 
silica gel (a 10 : 1 hexane--ether mixture was used as the 
eluent). Complex 1 was obtained in a yield of 0.18 g (90%). 

Analogously, complex 5 was obtained from a mixture of 
compounds I and 2 (0. I6 g, 0.4 mmol)  and D20 (0.1 mL) in 
a yield of 0.15 g (93%). Complex 3 was obtained from a 
mixture of 1 and 2 (0.17 g, 0.42 rrunol) and Mel (1.2 g) 
followed by TLC in a yield of 0.1 g (57%). 

The reaction of salt 9, which was prepared from a mixture 
of complexes 1 and 2 (0.20 g, 0.5 retool), with butyl iodide 
(0.18 g, 1 mmol), which was stored over copper chips and 
freshly distilled over Na~_CO3. , gave complex 4 in a yield of 
0.20 g (70%). 

Mass spectrum of compound 5, m/z  (Ire ! (%)): 303 [M] + 
(17.13), 247 [M-2CO]  (t3.29), 220 [ M + I - 3 C O I  (22.79), 219 
[ M - 3 C O ]  (52.39), 218 [ M - I - - 3 C O ]  (14.54), 166 
[M-HCr(CO)3 ] (31.48), 165 [M- I - -HCr (CO)3]  (18.48), 52 
[Cr] (100). IR, v(CO)/cm-l :  1905, 1918, 1977. 

Compound  3 was crystall ized from hexane as red 
platelets, m.p. 153--154 ~ MS, m/z  (Irej (%)): 316 [M] + 
(24.1), 260 [M-2COI (18.8), 246 [ M - - C O - C H 2 - C O ]  (11.65), 
233 [ M - 2 C O - C 2 H  31 (31.44), 232 [M-3COI  (89.56), 230 
[ M - 3 C O - 2 H ]  (25.3), 217 [ M - 3 C O - C H ? ]  (16.5), 180 
[M-Cr(CO)31 (12.61), 179 [M-HCr (CO)31  (55.29), 178 
[M-H2Cr(CO)31 (10.32), 165 [M-CH3Cr(CO)3]  (56.68). 52 
[Crl (100). IR, v(CO)/cm-I: I905, 1918, 1977. The parameters 
of the IH and 13C NMR spectra are given in Tables 5 and 3. 

Synthesis of anion 10 by deprotonation of l - e x o -  
methylphenalene complex 3. Complex 10 was synthesized analo- 
gously to anion 9 by treating a solution of compound 3 (0.3-- 
0.5 retool) in THF  (15--20 mL) with a solution of BunLi in 
hexane (a threefold excess with respect to 3). The mixture was 
stirred at - 4 0  *C for 15 rain (the mixture turned dark-red), 
and complex 10 formed. 

Protonation and methylation of complex 10. Protonation 
and methylation of compound 10 was carried out as described 
above for anion 9. 

Complex 12 was obtained from compound 10 (0.12 g, 
0.29 retool) and H20 (0.I mL) in a yield of 0.09 g (75%). IR, 
v(CO)/cm-l :  1906, 1918, 1978. The parameters of the 1H and 
t3C NMR spectra are given in Tables 5 and 3. 

Analogously, complex 11 was obtained from complex 3 
(0.2 g, 0.48 mmol) and CH31 (1.4 g) as  red needles in a yield 
of 0.18 g (87%), m.p. 120--122 ~ ( f rom pentane). MS, m/z 
(/,'e! (%)): 330 [M] + (14.24), 274 [ M - 2 C O ]  (t4.26), 247 
[ M - 2 C O - C 2 H 3 )  ] (11.7), 246 [ M - 3 C O ]  (87.8), 244 
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[ M - 3 C O - 2 H ]  (28.2), 231 [ M - 3 C O - C H 3 ]  (12.94), 230 
[ M - 3 C O - C H 2 ]  (12.56), 194 [ M - C r ( C O ) ]  (12.7), 193 
[M-HCr(CO)]  (59.13), 179 [M-CH3Cr(CO)3] (100), 178 
[M-HCr(CO)3-CH3]  (30.06), 165 [M-CH3Cr(CO)3-CH2] 
(5.36), 152 [M-Cr(CO)z,-C3H6] (7.88), 52 [Cr] (79.11). 
IR, v(CO)/cm-l :  1905, 1914, t975. The parameters of the ~H 
and 13C NMR spectra are given in Tables 5 and 3. 

Complex 14. Deprotonation of complex 11 and quenching 
of the resulting anion 13 with water were carried out using the 
procedure described above for complexes 1 and 12. Complex 
14 was obtained from compound 11 (0.15 g, 0.35 retool) in a 
yield of 0.12 g (80%). Chromatographic separation was carried 
out on plates with silica gel (a 20 : t hexane--ether mixture 
was used as the eluent) and then on a column with Silpeafl 
silica gel (I00 : 1 and 50 : 1 hexane--ether mixtures as the 
eluent). IR, v(CO)/cm-t :  1904, 1917, 1978. The parameters of 
the )H NMR spectra are given in Table 5. 

Thermal isomerizafion of complexes 5 and 3 in C(iF 6 and 
toluene. A solution of complex 5 or 3 (12 mg) in C6F6 (in 
some cases, toluene was added to hexafluorobenzene, which 
enhanced the solubility of the complex, increased noticeably 
the difference in the chemical shifts, and therefore, simplified 
the precision integration of the spec:ra) was heated in a 5 or 
I0 mm-diameter  sealed standard tube (when the IH or 
2D NMR spectra, respectively, were recorded) in the tempera- 
ture range from 80 to i20 ~ in a thermostat (the temperature 
was maintained within • ~ At certain intervals, the tube 
was taken out, cooled rapidly to ~20 ~ with cold water, and 
the IH and "-D NMR spectra were recorded. The resonance 
conditions were stabilized using the signals of deuterium from 
SiMe4-dl2 and the signals of fluorine from C6F6, respectively. 
The high-precision 2H N MR spectra of the complexes were 
recorded with stabilization of the resonance conditions on the 
fluorine nuclei with the use of a special detector constructed by 
us. For complex 3. the char,.ge in the concentration in the 
course of measurements in deuterotoiuene was monitored by 
IH NMR spectroscopy with stabilization using the signals of 
deuterium from the solvent. All other operation were carried 
out analogously to those described above. 

Thermal isomerization of complexes 5 and 3 in decane. 
Decane was added to complex 5 or 3 (100 mg) at 50 ~ until 
the complex dissolved completely. The solution was heated at 
a fixed temperature during certain intervals. Then the solution 
was filtered through a small column with silica gel replacing 
decane by hexane and etuting the complex with benzene. After 
recrystallization from a benzene--heptane mixture, the crystals 
obtained were washed with pentane and dried in vacuo. The 
composition of  the isomerization products was determined by 
IH and 2D NMR spectroscopy. 

Thermal isomerizatioo of complex 16. A solution of com- 
pound 16 (0.I g) in decane (20 mL) was heated at 80 ~ for 
18 h. Trituration of the reaction mixture was carried out using 
the procedure described above. The residue was chromato- 
graphed on a column with Sfipearl silica gel eluting with a 
hexane--ether mixture with a gradual increase in the concen- 
tration of ether from I to 2%. Complex 15 was obtained in a 
yield of 0.01 g (10%). The sample of complex 15 obtained was 
heated in decane at 140 ~ for 18 h. The complexes were 
freed from decane and chromatographed on Silufol plates in a 
3 0 :  I hexane--ether mixture. Three dark-red zones were 
obtained. The two upper zones contained (according to the 
IH NMR spectra) complexes 15 and 17, respectively. The 
lower zone contained a mixture of complexes 11, 14, and 16. 
The parameters of the IH and t3C NMR spectra of the 
complexes are given in Tables 5 and 3. 

X-ray structural analysis of complex 3. X-ray diffraction 
study was performed on an automated four-circle Hilger & 

Table 12. Atomic coordinates (x 10a; for Cr, x 105) and 
isotropic equivalent thermal parameters (Beq) in the 
structure of 3 

Atom x y z Ueq/A 2 

Cr 22189(8) 24466(14) 2169(6) 3.20(2) 
O(11) 1589(4) 9(51 -1333(3) 5.6(2) 
O(12) 282(4) 4241(5) -933(3) 5.9(2) 
O(13) 3643(4) 4100(5) -1000(3) 6.3(2) 
C(1) 1560(5) -983(7)  1269(4) 4.0(2) 
C(2) 2313(6) -2141(6)  908(4) 4.7(2) 
C(3) 3389(6) -1987(7)  901(5) 4.5(2) 
C(3a) 3938(5) -446(7)  1167(4) 3.4(2) 
C(4) 5060(6) -227(8)  1196(4) 4.3(2) 
C(5) 5554(5) 1268(10) 1395(4) 4.6(2) 
C(6) 4929(5) 2489(10) i525(4) 4.3(2) 
C(6a) 3752(5) 2336(9) 1521(3) 3.5(2) 
C(7) 3033(7) 3605(7) 1630(4) 4.1(2) 
C(8) 1900(6) 3380(9) 1632(5) 4.2(3) 
C(9) 1421(6) 1900(9) 1501(5) 3.7(2) 
C(9a) 2073(5) 628(7) 1347(4) 3.3(2) 
COb) 3244(5) 826(7) I354(4) 2.7(2) 
C(10) 1355(6) -1468(8)  229i(5) 5.7(2) 
C(II )  1855(5) 956(7) -739(4)  3.6(2) 
C(12) i021(5) 3548(7) -466(4)  3.7(2) 
C(13) 3089(5) 3448(7) -527(4) 4.0(2) 

Watts diffractometer at 20 ~ (Mo-Ka radiation). All calcula- 
tions were carried out on art Eclipse S/200 computer using the 
INEXTL program. 45 Crystallographic data are as follows: crys- 
tals of CI,HI~CrO 3 are monoclinic, a = 12.059(1) A. b -~ 
8.665(1) A, c = 13.711(1) tk, 13 = 101.48(1)% V =  
1404.0(2) ~t 3, space group P21/c, Z = 4, dcate = 1.50 g c m  -I ,  
p.(Mo-Ka) = 8.6 cm - l .  Intensities of 902 independent reflec- 
tions with I > 2cs(l) were measured using the 0/20 scanning 
technique (20 < 50"). The structure was solved by the heavy- 
atom method. All nonhydrogen atoms were refined anisotropi- 
cally by the full-matrix least-squares method (H atoms were 
included in the refinement in calculated positions), R -- 0.032, 
R-~ = 0.029; weighting scheme W = (or2 F + 10-4F2obs)-I. 
figure of merit S = 1.28. Atomic coordinates and equivalent 

isotropic thermal parameters Ueq = 1/3 Z(.fifai*ai*(aiai) are 
given in Table 12. 'J 

Procedure for determination of kinetic parameters. Let us 
consider briefly a number  of  analytic equations, which form 
the basis for the algorithm. 3~ The smooth dependence of the 
responses (x) of the current concentrations on the desired 
parameters (k) makes it possible to determine the numerical 
Jacobian matrix )((k) of dimension (iV, s) (N is the total 
number of responses, and s is the number of the desired 
parameters): 

x o = axilakj. 

In this case. the Fisher information matrix takes the form 

~ (~ )  = .~r(k ) . ~ - L .  X(k),  

where D is the dispersion matrix of responses. In the general 
case, the rank of the .~(k) matrix, v, meets the condition v < s. 

In the case of local nonidemifiability, v <_ s, the t~(k) 
matrix is degenerate, and the vector of the desired parameters 
is not uniquely determined. It is possible to perform numerical 
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reparametrization of the model with respect to a new set of 
parameters. 0, to which a new Fisher matrix corresponds: 

;~(o) = X r(o).  B -  ~- R(0). 

The relation between the matrices takes the form 

.,iT(o) = ( ~ - ) r .  ,q(k). ~ - ,  

where the B -  matrix perfotTns a transformation inverse to that 
(B) which brings the Jacobian matrix X(k) to a tbrm such that 
the first v columns are basic: ff = bq/b~.OO/Ok. The catcula- 
tion procedure gave the values of the B matrix. The form of 
the matrix was indicative of the identifiability of the model. In 
the case of the desired parameter, which was uniquely identi- 
fied. the corresponding column and row of the B matrix 
contain only one initial element (unity). For new parameters, 
this condition is not fulfilled, and they have derivatives with 
respect to more than one desired parameter. 
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