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I. NATURE OF BONDING 

A. Spectroscopic properties 

(a) ZR. The IR spectra of substituted and nonsubstituted benzene chromium tricarbonyl 
complexes have been extensively studied and reviewed.’ This paper will focus on the carbonyl 
stretching frequencies and will give only the main conclusions. 

All the complexes have two IR active stretching vibrations for the terminal carbonyl groups in 
agreement with the C,, local symmetry (Tables 1 and 2). However, when high-resolution spectra are 
studied, and when unsymmetrically substituted arenes are involved, this C,, local symmetry is of more 
restricted validity. 

Here the degenerate (E&o band is split 2V3 but the splitting is small [ < 10 cm-’ (Table 3)]. 
The IR absorptions of the Cr(CO)3 groups are sensitive to the electronic effects of the substituent of 

the arene ligand transmitted through the metal to the carbonyls of the Cr(CO)3 grou~~*“~ (Tables 1 



902 A. SOLLAD&CAVALLO 

Table 1. vco of Cr(CO), group in (&H,R)Cr(CO), 

Al E 
R (cm-‘) (cm-‘) Ref. Solvent 

CO,Me 1992 1930 8 
Cl 1992 1931 6 
H 1987 1918 6 

CH, 1983 1914 2 
CH=CH2 1980 1913 9 
CH,-CH=CH, 1977 1906 11 
OMe 1975 1903 5 
OMe 1983 1914 6 
OCH&H=CH, 1976 1906 11 

NH, 1974 1902 6 

Isooctane 
Cyclohexane 
Cyclohexane 
Cyclohexane 
Cyclohexane 
Cyclohexane 
ccl, 
Cyclohexane 
Cyclohexane 
Cyclohexane 

Table 2. v, of Cr(CO)B group in (CsH4R,R2)Cr(C0)3 

Rl R2 
A Lx (CiF) (a-‘) Ref. Solvent 

CO,Me 2-Cl 
CO,Me H 
CO,Me H 
CO,Me 2-Me 
CO,Me 2-Me 
COzMe 2-OMe 
CO,Me 2-OMe 
COzMe 4-NHz 
H CH=CH, 
OMe 2-OMe 

NH2 4-NHz 

NH2 2-NHz 
CHO H 
CHO 2-Me 
CHO 2-OMe 

1996 vs 
1990 vs 
1992 vs 
1984 vs 
1988 vs 
1984 vs 
1987 vs 
1978 vs 
1980 vs 
1969 vs 
1942 vs 
1942 vs 
1970 vs 
1970 vs 
1975 vs 

1936 s 4 
1926 s 4 
1930 s 8 
1920 s 4 
1925 s 8 
1920 s 4 
1924,1917 8 
1912 s 4 
1913 vs 9 
1894 vs 5 
1855 vs 12 
1848-1808 12 
1895 s 10 
1895 s 10 
1900s 10 

CCI, 
ccl, 

CCI, 
Isooctane 

CC% 
Cyclohexane 
ccl, 
THF 
Br 
CHCl, 
CHCl, 
CHCI, 

Table 3. vco of Cr(CO), group in LCr(CO), 

L 
A lmax E max 
(m-7 (cm - ‘) Solvent 

CA 1983 vs 
1970 vs 

C,H,F 1990 vs 
1979 vs 

C,H,Me 1977 vvs 
1968 vs 

1,2-MeCsH, 1973 s 
1964 vs 

1,2,3-MeC,H, 1969 vs 
1958 vs 

1915 vvs 
1891 vvs 
1926 vs, 1923 vs 
1902 vvs 
1911 vs, 1909 vs 
1886 vvs 
1906 s, 1901 vs 
1884 vs 
1902 vs, 1895 vs 
1877 vvs 

Cyclohexane (A) 

CH,Q, (B) 
A 
B 
A 
B 
A 
B 
A 
B 
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Table 4. v, of CrCO, in ArC02L 

903 

Ar 

c6H,(cH2)&H=cH2 
C,Hs(OCH,)CH=CH, 
C,H,CO,Me 

L 

P(Ph), 
CH,=CH, 
Cyclopentene 

P(Ph), 
CH,=CH, 

A, (cm- ‘) (Av)* E (cm-‘) (Av)* Solvent 

1886 (76) 1830 (48) 
1901 (61) 1852 (26) 
1893 (69) 1842 (36) 
1873 (75) 1810 (51) 
1890 (58) 1835 (26) 
1883 (65) 1835 (26) 
1905 (72) 1856 (50) 
1905 (71) 1854 (52) 
1896 (89) 1844 (41) 
1910 (75) 1848 (37) 

C6H6 14 

C6H6 14 

C6H6 14 

C6H6 14 

C6H6 14 

C6H6 14,18 
Hexane 15 
Hexane 15 
Nujol 16 
Nujol 16 

Ref. 

* Av = v[ArCr(CO),] - v[ArCr(CO),L]. 

and 2). The frequencies and the force constants calculated using the approach proposed by Cotton’ 3 
are found to decrease slightly as the electron-donating power of the substituent increases. However 
there is practically no influence due to the relative position of the substituents within the ring.4*5 Good 
correlations are also found between the force constant of the carbonyl (or the stretching frequencies) 
and the different Hammett constants of the substituents. 4*sV7 This behaviour indicates that an increase 
in z-electron density enables the chromium atom to transfer electrons into the antibonding orbitals of 
the CSO groups, thus decreasing the CO bond order. 

A decrease in the vco frequencies is also observed when one of the CEO is replaced by a 
phosphine, “‘6animine’70ranolefin”*14*‘* (see Tables 4 and 5). Phosphines, imines and olefins are 
electron-releasing substituents which increase electron density on the chromium atom. Back-donation 
from the chromium atom occurs into the antibonding orbitals of the two remaining CEO and thus 
decreases the CO bond order. Empty d-orbitals of the phospine as well as x-antibonding orbitals of the 
imines or olefins are obviously less available than those of CSO for such back-bonding. 

However, it must be noticed that replacement of one EO by malic anhydride increases the 
frequency of the E band by 20-28 cm-‘, the A-band being constant.19qz0 

(b) NMR. The most obvious characteristic of the ‘H, 13C and “F NMR spectra is the upfield shift 
of the corresponding resonance upon complexation. 

Table 5. vco of Cr(CO), in (ArL)Cr(CO), 

‘4, (cm- ‘1 W) E (cm- ‘) (Av) Solvent Ref. 

X=CH, n=l ,j 
X=CH, n=2 e 
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On complexation with Cr(CO)s aromatic protons undergo an upfield shift of about 1.5-2.5 

ppm. 4-6~21*22 Some hypotheses were proposed to explain this diamagnetic shift. The upfield shift could 
be ascribed to a decrease of the “ringcurrent”contribution to the chemical shift.23 However, it has been 
shown that vinylic protons also undergo a 3-3.7 ppm upfield shift on complexation,” and that 
complexation with Cr(CO), of compound 1 (to 2) does not disrupt the aromatic ring current as the 
chemical shift of &(a,,) does not change.24 

Some recent X-ray and neutron diffraction data 25*26 showed a slightly distorted ring, the hydrogen 
being displaced by 2-4 x 10e2 A from the ring towards the chromium; however, the ‘H proton 
spectrum with 13C satellites of benzene-Cr(CO), oriented in a nematic phase does not allow the 
detection of such a deviation.27 Hence, a change in hybridization may not be the only factor responsible 
for the shielding. It has been proposed that the magnetic anisotropy of the Cr(CO), moiety and of the 
electrons in the ring-metal bond could produce an upfield shift of the ring proton resonance of the same 
order of magnitude as the observed shift. 28 This last hypothesis has not yet been refuted. 

The most obvious features of the 13C spectra are the large upfield shift-3040 ppm-of the ring- 
carbon resonances, and the large downfield shift of the carbonyl-carbon resonances (relative to the 
uncomplexed CEO). 2Q-3 1 This ring-carbon diamagnetic shift was first related to the change in mobile 
bond order.2Q Then changes in hybridization of the carbons (associated with the use of n-orbitals for tr- 
bonding with metal d-orbitals) were invoked. 3o It is also possible to account for the observed chemical 
shifts by postulating the presence of a negative charge on the complexed aromatic ring. But this 
approach requires the transfer of approximately one electron from the metal to the arene ligand.31 
More recently 13C NMR paramagnetic shielding constants have been calculated using the SCCO MO 
method and the Pople-Karplus equation. 32 Although only a fair agreement is obtained between the 
calculated aP-values and observed shifts, it is gratifying to note that, in the case of benzene, an upfield 
shift is predicted as observed on complexation and that a downfield shift is predicted for the carbonyl 
carbon as observed (relative to free CO). 

It is interesting to note that the ’ 3C resonance ofmethyls substituted in the ring are almost unaffected 
by the complexation. 24-3 1 It must be noted also that on cdmplexation olefinic carbon resonances are 
also usually shielded, the same mechanisms being invoked to explain this behaviour.33-37 

A correlation has been observed between the 13C carbonyl chemical shifts and either the weighted 
average of the force constant3’ (calculated using the approach of Cotton13) or the carbonyl stretching 
frequencies3* for a series of areneCr(CO),. The carbonyl resonance is deshielded when the electron- 
donating power of the substituent increases, that is with increasing electron density on the 
Cr(CO)3 group. Thus, it has been proposed that the carbonyl chemical shift reflects the extent of tran- 
sition metal + n* carbonyl back-donation. The study of the transmission of the substituent effects 
from the arene ring to the Cr(CO), group via an analysis of the carbonyl resonance shows a slight 
predominance of inductive effects and agrees with an important overlap of the metal orbitals with the 
o-framework of the arene.3Q 

A large upfield shift of about 20 ppm has been observed on complexation with Cr(CO), of 
fluorobenzene40 for the “F resonance signal. Such a large shift cannot be explained by the magnetic 
anisotropy of the Cr(CO), moiety alone, which should equivalently contribute to the chemical shift of 
“F and ‘H ( N -2 ppm). However, as for 13C the paramagnetic term of the shielding constant , 
contributes much to the chemical shift of iQF, and changes in hybridization of the vicinal carbon upon 
complexation might also have a large influence on the “F chemical shift. 

B. Electronic effects 

(a) Dipole moments. Electric dipole moments of arem+( complexes, measured in benzene 
solution, are quite large : ranging from 3.5 to 6.3 D4145 (Tables 6 and 7). 
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Table 6. Dipole moments of arene-Cr(CO), measured in 
benzene solution 

Ligand 
Dipole moment Averaged 

(D) (Ref.) value 

905 

C6H6 

&H&l 

GHsF 

C,H,Me 

C,HSOMe 

C,HJNMe, 

C,H,NHz 

C,H,C!OMe 

C,H,CO,Me 

4.81 (43) 
4.92 (41) 
5.08 (42) 
5.03 (44) 

4.25 (43) 
5.08 (42) 

4.75 (41) 
4.91 (42) 

5.20 (41) 
5.26 (42) 

5.26 (41) 
5.43 (42) 

6.30 (42) 
6.18 (44) 

5.40 (41) 
5.50 (44) 

4.97 (44) 

4.47 (41) 

4.96 

4.66 

4.83 

5.23 

5.34 

6.24 

5.45 

4.97 

4.47 

According to the IR results (see above), to the numerous studies of the inductive effect of the Cr(CO), 
group and to theoretical data (see below) it is well accepted that in arene-Cr(CO), complexes there is a 
transfer of electrons from the arene ligand through the metal to the carbonyl groups. Hence, owing to 
the molecular structure, as revealed by X-ray diffraction studies,46 benzene-Cr(CO), has a dipole 
moment directed along the tricarbonyl &-axis and oriented from the arene group to the tripod.42*44 

The dipole moment of a monosubstituted-benzene-Cr(CO), complex is not an additive vector, in 
that it differs from the vectorial sump [benzen+Cr(CO),] + &,H,X) = ir, +~r,. Both components p,, 
and p= adopt modified values in the complex.44 

According to the values of the dipole moments obtained for symmetrically p-disubstituted benxene- 
Cr(CO), complexes, where the px-component is 0 (Table 7), it is quite clear that electron-donating 

Table 7. Dipole moments of arene-Cr(CO), measured in 
benzene solution 

Ligand 
Dipole moment 

@) (Ref-) 

4.8 1 (43) 
C6H6 4.92 (41) 

5.08 (42) 
5.03 (43) 

5.39 (41) 
p-Me&H, 5.52 (42) 

5.41 (43) 

~H~)*c6H~ 5.52 (44) 

p_(COzMe)&H~ 3.52 (43) 
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Table 8. pK,46 

C,H,-COIH 3 IC,H,-CO,H(Cr(CO), 4 p-N02-C6H4-C02H 5 
5.68 4.77 4.48 

C,H,-CH,C02H 6 IC,H,-CH,C02HICr(CO), 7 P-NO,-&H,-CH,CO,H 8 
5.64 5.02 5.01 

substituents increase the p,-component while electron-withdrawing substituents decrease the 
jro-component.42-44 

Hence the p0 dipole moment component reflects the electron transfer from the ring to the carbonyls 
through the metal. However, in the case of disymmetric complexes the p,-component must be 
estimated first.44 

(b) Inductive ejkts. Since the first synthesis of C6H,Cr(CO), by Fischer4’(“) and Nicholls47(b) the 
Cr(CO), group has often been compared with the NO2 group. 

In 1959 the comparison of pK, values of uncomplexed, complexed and p-NO,-substituted acids 
(Table 8) led Whiting et ~1.~~ to the conclusion that the Cr(CO), group has the same inductive effect as 
the NO, group. 

However, the NO2 group must have an extra capability to stabilize negative charges by resonance as 
the pK, of 5 (4.48) is smaller than the pK, of 4 (4.77). 

It was already known that the Cr(CO)3 group exerted a net electron-withdrawing effect on the ring as 
aniline-Cr(CO), is a weaker base than aniline.48 

Studying the polarographic oxidation of ferrocenyl compounds 9 and 10 according to eqn (1) 
Khandkarova et ~1.~’ found that the redox potential increases by 90-100 mV from 9 to 10 which 
confirms the inductive effect of the Cr(CO), group : 

9 or 10-29+ or lo+. (1) 

A highly positive inductive aromatic constant, ci = + 0.3 1, has been calculated for the C,H,Cr(CO), 
group, close to that of strong electron-withdrawing substituents such as COMe (+ 0.28) and CHO 
(+0.31), but the main result of this study is the fact that coordination of the phenyl ring in 9 with the 
Cr(CO)3 group giving 10 considerably influences the effective positive charge of the aromatic ring 
rr-carbon orbitals, thus increasing its electronegativity. Therefore, it should be accepted that 
coordination with the metal concerns the cr- rather than the x-orbitals of the ligand. This would be 
consistent with the general theory of the bond in the transition metal n-complexes developed by Chatt 
and Duncanson,5o where there might be mutual compensation between direct donor-acceptor 
interaction from the ligand to the metal and back-donation from the metal to the ligand, resulting in an 
almost invariant n-electron density in the benzene molecule upon coordination. 

The changes in chemical shifts of the fluorine atom in fluorobenzene on substitution with a 
C,H,Cr(CX& group” (Table 9) are consistent with an electron-withdrawing effect of a C6H,Cr(C0)3 
group. 

Table 9. 19F NMR : FC,H, + FCsH4-R 

R n&H, P-W% m-C,H,Cr(CO), p-C,H,Cr(COh 
A&* + 0.05 + 2.97 -0.66 -0.55 

* A6, = 6, (fluorobenzene) - BP (substituted fluorobenzene) (ppm). 



Arene-chromium tricarbonyl complexes : bonding and behaviour 

Table 10. 

Ligand 

p-NO,-CsH,CO,Me 
p-Cl-C,H,C02Me 
m-Cl-C,H,COIMe 
o-Cl-C,H,CO,Me 
C,H,CO,Me 
p-Me-CsH,CO,Me 
p-NH,-C,H,CO,Me 

Lo8 k,, 
(free) 

-0.1952 
- 1.5952 
- 1.3686 
- 1.8996 
- 2.0969 
-2.5100 
- 3.5686 

Log km, 
(complexed) 

f0.1072 
+ 0.3483 

- 0.2034 
-0.5045 
- 1.5467 

907 

Estimation of the ei inductive and a, resonance constants gives + 0.21 and - 0.04, Comparison with 
the values obtained for C6H, (+O.lO and -0.09) leads to the conclusion that there is a si~cant 
increase in the phenyl electron-withdrawing ability of the inductive type, whereas its tendency to 
conjugation is almost the same. In other words these results again suggest that coordination of benzene 
with the Cr(CO)3 group essentially changes the effective positive charge on the a-carbon orbitals of the 
aromatic ring while the total x-electron density changes negligibly. 

Base-catalyzed hydrolysis of a number of substituted methyl benzoates uncomplex~ and 
complexed with Cr(CO)352 (Table 10) showed that the chromium complexes reacted considerably 
faster than the uncomplexed arene. The effect of the Cr(CO), group on ester hydrolysis is almost exactly 
equal to that of a p-NO2 group (log k = - 0.2034 and - 0.1952 respectively). The enhanced reactivity of 
complexed benzoic esters can be best explained by a decreased electron density at the electrophilic 
centre and so by an increasing effective positive charge of the aromatic ring G-carbon orbitals. 

(c) StabiZization afu positive charge in a or B-position. Electronic spectra ofcomplexed cation 11 have 
been measured in degassed 80% sulphuric acid and dilute solutionss3 Determination of pKR + , eqn (2), 
by Deno’s methods4 shows that the complexed cation 11 is more stable (pKR+ = -11.8) than 
the uncomplexed cation 12 (‘@a+ = - 17.3) and that a donor substituent in the para position 
on the complexed ring again increases the stability of cation 11 (p-Me, pKn+ = - 11.0; p-OMe, 
pK,+ = - 10.2) : 

c+H, + H,O z e> CH,OH + H+ 

:H, + H,O - -o- 0 CH,OH + H* 

12 

with KR+ = [alcohol][H+]/[cation]. 
Complex cations such as 13a and 13b also proved to be more stable than the uncomplexed one55 

[eqn (3) and Table 1 I] : 

G+ 
+,OH -9 HO 
C 

‘2 - 
c 

‘2 
+ H+ 

crm, 
13a Z= H 

bZ= Ph 
cZ= Me 

c4co1, 
(31 
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Table 11. 

Z 
P&l+ P&,+ 
(free)* (complexed)* 

H -7.11 - 5.46 
Ph -6.13 - 5.68 

Me - 5.91 - 5.96 

*K,,+ = [B][H+]/[BH+], B = aldehyde or ketone. 

However, the behaviour of methyl is not very clear. 
In solvolysis reactions (SN,) a positive charge develops at the carbon which undergoes the reaction 

in the transition state and they provide good models to study the stabilization of a positive charge in the 
a-position. 

Holmes et ~1.‘~ have shown that solvolysis of benzyl chloride+Cr(CO), is lo5 faster than the 
solvolysis of the uncomplexed benzyl chloride, the most reasonable explanation for this rate 
enhancement being a preferential stabilization of the cation intermediate due to increased back- 
donation from the chromium atom to the ligand. 

Solvolysis of x-(tricarbonyl chromium) cumyl chloride (14) and p-[a-(tricarbonyl 
chromium)phenyl] cumyl chloride (16,Y’ (Table 12) shows also that the C,H,Cr(CO), group stabilizes 
an a-carbonium (kcompl./klip. = 28). H owever the C6H,Cr(CO), substituent, when separated from the 
reaction centre by a phenyl, stabilizes the cation less than the uncomplexed phenyl (kcompl./klig. = 0.4), 
probably because of its known electron-withdrawing ability. 

INDO molecular orbital calculations have been carried out on the free benzyl carbonium ion and on 
the coordinated cation [(benzyl)Cr(CO),] +. The stability of the coordinated benzyl cation was shown 
to arise mainly via back-bonding from the chromium d,, _y2 orbital into the non-bonding x-orbital of 
the benzyl ligand.58 

The remarkable stabilization of a positive charge on the a-carbon via back-bonding from the 
chromium is confirmed by r3C NMR results. At - 50°C the ortho-carbons as well as the three carbonyl 
carbons ofcarbonium 18+ display complete non-equivalence : 103.2,106.7,226,226.5 and 227.5g(*)And 
more recently Top and Jaouen 5g(b) found that the Ritter reaction on optically active complex 18 leads 
to an optically active complex, 19, with complete retention of configuration [eqn (411: 

Table 12. 

105k Temperature 

(s-l) (“C) 

14 Cwa),CI 
360 25 

cr (co) 1 k compdklig. = 28 

(4) 
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Solvolysis of the syn-exe-2 isomer of (benzonorbornen-2-yl) tricarbonyl chromium p- 
bromobenzenesulphonate, 20, is 300 times faster than the solvolysis of 21, the anti-exe-2 isomer, but the 
solvolysis of 21 is 400 times slower than the solvolysis of the free ligand 22.6o’“’ The enhancement of the 
rate of solvolysis from isomer 21 to isomer 20 may be attributed to a direct interaction of d-filled non- 
bonding orbitals ofthemetal with the( +)#Lcarbonin the transition state. And the decreaseofthe rate of 
solvolysis from the free ligand 22 to the complex 21 may be explained by the fact that in complex 21 the 
x-electrons of the aromatic ring are less available for an hyperconjugative interaction with the vacant 
p-orbital of the (+&carbon than in the free ligand 22. 

21 of2 0 
OBS 

22 

Ninety-four per cent retention of configuration obtained upon acetolysis of L-three3-[(phenyl) 
chromium tricarbonyll-2-butyl methanesulfonate 23 60(b)*(c) has also been attributed to a direct 
interaction offilled non-bonding d-orbitals of the metal with the( +)#I-carbon, 23’. However, the almost 
complete migration of the (phenyl) chromium tricarbonyl group during acetolysis of 2-[(phenyl) 
chromium tricarbonyl]-2-methyl-1-propyl methanesulphonate 24 must involve the cation 25. 

Lb) 23 23’ 

(d) Stabilization of a negative charge in the a- or B-position. Base-catalysed elimination of 2- 
phenylethyl bromides and tosylates (E, type reaction) which develop a negative charge on the a-carbon 
in the transition state [eqn (5)] are good models for such studies : 

Kinetic studies of such elimination reactions on compound 2661 [Table 13 shows that the Cr(CO)3 
group must be regarded, like NOz, as a strong electron-withdrawing group as the olefin percentage 
increases from 38% (X = H, Y = OTs) to 97% (X = x-Cr(CO),, Y = OTs) and 100% (X = NO*, 
Y = OTs)]. 

Complexing the phenyl group with CI-(CO)~ strongly increases the rate of elimination and the extent 
of the acceleration is not the same in both cases : I+.& k - 142 for OTs and 37 for Br. This difference H - 
probably originates in the different amount of negative charge present on the a-carbon in the transition 
states. The same effect occurs with NOz ; kNoJkH = 4020 for OTS and 1970 for Br. However there is a 
substantial difference between the kinetic effects of Cr(CO), and NOz ; k,,(,,Jk, = 142 but kNoJkH 
= 4020 for OTs and krCCOjJkH = 37 but kNoJKH = 1970 for Br. This arises from a lower capacity of 
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Table 13. E2 on compound 26 CH*-CH,-Y x 

X 

H 
NO, 
7c-Cr(CO), 
H 
NOz 
x-Cr(CO), 

Temperature 
Y (“C) 

Br 40 
Br 40 
Br 96 
OTs 40 
OTs 40 
OTs 42 

10% 
(1 m-l s-l) 

1.20 
2370 

290 
0.16 

643 
29.1 

Cr(CO), to stabilize a developing negative charge at the a-carbon. A direct resonance interaction 
between the negative charge on the a-carbon and the substituent is present in the case of the NOz group 
but is absent when Cr(CO)3 is involved. Hence it seems again that the transmission of the electronic 
effect through the ring involves mainly the a-framework rather than the a-electron cloud. Kinetic 
studies of elimination reactions on compound 27 (Table 14) give consistent results.62*63 

Table 14. E2 on compound 27 x @- CHZ-FH-CH3 
Y 

X 
104k,,. 

Y y0 olefin (1 m-l s-l) Cisjtrans kCr,,-&kH 

H Br 100 4.8 3196 
45 

n-Cr(CO)J Br 100 221 3195 

H OTs 91 1.4 8179 
48 

n-Cr(CO), OTs 100 67.5 8/86 

Nucleophilic additions on $-styrene-Cr(CO), complex 28 [eqn (6)],64*6s which generates a 
negative charge on the a-carbon in the intermediate 29 also provide good models for this study : 

(+ +Nu-- (@iN+ wNu 

c4co1, c&o), cdcoh (6) 

28 29 30 

The reactions, which do not occur on the free ligand, have been shown to give complex 30 in good 
yields,64 a reasonable explanation being the stabilization of the intermediate benzylic anion 29 by the 
C,H,Cr(CO), grOUP. 

Table 15. 

If--FH 0 - 

R, 
x3 1) nBuI.i/THEDA 

zl C02,escerif. 

$&J + 9-yH@c02Me 

B A 

A (%I 
Time B (%) 

R, Rz (h) Benzylic Ortho Meta Para 

H H 0.5 89 3 9 - 
H H 2 92 3 6 - 
CH, H 0.5 38 9 36 17 
CH, H 1 37 9 36 17 
CH3 CH, 2 3 10 57 30 
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Table 16. Reactivities of benzylic protons relative to benzene with 
change in base system 

Base Toluene Ethylbenzene Cumene 

n-BuLi/TMEDA 6* Pt) l* (0.61t) 0.1* (0.03f) 
KNH,/NHs 70 9.8 2.1 
t-BuOK/DMSO 106 2.2 x 105 2.5 x 104 

* From Ref. 66. 
t From Table 15. 

(e) Busicity ofbenzylic protons us aromatic protons. The reactivities of benzylic protons vs aromatic 
protons in free aromatic ligands has received considerable attention and two general trends must be 
pointed out. 66 First with nBuLi as base, a-alkyl substitution decreases the reactivity of benzylic 
protons relative to aiomatic protons (Table 15).66 Second, reactivities of benzylic protons relative to 
benzene decrease markedly according to the base in the order : BuOK/DMSO >> potassium amide 
> n-BuLi/TMEDA (Table 16).66 

When the phenyl ring is complexed with a Cr(CO), group, the results (Table 17)67-6g show that with 
n-BuLi67*68 at low temperature the reactivity of benzylic protons decreases relative to the free ligand 
[14 and 13% (Table 17) vs 89% (Table 16) and < 1% (Table 17) vs 37% (Table 16)]. However when the 
base is changed to t-BuOK 6g*70 the only protons removed are the benzylic protons and, apparently, no 
reaction on the aromatic ring has been detected. 

Nevertheless it is noteworthy that, as in the free ligand, a-alkyl substitution decreases the reactivity of 
benzylic protons relative to aromatic protons (14/69 when R1 = R2 = H but < l/80 when R1 = CH, 
and R2 = H) and that reactivity of benzylic protons relative to aromatic protons decreases markedly 
according to the base in the order : t-BuOK/DMSO >> n-BuLi. 

In the presence of t-BuOK/DMSO Trahanovsky et al. 71 have shown that deuteration occurs only in 
the a-position of the complexed phenyl ring in complex 31 [eqn (7)], which indicates that under those 

Table 17. 

B A 

RI R, Base/method/Rep 

H H 
H H 
CH, H 
H H 
CHJ H 
CH, H 
CHJ H 

n-BuLiJA/67 
n-BuLiJBJ68 
n-BuLijAJ67 
t-BuOK/D/70 
t-BuOK/C/69 
t-BuOK/D/70 
t-BuOK/E/70 

A (%)t 
B (%H 

Benzylic Ortho Meta Para 

14 6 41 22 
13 5 24 24 

<l 5 41 16 
86 - - 
72$ - - - 
72 - - - 
724 - - 

* A : n-BuLi/THF, - lO”C, MeI, CeJIV). B : n-BuLi/ether, - 78”C, COz, 
diazomethane, Ce(IV). C : t-BuOK/DMSO, room temperature, MeI. D : t- 
BuOKDMSO, room temperature, PhCHO. E: t-BuOK/DMSO, room 
temperature, (CD&O. 

t Complexes A and B are analyzed before decomplexation. 
$ A mixture of mono- and dialkylation was observed (71/7). 
Q A mixture of mono- and dideuteration was observed (55/17). 
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~nditions the benzylic protons dl to a CrCO,-complexed ring are more acidic than those which are 
situated tl to an uncomplexed phenyl ring : 

No deuteration on the ring was observed. It is noteworthy that in complex 32 only one proton of each 
CH?a to the complexed ring was exchanged [eqn (S)]. In complexes 33 and 34 [eqn (9) and (IO)] the 
anti-benzylic protons are preferentially removed. One possible explanation is that the back lobes of the 
sp3 orbit&s of the antibenzylic C-H bond are closer to the chromium atom and thus participation of 
the chromium moiety should be easier when these undo-protons are removed : 

1 6.5M t_BuOK 

32 

D 

(9) 

(f) ~e~u~~u~~u~ ~kyl~~~ compounds like MeLi, n-BuLi and s-BuLi can abstract aromatic 
protons in arene-Cr(CO), complexes under mild conditions.72-74 The main results are given in 
Table 18. 

The selectivity proved to be higb(and interesting for synthetic purpose) only in the case of OMe, F, Cl 
and N-disubstituted with large groups (entries l-15) but quite poor in the other cases : Me, Et, t-Bu and 
N(Me), substituents. When there are two possibilities, lithiation occurs at the less hindered position74 
as shown below 
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Table 18. 
E 

-9 

0 nBul.ilTW 

R THEDA -78” 
R 

d quenching agent 
E+ 

WCO), 
Q 

C~(CO), 

% 
Yield 

Entry R E+ Ortho Meta Para 0 

1 OMe co* 
2 OMe CH,OSO,F 
3 OMe Me1 
4 OMe CH,COCH3 
5 OMe PhCHO 
6 OMe (CH,),SiCl 
7 F CO, 
8 F CH,0S02F 
9 F Me1 

10 Cl COZ 
11 Cl CH,OSO,F 
12 N(Me)Si(Me),t-Bu Me1 
13 N(Me)Si(Me),t-Bu CH,CHO 
14 N(Me)Si(Me),t-Bu PhCHO 
15 N(Et)CH,t-Bu Me1 
16 N(Me), Me1 
17 Me Me1 
18 Me EtBr 
19 Et Me1 
20 t-Bu Me1 

86 
65 
14 
85 
94 
70 
99 
68 
71 
98 
81 
- 
- 
- 

- - 
- - 
- - 
- - 
- - 
- - 
- - 
- - 
- - 
- - 
- - 

63 10 
55 2 
68 1 

86 
65 
80 
85 
94 
70 
99 
68 
71 
98 
81 
73 
51 
69 

19 32 11 62 
6 41 22 69 

10 34 13 57 
5 49 26 80 

- 32 22 54 

C. Theoretical calculations 

The nature of the bonding in arene-Cr(CO), complexes has heen a topic of considerable interest 
since 1959.75 Different methods have been used which appeared not to be quite as reliable as some 
calculations involve o- and n-orbitals, and others only a-orbitals, and they do not emphasize the same 
parameters. 

(a) SCCC MO. Carrol and McGlynn’6 reported in 1968 the results of semi-empirical molecular 
orbital calculations in which all the valence orbitals of the complex were included. Charge and 
configuration self-consistent Mulliken-Wolfsberg-Hehnholz calculations were performed on 
XCsH,Cr(C0)3 complexes (X = H, NHJ. The importance of the a-orbitals of the ring in the metal- 
ring bonding was pointed out for the first time. The final charge distributions are shown in Fig. 1. 

There is a net charge-transfer from the ring to the metal; despite this, the chromium is positively 
charged because of the electron-withdrawing effect of the carbonyl groups. The charge-transfer from 
the ring all the way to the oxygen of the carbonyls is more important in the case of aniline than for 
benzene, which leads to the prediction that the dipole moment of the aniline complex should be greater 
than that of the benzene complex, in agreement with the experiment. It is also pointed out that the a- 
back-donation from the metal to the carbonyl groups is larger (0.64e per CO) than the forward e- 
donation from the carbonyl groups to the metal (OS34e per CO). 

+ 0.261 7 NH2 

Fig. 1. 
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t0.39 

7 

+0.04 

cr to14 ‘r’ 

‘c 
cr to.14 

\ 
‘c 

0 -0.54 \ 0 -0 18 
With ligond-ligand overlap Without ligand-Cigand ovwlop 

+o 572 

P r +01.92 

\ c\ 
0 -0251 

Fig. 2. 

Application of SCCC MO theory by Brown “,” led to a somewhat different charge distribution 
(Fig. 2) but gave a satisfactory prediction of the first ionization potential (7.54 and 7.10 eV) compared 
to the known mass spectroscopic value of 7.39 eV.7g 

It is noteworthy that a charge transfer from the benzene ring (positively charged) to the metal 
towards the oxygen of the carbonyls (negatively charged) is also pointed out. When e- and x-orbitals 
are involved in the calculations*‘**l it is found that the complexed aromatic ring is more negatively 
charged than before complexation (Fig. 3). 

CO-Ph 

\ 
0 -0.156 

=\ 
0 -0 538 

Fig. 3. 

These results allowed the prediction of the upfield shift of the carbon atoms of the complexed ring 
using the Pople-Karplus equationE2 and assuming that changes in the paramagnetic term (&‘) are 
alone responsible for the observed shifts. 

(b) CND0/2. The CND0/2 formalism has been used by Kaufmamr et a1.83 and Fitzpatrick et ~1.~~ 
Theyobtainedquitedifferent results for thechargedistribution(Fig.4) but they bothconcluded that the 
highest occupied orbitals are essentially metal orbitals in agreement with P.E. spectroscopic studies.85 
The metal-ring bond is apparently dominated by carbon-2pJchromium-4p, and -3d, interactions 
according to Kaufmann’s results. 

+0.06 P -0.06 

P 
dr -0.059 

‘C 
\ 

0 -0.223 

dr +049 
'C' 

\ 
0 -0.41 

Fig. 4. 

(c) Ab initio. Ab initio SCF MO calculations on a C6H6Cr(C0)3 complex described by Guest et ~1.~~ 
led to very different charge distributions (Fig. 5) with net electron density on the ring, leading to the 
conclusion that the benzene ring is an acceptor of electron density into the x-orbitals in agreement with 

-0.64 

T ‘< *.08 
‘C 

\ 0 -1.14 

Fig. 5. 
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the neutron-X-ray diffraction study of Rees and Coppens, 27 but in disagreement with the known 
reactivity of the ring towards nucleophilic additions. However it was possible to correlate the 
calculated orbitals and the observed I.P. of the p.e. spectra with only minor adjustments of the level 
positions. It was also pointed out that metal-3d/ligand-2p, interaction dominates the metal-ring 
bonding. 

II. CHARGE-TRANSFER COMPLEXES 

Although the effects of the Cr(CO), group on the chemical properties of n-coordinated benzene ring 
are more like those of an electron-withdrawing group like N02, areneCr(CO), complexes form 
charge-transfer complexes with electron acceptors such as 1,3,5-trinitro-benzene (TNB) and 
tetracyanoethylene (TCNE) but not with electron donors such as N,N,N’,N’-tetramethyl-p- 
phenylenediamine (TMPD).s’ 

TNB forms a molecular complex with arene-Cr(CO), by a charge-transfer interaction toward the 
rc-coordinated benzene ring in face-to-face contact of the counterpart benzene rings, as revealed by 
X-ray crystal structuresss*8g (Fig. 6). 

Fig. 6. 

Until now structures of molecular complexes between TCNE and arene-Cr(CO), have not been 
determined as they have not been isolated yet, but the presence of charge-transfer absorption bands in 
the UV indicates that there is formation of a molecular complex in solution.87-g1 

Since TCNE is a stronger acceptor (electron affinity 1gg2) than the TNB (electron affinity 0.7g2) the 
charge-transfer band of toluene-Cr(CO), with TCNE is shifted to a lower wave number (13,500 cn- ‘) 
compared to the charge-transfer band of toluene-Cr(C0)3 with TNB (20,200 cm-‘). Also, complex 
formation constants of 1: 1 molecular complexes of arene-Cr(C0)3 have been shown to be larger with 
TCNE than with TNBs’ (Table 19). 

The stability of the TCNE complexes increases with the decrease in the ionization potential of the 
arene-Cr(CO), evaluated from these charge-transfer bands, while the reverse holds for TNB molecular 
complexes. This suggests that TCNE forms charge-transfer molecular complexes with arene-Cr(CO), 
with structures different from the TNB molecular complexes, and an inner-sphere charge-transfer 
interaction of TCNE with the central chromium atom of aren&r(CO), has been proposed by 
Kobayashi et aLa7 

It has been concluded [section I(c)] that coordination of the benzene ring with the Cr(CO)3 group 
affects essentially the o-framework while the total x-electron density changes negligibly. However P.E. 

Table 19. K (1 mol- ‘) at 25°C of 1: 1 molecular complexes 
of arene-Cr(CO), with TCNE and TNB, and correspond- 
ing evaluated ionization potentials (IPs) (ev) of the arene- 

Cr(C% 

Donor 

TCNE TNB 

K IP K IP 

GJ-WtiW~ 1070 7.33 67 7.23 
C,H,MeCr(CO), 661 7.40 70 7.18 
o-C,H,(Me),Cr(CO)J 952 7.42 56 7.16 
C,H,OMeCr(CO)s 265 7.47 76 7.17 
C,H5N(Me)&r(CO), 139 7.77 79 6.99 
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spectroscopy 85*g3 shows that aromatic x-type orbitals in the complex are N 1.06 eV lower (second 
ionization potential) than in the free ligand (first ionization potential), in good agreement with 
Hoffman’s mode1.g4 On the other hand polarographic reduction of complexed acetophenone” shows 
that addition of the first electron is facilitated in the complex (Ellz = 0.5 eV) in agreement with the 
Ho!Imann modelg4 which proposes that the LUMO (essentially localized on the metal) is slightly 
lowered in the complex. These arene-Cr(CO), complexes are also electron-rich with a first ionization 
potential of about 7.2 eV85*g3 mainly due to metal d-lone pair. Hence the formation of charge-transfer 
complexes with electron acceptors is not so surprising. However the face-to-face structure found in the 
case of methoxyphenyl-Cr(CO),/TNB 88-go should not have the best geometry and could be affected 
by symmetry and packing forces. 

HI. CONFORMATIONS 

A. Conformation of the tripod 

Since the beginning of modern structural chemistry conformation and magnitudes of rotational 
barriers in molecules have been of much concern to chemists. 

In arene-Cr(CO), complexes it has been found that the orientation of the Cr(CO)3 tripod relative to 
the aromatic ring varies according to the nature of the substituents. X-rayg6*g7 and neutron 
diffraction” showed that the staggered conformation I is preferred with benzene and 
hexamethylbenzene (D6,J but that the eclipsed conformation II is preferred with hexa- 
ethylbenzene’* (D3J, where the methyl groups project alternately above and below the plane of the 
arene ring. 

EHT calculations performed by Hoffmann et ~1.‘~ on benzeneCr(CO), (postulating a delocalized 
structure for the benzene) showed that the staggered conformation I (R = H) was indeed more stable 
than the eclipsed conformation II (R = H). However the difference is only 0.3 kcalmol - ’ in accord with 
electron diffraction” and NMR results, loo~lol which shows that the molecule is nearly an unhindered 
rotor in the gas phase. If the bonds in the benzene fragment were considered completely localized the 
relative energies calculated for the three possible conformations would have been too large to be 

0 9.3 19.4 Ksal/mol. 

consistent with electron diffraction result. In the solid state mono- and disubstituted benzent+Cr(CO), 
complexes have a tendency to adopt the eclipsed conformation 1o2--i11 II unless strong steric effects are 
involved.“2-‘1 5 

In monosubstituted benzene electron-releasing groups favour the syn-eclipsed conformation IIA 
over the anti-eclipsed conformation IIB88~8g~‘02~‘03 while the reverse holds for the electron 
withdrawing CO,Me group, lo4 but an exception has been found for the COCH, group,r” for which a 
staggered conformation was found. 
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In disubstituted benzene-Cr(CO), complexes (Fig. 1) the conformation of the Cr(CO), tripod 
reflects the electron-releasing character of the substituents, and is syn-eclipsed with the more releasing 
substituent, ro6*l l1 as well as the steric effect, which tends to twist the CI(CO)~ tripod1 12-115 away from 

--_ weak eleccran-releasing or electron-withdrawing groups 

-a sterically hindered substituents 

the substituent. Two exceptions, which are not clearly understood, have been found with staggered 
conformations ; ortho- and meta-toluate complexes (in which the minus charge may play an important 
role)’ l6 and paracyclophane complexes,r ” where the aromatic rings are known to be bent1 l8 

Carter et aL88*8g*106 and, more recently, Hoffmann et al. g4 have proposed models which allow this 
behaviour to be rationalized by relating the conformation of the Cr(CO), tripod either to the electronic 
density at the atoms of the aromatic ring or to the HOMO coefficient of the aromatic ring. These EHT 
calculations predict that the syn-eclipsed conformation IIA for aniline-Cr(CO), is more stable than JIB 
by 1.3 kcal mol-’ (90% IIA/lO% IIB). 

Conformation in solution can be described by equilibrium 1, and have been studied by 1H”g-‘24 
and r3C NMR’25*‘26 but most of these studies are not reliable1’g-‘23*‘25~‘26 as the effects of 
substituents were ignored or considered to be invariant from the free ligand to the complexed ligand. 
This explains the discrepancies between those NMR results and the results predicted by the theoretical 
models (or obtained by X-ray). It should be noted also that a few studies have been confined to the effects 
of substituents, disregarding the conformational effect. ’ 27-1 3o 

In fact the averaged non-equivalence measured between a- and b-protons (or 13C) depends not only 
on the conformers’ populations but also on the difference in the substituent effect at the ortho and meta 
positions (equilibrium 1). Disubstituted symmetrical complexes where the conformers’ populations are 
known (equilibrium 2) have been studied by Solladie-Cavallo and Sulfert 124 leading to an estimation of 
the substituent effects for ‘H NMR. It was found that the effect of alkyl substituents(and OMe) were nil. 

IlIz:,: X& x,:1-x* 

Equilibrium 1. 

The difference in proton chemical shifts between 1,3,5-tri-t-butylbenn&r(CO),, 35 (6.10 ppm’20*‘22) 
and 1,3,5-trimethylbenzen*Cr(CO)3, 36 (5.22 ppm’22*‘31) could then be attributed to different 
conformations (HA for 36 and IIB for 35), showing that the aromatic proton is deshielded by 
0.88 (d,-acetonew.84 (CDC13) ppm when the C-H bond is eclipsed by the Cr-CO vector. 

0.5 35 ltg 30 If* 

Equilibrium 2. 
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Table 20. Population xA (%) of conformer IIA [evaluated with eqn (1 l)] in monosubstituted benzene-Cr(C0)3 

CHO COMe CO,Me Me Et n-Pr n-Bu t-Bu OMe NH, 

CDCl, 30 37 64 61 62 33 80 90 
de-Acetone 37 43 63 58 32 73 

Using estimated substituent effects, Ad,,,, = 0.84488 ppm (according to the solvent) and eqn (11) 
the population xA of conformer IIA (equilibrium 1) has been calculated (Table 20) for different 
substituents : 

(A@,_, = (2~~-1)A6,,+(m-0)~~~~,,, with A&,,, > 0, (AS),_, > 0 or < 0. (11) 

These results now show that, according to the models of Carter88*8g*‘06 and Hoffmanng4 electron- 
releasing substituents favour the syn-eclipsed conformation IIA while the reverse holds for electron- 
withdrawing substituents which favour the anti-eclipsed conformation IIB. 

It should be noted too that there is, for these compounds, no dramatic change between the solid state 
and the solution; i.e. the conformer present in the solid state is the preferred one in solution. 

The same kind of calculationsr3’ using eqn (11) may be performed on disubstituted complexes in 
solution. Proton chemical shifts were found in the literature.122~123*127.‘28 Assignment of signals in 
symmetrically 1,3-disubstituted complexes is straightforward and the results (Table 21, line 1) are 

Table 21.” 

Me 

75% A 

Q Me 

26% /I 

b CO*Me 

d 
CO*Me 

21% /.( 31% ), 

Q CO*Me 

OMe 

70% ,J, 

CHO Q CO,Me 

“The percentages correspond to the conformer drawn on the table and are averaged values obtained either by 
the use of Ad,_, and A6,, or by the use of AS,,, AS,, and A&_,. 

b R* = CH(CH,)Ph.133 
‘6, N 6,. 
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Table 22” 

919 

,(% @ S$% Jj’ 69% $ 
COOhle COOMe Me 

“The percentages correspond to the conformer drawn in the table. 
b ~u~t~tu~t effects of ON are supposed to be nil, like for OMe. 

consistent with the previous results on monosubstituted complexes.124 In unsymmetrically 1,3-, 1,2- 
and 1,4-disubstituted complexes assignment of some of the signals are not straightforward. 
Nevertheless this can be done using the above conclusions that the conformation of the Cr(CO), tripod 
reflects the electron-releasing character of the substituents and that an aromatic proton eclipsed by a 
Cr-CO vector is deshielded. The results (Table 21, lines 2-4, and Table 22) are self-consistent. 

The substituents as far as their ability to favour a syn-eclipsed conformation can be classified in the 
order: N(Me),, NHR, NH, > OMe >> Me >> t-Bu N CO,Me > CHO. 

In the solid state, X-ray results show that the methyl of the methoxy group in {C,H,OMe)-Cr(CO), 
staysintheplaneofthearomaticring(withaC,-Olengthof 1.33Aindicativeofthepresenceofapartial 
double-bond character), ** In the 1,2,3-trimethoxybenne-Cr(CO), complex the conformation is as 
shown in Fig. 7, with two methyls in the plane and one out of the plane of the aromatic ring.’ ’ The N&V- 
diethylanilin~~C0~~ complex exhibits a conjugative effect of the nitrogen with the arene ring with a 
N-C1 distance of 1.357 A characteristic of a partial double bond ; hence the CH, are in the plane of the 
arene ring, but the methyls are alternatively up and down out of the arene plane.ro3 

A few other X-ray results give information on the conformation of C(O)R groups in substituted 
arene-Cr(CO), complexes. The COMe group’ ” with an OH group in the ortho position, and COOMe 
grouplo remain in the plane of the aromatic ring. However, in the presence of an OMe group in the 
ortho position the COMe group is twisted out of the aromatic plane by 21°107 (both steric and dipolar 
effects are responsible for the confo~ation), while the methyl of the methoxy stays in the plane of the 
aromatic ring (Fig. 7). 

Me d 
\ 

00 -b 
ob!* 

I Giza--N, 
A /’ 

Fig. 7. 
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In solution conformations have been determined from dipole moments and electric birefrigence 

Experimental and computed molar Kerr constants 45 lead to the conclusion that in each of the 
complexes, acetophenone-, benzaldehyde- and methylbenzoate-Cr(CO), the preferred confor- 
mations are such that the substituent has a near-planar arrangement with the aromatic ring plane 
(4 N 0”, CHO : r$ - 5”, COCH, : $J - lo”, COOMe). For aniline and NJ-dimethylaniline com- 
plexes the nitrogen was postulated to be pyramidal with rapid inversion ; agreements between 
experimental and computed molar Kerr constants are less good but the best agreement is achieved 
when the nitrogen lone pair is trans to the Cr(CO), group and perpendicular to the arene ring as has 
already been found by comparison of experimental and predicted dipolar moments.44 

Ester carbonyl stretching vibrations have been reported 134 for several methyl benzoate-Cr(CO), 
complexes and indicate that no loss of conjugation occurs in the complexes. 

The barrier to internal rotation around the bond between the formyl group and the complexed ring 
in compound 37 was determined by ’ 3C NMR spectroscopy at variable temperature and complete line 
shape analysis.135 The AC* value (8.6 kcal mol-‘) is 1.6 kcal mole1 lower than in the free ligand. 
However observation of de-coalescence indicates that the more stable conformation is planar : 

T, = -82”C, A82_-2’ = 7.4 ppm. 

IV. STEREOELECTRONIC CONTROL OF THE REGIOSELECTMTY 

A. Nucleophilic reactions 

Complexation with a Cr(CO), group provides a temporary and powerful means ofpolarity inversion 
for aromatic rings and can lead to interesting synthetic applications. Shortly after the first synthesis of 
an areneCr(CO), complex46ca)*(b) was performed it was reported that halobenzene-Cr(CO), 
complexes readily undergo nucleophilic substitution. ’ 36-142 However, we will focus our attention on 
addition/oxidation reactions which provide overall substitution of a nucleophile for a hydrogen. Such 
carbanion additions on arene-Cr(CO), complexes occur under mild conditions’43-145 and the 

Table 23. Nucleophilic addition on 

R Nu-Li+ 
Yield 

Ortho Meta Para (%) 

Me 

Et 

OMe 

N(M& 

CP, 
t-Bu 

LiCH,CO,t-Bu 28 70 0 89 
LiC(Me),CO,t-Bu 3 97 0 96 

LiCHtCN 35 63 2 88 
64 

LiC(Me),CN 2 96 2 58 

LiC!(OR)(CN)Met 0 94 6 88 58 

LiCH,CO,t-Bu 6 94 0 86 

LiC(Me),C02t-Bu 0 100 0 76 
LiCHJN 3 97 0 38 

80 

LiC(Me),CN 3 97 0 93 

LiC(Me),CN 1 99 0 92 90 

LiC(OR)(CN)Met 0 30 70 33 30 

LiC(OR)(CN)Met 0 35 65 85 33 

* Population of conformer IIA. 
t R = l-ethoxyethyl. 
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Table 24. Nucleophilic addition on 

R Nu-Li+ Ortho 
Yield 

Meta Para (%) 

Me 
t-Bu 
Me 
t-Bu 
Me 
Et 
i-Pr 
t-Bu 

LiCH$N 35 63 2 88 
LiCHJN 28 48 24 51 
LiC(Me),CN 1 97 2 95 
LiC(Me),CN 0 55 45 78 
LiC(OR)(CN)Me 0 96 4 75 
LiC(OR)(CN)Me 0 94 6 88 
LiC(OR)(CN)Me 0 80 20 88 
LiC(OR)(CN)Me 0 35 65 86 

approach of the nucleophile may be considered trans to the Cr(CO), group.14’j It should be 
remembered here, however, that, with certain alkyllithium species (like MeLi, n-BuLi and s-BuLi), 
proton abstraction from the ring occurs67-6g*145 and compete with the addition reaction. Nevertheless 
the regioselectivity of these nucleophilic additions on substituted aren&r(CO), complexes were soon 
recog~d’4~,‘4’-‘4~ and used for synthetic purposes. 150-1s3 The main results are given in Tables 23 
and 24. 

Postulating that these reactions are mainly orbital-controlled, the regioselectivity has been first 
related to the LUMO coefficients of the free arene ligand, 14* leading to a quite good explanation for the 
inversion of regioselectivity between electron-releasing substituents (mainly meta) and electron- 
withdrawing substituents (mainly para). A close correlation was then observed between meta addition 
and the population (xA) of the conformer IIA in solution, even for the t-butyl groupls4 (Table 23). In 
general the products of nucleophilic attack are thought to be kinetically controlled. Hence, as 
the rotation of the Cr(CO)3 tripod is fast, the Curtin-Hammett principle”’ must hold and (Fig. 8) 

PA: x, IIB: I -a, 

Fig. 8. 

AAG’ N AG” is suggested for these reactions. However, the conformation of the Cr(CO)3 tripod 
could have a strong effect on the arene-centred LUMO of the complexes. HET calculations for 
two types of substituents, NH, and CF,, ls4 led to the following conclusions (Fig. 9). The nature of the 

I \ ’ f 
Fig. 9. 
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R 

Table 25. Acetylation of 
x : 

X = Cr(CO)3 X=H 

R Ortho Meta Para Ortho Meta Para 

Me 43 17 40 1 2 97 
Et 24 33 43 0 3 97 
i-Pr 5 59 36 0 3 97 
t-Bu 0 87 13 0 4 96 
OMe 77 0 23 0 0 100 

arene LUMO is not changed by the introduction of the Cr(CO)3 group, whatever the conformation 
is. Polarization occurs with the greatest coefficients situated on the carbons eclipsed by a Cr-CO 
vector. Under orbital-controlled reactions attack will occur at the carbons eclipsed by a Cr-CO 
vector. 

Hence a simple consideration of the first arene-centred LUMO could explain the quasi absence of 
para addition found in the case ofelectron-releasing substituents and the preferred para attack with the 
presence of meta attack in the case of CF, (Table 14). However, examination of charge-a, total-charge or 
consideration of the two closest arene-centred LUMOs to explain the absence of ortho addition in the 
case of CFJ does not improve the model. 

More sophisticated calculations published simultaneously ’ 56 reached the same conclusions, that is : 
(1) the regioselectivity of attack on the arene should be controlled not only by the substituent on the 
arene but also by the conformation of the Cr(CO), group ; and (2) the arene carbons which are eclipsed 
with a Cr-CO vector are prefentially attacked by nucleophiles. 

It was then pointed out by Semmelhack et al. 14g that, when the size of the substituent and/or when 
the size and the reactivity of the nucleophile change, the regioselectivity changes (Table 24). A 
rationalization based on a balance of orbital control and charge control was proposed. When the 
energy of the HOMO of the nucleophile is lowered (more stabilized carbanion) charge control begins to 
dominate and puru addition can occur even with electron-releasing substituents. 

B. Electrophilic reactions 

While Nicholls and Whiting’36 mentioned that benzene-Cr(CO), was rather inert toward 
electrophilic substitution (CH3COCl/AlC13/CS, reflux), Reimschneider et ~1.‘~’ succeeded in the 
acetylation of this complex at 10°C under nitrogen (75%). Acetylation of toluene-Cr(CO), led to a 
mixture of 39% ortho-, 15% metu- and 46% puru-acylated complex while uncomplexed toluene gives, on 
acetylation, 9% ortho, 2% metu and 89% puru.15* Jackson and Jennings”’ noticed that alkylbenzene- 
Cr(CO), complexes react much more slowly than the free ligand ; their results (Table 25) demonstrate 
that the presence and orientation of the Cr(CO)3 group strongly affect the regioselectivity. 

Here again the inversion of the regioselectivity from a methyl group (ortho + puru) to a t-butyl group 
(metu) can be observed, suggesting that the attack of the electrophile occurs at the staggered arene 
carbons, as predicted by Albright and Carpenter.‘56 

6 /YE+ 6 Y 
'E+ 

E+ 
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The dominance of the conformational effect in directing the regioselectivity of attack of both 
electrophilic and nucleophilic reagents has recently been pointed out.16’ 

V. COMPLEXATION SITE ON DIAROMATIC LIGANDS 

It is known that formation of arene+Cr(CO), complexes according to eqn (12) is facilitated by 
electron-donating substituents. 136 This was confirmed by the study of dicomplexation of diaromatic 
ligands like diphenylamine and benzophenone :16’ 

arene + cr(c0)6 4 arendr(CO)3 + 3c0. (12) 

To compare the effects of electron-withdrawing and -donating substituents, complexation of imines 
(38) has been examined16’ (Table 26). In these compounds it is well accepted that ring A (with an q-x 

Table 26. Complexation site in diaromatic imines (38) 

R, = H R, = Me 

Rz=H H Me R,=H H Me 
R,=H Me Me R 3=H Me Me 

Global yield (“A) 
Unreacted imine (%) 
Complex 

On ring A 
On ring B 
On rings A and B 

28 58 45 68 43 83 
70 55 32 57 

0 81 100 8 38 100 
0 10 0 81 0 0 

100 ‘9 0 11 62 0 

interaction) is electron-rich, whereas ring B (with a x-x interaction) is electron-deficient.‘63*164 
However, it has been shown that, in the absence of methyl substituents on ring A, the electron-deficient 
ring B is preferred or that mainly dicomplexation occurs. It thus appears that electron density is not a 
unique determining factor and that the methyl group has a dramatic influence on complexation. 

38 
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Table 27. Complexation site in biphenyls 39 and 40 

R 

Complex on ring (%) 
Yield 

A B AB (%) 

NH2 
OMe 
OH 
COMe 

NH, 
OMe 
OH 
COMe 

84 10 6 
15 81 4 
0 100 0 
8 92 0 

93 7 0 
35 56 9 
61 39 0 
37 63 0 

69 
78 
58 
63 

47 
52 
38 
45 

Monosubstituted biphenyls, 39 and 40, provide good models to study substituent effects on 
complexation. It has been shown that complexation of these biphenyls are thermodynamically 
controlled under the reaction conditions and the resultP5 (Table 27) show that an electron-donating 
substituent favours complexation on the substituted ring, an electron-withdrawing substituent 
disfavaurs complexation on the substituted ring (the unsubstituted ring being preferred) and that OMe 
behaves like a weak “electron-withdrawing” substituent (the unsubstituted ring being slightly 
preferred) in accordance with Top and Jaouen’s observation. l6 ’ 

The 100% complexation on ring B in the ortho-substituted biphenyl, 39c, when R = OH may be 
atttributed to the presence (in the complex) of an intramolecular H-bond between the OH group and a 
carbonyl of the tripod, which is not possible in the pura-substituted biphenyl, 4Oc. 

This substituent behaviour is in agreement with the fact that the o-framework of the arene is mainly 
involved in complexation with CI(CO)~. 
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