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A. INTRODUCTION 

Correlational aspects of the Hammett equation [l] together with its rarnifi- 
cations have been reviewed [Z-4] and are still the subject of discussion [ 5- 
71 as they relate to organic chemical systems. Substituent effects pertaining 
to metallocene derivatives having one or more substituted cyclopentadienyl 
rings have been briefly discussed as part of a more general review of elec- 
tronic effects in such systems [ 81. A recent non-exhaustive suwey of linear 
free energy relationships in inorganic chemistry has also appeared [9] and to 
some extent is synergistic with the material surveyed herein. 

The purpose of the present-review is to focus attention on the various 
correlations that have been reported for transition metal complexes contain- 
ing one or more substituted phenyl rings in order to provide an overall view 
of the manner in which the Hammett equation and its ramifications have 
been applied to such chemical systems, The use of various substituent con- 
stants in studies of complexes of the type, (Lk),ML, will be emphasized 
where LAr = a ligand bonded to the metal center, M. The phenyl ring in LAr 
may be bonded directly to the metal center via a metal-carbon bond in a mo- 
nohapto, I, or hexahapto, II, manner or the phenyl ring in LA’ may be 
separated from the metal center by one or more donor atoms or by part of 
the skeletal framework of the ligand, III. Q represents the donor atom(s) or 
the donor atom(s) plus the ligand skeletal framework and X represents one 
or more substituents on the phenyl ring_ 

Examples of the following types of correlation are included: 
(i) the effect of X on a property or the reactivity of the co-ligands, L. 

(ii) the effect of X on a property or the reactivity of Lh. 
(iii) the effect of X on a property or a reactivity pattern associated with the 
entire complex. 



(iv) the effect of X on a property associated primarily with the metal center, 
M. 
(v) substituent effects associated with the reactivity of a ligand, LAr, towards 

a given metal center. 

x 
Q-M 

Within the foregoing terms of reference this review is reasonably compre- 
hensive and surveys the pertinent and most accessible literature through 
June 1979. 

B. COMPLEXES CONTAINING A SUBSTITUTED PHENYL RING DIRECTLY 
BONDED TO A METAL CENTER 

(i) Complexes containing a hexahapto bonded phenyl ring 

Substituent effects associated with hexahapto bonded phenyl rings have 
been most extensively studied via physicochemical methods utilizing com- 
plexes of the type, (arene) Cr(CO)3 where arene is a mono- or polysubstituted 
benzene ring. 

The existence of a qualitative relationship between the v(C0) frequencies 
for (arene) Cr(CO)3 complexes and the Hammett u parameters was first noted 
by Fischer [lo]. Several related studies have since been reported f ll-191. 
The Cotton-Kraihanzel force constants, /Z co [ZO] for a number of (substi- 
tuted methylbenzoate) Cr(C0)3 derivatives have been linearly correlated to 
the Hammett 0, parameter as ED, [lo]. The Hammett (T, parameter was 
regarded to best represent both the inductive and mesolneric effects of the 
substituents. However, no direct correlation was observed between this para- 
meter and the ester carbonyl frequencies. The quantity Itco has also been 
linearly correlated to the first ionization potential of a number of (arene) 
Cr(CO)s derivatives [12]. The ionization potential decreased as the arene 
became more electron-releasing. More recently, kc0 has been shown to be a 
linear function of Taft’s oI parameter for a series of (substituted benzene) 
Cr(CO)3 complexes 1131. In fact, two linear relationships were noted- The 
first of these involves only those substituents having a lone pair of electrons 
and the second takes into account only those substituents bonded to the 
benzene ring via a carbon atom. This is not an unexpected result since the 
first ionization potentials for the same series of complexes can aiso be 
expressed as two linear functions of pi according to 

E Cr--R = 7.19 f 1.15 Co,(R) (1) 

Ecr_mx = 6.94 + pa, (2) 
where R represents a substituent bonded to the phenyl ring via a carbon atom, 
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X represents a substituent having a lone pair of electrons and Ecr_R, ECr_x 
are the corresponding ionization-potentials (eV) respectively_ The energy 
required to disassociate a CO group from (arene) Cr(C0)’ and (arene) 
Cr(CO),” species decreases with increasing value of lzco (and oP) but increases 
with increasing value of f~ co (and aP) for (arene) Cr(CO)s’ species [14]. No 
clear explanation for this observation is presently available. The v(C0) frequ- 
ency (E mode) for a number of (substituted fluorobenzene) Cr(C0)3 deriva- 
tives may be correlated to both oP or to a combination of Swain-Lupton [21] 
field and resonance parameters [15]. Wu et al. have observed that v(C0) 
shows a better correlation with oP than orn in a series of (m- and p-sub- 
stituted aniline) Cr( CO), complexes [ 161. Neuse [ 171 has reported the results 
of a statistical study of the degrees of correlation attainable between kc0 and 
selected Hammett and Taft parameters, ul, (T,, up - oI, oPOaRO and has con- 
cluded that for a large number of mono- and polysubstituted benzene deriva- 
tives of Cr(C0)3 that the overall electronic substituent effect transmitted to 
the carbonyl ligands involves both an inductive and resonance mechanism. 
The quantity, AK(C0) = k,,(H) - ktco(X) has also been correlated to 
Hammett’s (7 parameter for a large number of (alkylsubstituted benzene) 
Cr( CO), complexes [ 18] where /z c,(H) and kc,(X) are the force constants 
for the unsubstituted and substituted derivatives respectively. The Av(C0) 
and AK(C0) values for about forty derivatives of the type, (substituted me- 
thyl benzoate) Cr(C0)3 [ 191 h ave also been correlated in terms of a Yukawa- 
Tsuno equation [ 7,221. As noted previously [ 111 a poor correlation was also 
observed with the ester carbonyl frequencies for this extended series of com- 
plexes. Conformational effects are considered to be responsible for this lack 
of any direct correlation [ 231. The Y(CO) frequencies of the Cr(C0)3 moiety 
for the derivatives, IV and V where X = H, 2-CH3, 3-CH3, 4-CH3 or 4-0CH3 
have been reported to be sensitive to the nature of X, whereas the v(C0) fre- 
quencies of the Mn(C0)3 moiety are not affected [ 241. The changes in ~(0) 
follow the expected pattern. 

Various NMR techniques have been used to probe substituent effects in 
(arene) Cr(CO)a complexes [ 15,25-30]_ Mangini and Taddei [ 251 have corre- 
tated free arene ‘H NMR chemical shifts with the corresponding chemical 
shifts in a series of f$-XC,H&r(CO), and ($‘-XC,H&HS)Cr(CO)3 com- 
plexes where X = N(CH& OCH,, SCHJ, H, CH,, C0,CH3, and COCH,. An 
approximately linear variation of the change on complex formation of the 
meta-substituent parameter, AS(m-X) = S’(m-X) - S’(m-X), with Taft’s 
resonance parameter, OR for various substituents X has been noted for a 
series of (substituted toluene)Cr( CO), derivatives [ 261. The significance of 
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this particular correlation is open to question since the method of calculating 
AS{ m-X) has been criticized [ 271. Fritz and Kreiter 128 ] have reported the 

results of a detailed ‘II NMR study (ring protons and methyl protons) for the 

complexes ($-XC,H,Y)M(CO), where M = Cr, MO or W, and X, Y = various 
1,4-substitutions of F, Cl, Br, OH, NH?, OCH3, SCH3, N(CH,),, Si(CH,)3, 
COCH3 or CH3 groups on the benzene ring and concluded that the M(C0)3 

moiety exerted a levelling effect on the distribution of electron density in the 

coordinated arene ligand. The amine proton chemical shifts for a series of (tn- 
and p-substituted aniline)Cr(C0)3 derivatives yielded straight lines when 
plotted versus the Hammett IT and o- parameters for the substituents [16]. 
Such pIots were interpreted as being consistent with the presence of a direct 
resonance interaction between the substituents and the amino nitrogen atom 
as observed for the corresponding uncomplexed anilines 131,321. The slopes 
of these plots were greater for the free anilines than the complexed anilines 
indicating that in the complexes the electron density at nitrogen was less sen- 
sitive to the nature of the substituent because of the electron-withdrawing 
effect of the Cr(CO), group. 

The IYF NMR chemical shifts for (substituted fluorobenzene)Cr(CO)3 deri- 
vatives have been correlated to a combination of Swain-Lupton field and 

resonance parameters [ 151. 
Plots of G(Cpara) versus o+ for (q6-XC,,Hj)Cr(C0)3 derivatives (X = H, CHJ, 

C2HS, 0CH3, C(CH3)3 or COCH3) obtained at 25°C and -76°C have been 
used to study the conformational equilibria present in solution [ 291. It was 
concluded from these data that complexation did not significantly change 

the transmission of electronic effects to the para position. A detailed analy- 

sis of the same 13C NMR shifts for the series of (q6-XC,H,)Cr(CO), complexes 

(X = H, F, Cl, CH,, OCH,, 0CJH9, COICH3, NH,, N(CH,),) also revealed that 
there was no significant change in the transmission of resonance effects in 
going from the free arene to the complesed arene [27]. 

For the complexes, (C,H,-,Y,)Cr(C0)2(CX) where X = 0 or S; Y = H, Cl, 
CH,, OCH3, NH?, N(CH,)? or COCH,; n = O-3, a linear regression analysis 

shows a good linear correlation between 6( ’ 3CO) and kc0 but not with S(‘“CS) 
or 6(C’ 70) 1301. The precise reason for this different behaviour is not readily 
apparent. 

The +3/2 * 5/2 NQR transition of “Mn has been observed to correlate 
with the number of methyl groups in the compleses, [(q”-(CH,),C,H, _,,,)Mn- 

(CO)J’ c331 and that this behaviour paralleled the changes in v(C0) for (q”- 

(CHB),C”H, -,)WCO), complexes with respect to the number of methyl 
groups [ 101. 

The linear correlation given by 

e = 1400 2 a; + 10100 (3) 

between the extinction coefficient of the lowest energy absorption band for 

a large number of (substituted arene)Cr(CO), derivatives has been reported 
[ 341. This particular correlation has been interpreted in terms of the origin of 
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electron-withdrawing and is capable of assisting the aromatic ring in the stabili- 

zation of the benzyl cation. 
The effect of substituents on the rate of ligand exchange in (q6-XC,,H,)M- 

(CO), complexes where M = Cr, MO or LV and X = H, Cl, CH-, has been 
reported 1411. The rate of exchange for reaction (5) is given by eqn. (6). 

($-XC,,H,)M( CO), + ‘JC,,HjX + (T$‘~C,,H~X)M(CO), + XC,H S (5) 

Rate = Is~l(~6-XC,Hj)M(CO),I’ + ~~~E(r16-C,H,X)M(CO),I [ ‘4C6H&] (6) 

The mechanism of exchange was discussed taking into account that log /zZ 
and log k\ are each linear functions of Hammett’s 0, parameter_ A Hammett 
correlation between log(f:/Iz,) and u has been briefly reported for the ion 
molecule reaction (7) [ 421 

(arene)Cr(C0)3+ + (arene)Cr(CO); + (arene),Cr,(CO)l+ + 3 CO (7) 

The alkaline hydrolysis in aqueous acetone for (substituted methylbenzoate)- 
Cr(CO), complexes proceeds at a much greater rate than the corresponding 
drolysis of the uucomplexed ester 1431. Good correlations were observed 
when log k was plotted versus o. The reaction constant for the complzxed 
ester was found to be 1.55 as compared to 2.36 for the corresponding free 
ester- The reduced reaction constant for the compleses may again be attri- 
buted to the electron-withdrawing Cr(CO), group. The rates of reaction in 

acetone between NaSCN and XC,,H,CHCl as well as (q6-XC,H,CH,Cl)Cr- 
(CO), have been compared [44]. Non-linear Hammett plots of log /z versus 

hY- 

0 

were obtained in each case and were discussed in terms of the electron-with- 

drawing and electron-releasing ability of the Cr(CO)J moiety. The rate of 
acetolysis at 75°C of a series of 2-at-yl-2-methyl-I-propyl-methanesulfonates 
complesed to Cr(CO), have been correlated to Hammett’s CJ+ parameter with 
a reaction constant, p = -0.78 which is much smaller than p = -2.35 which 
was observed for the corresponding uncomplexed methanesulfonate [ 45 3. 

This difference in reactivity has been discussed in terms of the buffering 

action of the Cr(CO), group. The pattern of substituent effects in the com- 
plexes, (~6-XC~H,C~CMRJ)Cr(CO), where X is one of 2-, 3- or 4-CH;, OCH,, 
Cl, H or CF,; M = Si, R = CH, or M = Ge, R = C,H, was studied by measuring 
the rate of cleavage of the C-M bond in aqueous potassium hydroxide [46]. 

Plots of log kx/kH versus o parameters were discussed and support the conclu- 

sion that the Cr(CO), moiety causes little distortion in the normal pattern of 

substituent effects observed for an uncomplexed arene. The second order rate 
constants, /Q, for the displacement of the coordinated arene by P(OCH_J)3 in 
the complexes, (arene)W(CO), (arene = CH.,COZC,Hg, C,H,, CH,C,HS or 
1,3,6-(CH,),C,H,) have been correlated to the v(CO)(A ,) mode in the IR 1471 

but no firm interpretation could be associated with this correlation since the 
rates of reaction when the arene was (CH&NCGH5 and CH30C,,HS were higher 

than expected. 
The transmission of electronic effects to the CO groups in a number of com- 
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plexes of the type (arene)Cr(CCQzL (L = maleic anhydride (ma), 2,3-diazobi- 
cyclo12_2_1]hept-Z-ene (a~), p~t~~lazine (phz) and pyridazine (pdz)) have 
been studied by Herberhold and his co-workers [48--50]. Plots of boo versus 

Za, for the substituents of the aromatic ring were discussed_ For the maleic 
anhydr~de derivatives, no correlation was observed with o, or the Taft con- 
stants, OR and Do nor was there any correlation between the NMR spectra]. 
parameters of the olefin and Izoo or EcF~_ However, there was a good linear 
relationship between the higher U( G= 0) frequency of the anhydride ligand 
and li,, as well as S=a, [4S]. The azo ligands were unsymmetrically bonded 
to chromium and for L = az, the azo &and was shown to be mobile on the 
NMR time scale as shown in eqn. (8). 

-4 linear plot of AC* versus 20, was also noted for this process, A@ increas- 
ing as the arene becomes electron-rich as a consequence of the effect of the 
substituent [49]. 

The proton NMR spectra in acetone have been recorded for a series of 
arene (~y~~opentadieny~) iron complexes, I(~6-XCBH,)(71”-GjHj)Fe]~ and 
t(rlh-4-XC,H,G~,)(r15-G,W;)Fel’ (X = NH,, GH,, CZH9, OGl&, ~HCOCH~, Cl, 
I?, GN, H, G&H, COzG2H5, GONH, or OG,H,) and the chemical shifts sub- 
jected to a detailed correlational analysis using sets of Hammett-Taft o para- 
meters [ 511. The major conclusion from this analysis was that the substitu- 
ents on the arene ring exhibit similar effects whether the ring is free or coor- 
dinated to the metal center. 

The polarographie reduction potential, E Ip, for the process shown in eqn 
(9) has been determined in acetonitrile and has been related to the Taft polar 
constant, UP’, by eqn. (3.0) f52]. 

[(q 6-4-XC,i3,CH,)(q ‘-C&)Fe]’ + e- + [(~6-4-XC~HJCH,)(7;1S-CjIls)Fe] (9) 

E 112 = -1-42 + 0,515 cr,O 00) 

The potential becomes more negative as X becomes more electron reteasing. 
Electrochemical studies have also been reported for bis(~ene)~hromium( 0) 

Complexes [ 53,541. Klabunde has reported that E 1,2 for the electrochemical 
oxidation in acetonitrile of a series of complexes, (arene),Gr where arene is 
GJNGH3, G,&F, G&J&, G,H,GFz, 2,5-(CH,),G,H,Gl, CgHSCH3, (C.&H,),, 
f,4-G&,H3GF,, 2GF,C,H,G1, or 1,4-(GF&CJ& 1531 is a linear function of 
on+ The good quality of this correlation implies a significant involvement of 
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TABLE 1 

Summary of correlations involving hexahapto bonded substituted phenyl rings 

Chemical system Correlation Ref. 

(T?~-XC~HJCOZCHJ)C~(CO)J kc0 (mdyne A-‘)/xf~~ 11 
X = 3-COzCH3, +CO,CH,, 3-Cl, 4-Cl, %CI, 

H, 3-CH3, 4-CH3, 2-CH3, 4-OCH3, 
2-0CH3, 4-NH2 

X = H, 2-CH3, 2-CzH5, 2-i-CJH7, 2-t-CJHt,, Au(C0) (cm-‘) =p(o” + rAak) +a 19 
2-OCHJ, 3-CH3, 3-C1I-I;. 3-i-CsH7, 
3-t-&H,, 3-OCH3, 3-&H;, 3-F, 3-Cl, 3-Br, 

K(C0) (mdyne A-‘) = p($ + 
rfiok) + K(CO)o 

3-C02CHs, 3-CFJ, 4-CH3, 4-C? Hs, 
4-iwo-C5 H 11,4-i-c3H,, 4-t-CgHfg , 
4-CGH&, 4-N(CH3j1, 4-OCH3, 4-CGHs, 
4-Cl, 4-COaCH3, 4-CF3, 2,4,6-(CHs)3, 
3,4-(OCH3),, 3,s(a-i&, 3,5-t-CaILj, 
3,5-(OCH3)2, 3,5-Cl?, 3,4,5-(OCH3)3, 
3-(n-[Cr(C0)3 IC6H51, 4-(nICr(CO)3 jC&b) 

(~6-XC~H~CO~CH3)Cr(C0)3/0H 
X = 4-COICH3, 3-COzCHJ, 4-Ci, 3-Cl, H, 

4-CH3, 3-CH3, 2-CH3, 4-0CH3, 4-NH2 

log k/o 
p = +1.55 (56% aq_ acetone) 

[(@-XCbHaC0,CH3)Cr(C0)3] 2 
[(@ -XC6HqCO~CH-j)Cr(C0)3 ]- 

X = 4-NHz, q-OH, 4-0CH3, +CHj, 3-CH3, 
4-F. H, 4-ChHj, 3-OCH3, 3-F, 4-COICH3 

hz (VI/o 

p = +O_J9 V (DMF) 

(@-XC,Hs)Cr(CO)J kc, (mydne K1)I~~P 
X = OCHJ, 1,3-(OCH3)z, 1,4-(OCH3)z, 

1,2-(OCHJ),, I ,2,3-( OCHJ)3, 1,2,4- 
(OCH313r 1,3,5-(OCH3)3 

X = F, COCH3, CO:CH3, Br, Cl, I, H, CgH5, 
CHJ, Si(CHh, OCH3, CW%h NHI, 
N(CH3h 1,3,5-(CH3)3,1,4-(N(CH,)z)z 

X = COCH3, COzCH3, C6H5, H, CH3, 
C(CE-I3)3,1,3,5-(CH3)3, 1,2,3,4,5,6- 

(CH3 1~ 

I.E. (eV)lhco (mdyne A”) 

I.E. (eV)/VoI 

X = I?, Cl, Br, I, COI_CH~, OCHJ, OH, NHz, 
N(CH3)z 

X = H, CH3, C2HSr 0CH3, C(CH3)3, COC& 
X = N(CH3)2, 1.2,3,4,5,6-(CH3)b, 1,2,4,5- 

(CH3L 1,3,5-(CH3)3, OCH3,1,4-(CH3),, 

CH3, F, H, Si(CzH5)3, CI, COlClHs 
X = H, CzH5, CH3, neo-CsHrr, i-C3Ht, 

t-G%, CGW3, CW-W-k&, OCH3, 
Si(CH3)3, C6H5, F, COzCH3, CF3, 1,2- 
(CH3)2,1,2-IC2H5),,1,2-(neo-CgH11)1, 

1,2-(i-C3H7)2, 1.2-(t-CJHS,)z, 1,2-(Si- 
(CH3)3)2r 1,3-(CH3)2,1,3-(t-CqHg)2, 
1,3-(Si(CH3)3)2, Ir4-(t-C4H9)2, 1,4-(Si- 
(CH3)3)2, l-CH3-3,5-(t-CJH9)z, 1,2,4- 

I-E_ (eV)/%, 

6( ’ 3C paru)( ppm)/a+ 
E = 14oo~+ 10100 

AK( CO)( mdyne K1 )“/cJ 

43 

56 

11 

12 

13 

13 

29 
34 

18 
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TABLE 1 (Continued) 

Chemical system Correlation Ref. 

(t’CJHQ)3, 1,3,5-(C2Hs)3, 1,3,5-(neO- 
GHI I 13, l,%Wi-C3H7)3, l,3,5-(t-W&)3 

X = H, CHs, CzH5, i-C3H5, C6H5, OCH3, 
OCzWi, CGHs, NH2, NtCH312, C6H5CO, 
COzCH3, Br, Cl, 1,4-(OCH&, 1,4- 
(0&H&, I,4-(NH:!),, I-F-4-CH3, 
l-NH?-4-COC6Hs, 2-NH2-3-CH3, l-NH?- 
4-CH3, 1,2-(OCH&, ~,~,!YP(CH~)~ 

(v6-XCkH~F)Cr(CO)~ 
X = H, 4-CH3, 4-OCH3, 4-C], 4-NH?, 4-F, 

4-CF3, 3-CH3, 3-0CH3, 3-Ci, 3-NH,, 
3-F, 3-CF3 

X = H, 3-Cl, 4-Cl, 3-CH3, 4-CH3, 3-OCH3, 
4-0CH3, 3-COzCH3, 4-COzCH3, 4-COCH3 

(q6-XC6Hs)Cr(C0)3, (+XC6H~CH3)Cr(C0)3 
X = N(CH3)z, OCH3, SCH3, H, COCH3, 

CO_zCH3, CH3 

(?76-4-XC61t4CH3)Cr(C0)3 
X = F, Cl, Br, OH, NH2, OCH3, SCH3, 

N(CH3)2, Si(CH3)3, COzCH3, CH- 
(OCzHs)z, CHO, CH3 

(q6-XC&HqOH)Cr(C0)3 

X = 4-CH3, H, 3-CO$H,, 3-CH3C0, 
4-C02CH3, 4-CH3C0 

(~6-XC6HqCO~H))Cr(C0)3 = H+ + 
(+XC6H&0*)Cr(C0)3 

X = 2-CH3, 2-C2H5, 2-i-C3HT, 2-OCH3, 
3-CH3, 3-C;!Hg, 3-i-C3H7, 3-t-CjHs, 
3-0CH3, 3-C6H5, 3-F, 3-Cl, 3-Br, 3-COtH, 
3-CF3,4-CH3, 4-C2Hs, 4-neo-CSHI 1, 
4-i-C3H,, 4-t-C4H9,4-C(C2H5)3,4-N- 
(CH3)z, 4’C6HSr 4-C], 4-COzH, 4-CF3, 
3*W[Cr(CO)3 IC6H5 ), 4-0wxCO)3 lC6H5), 
2,4,6-(CH3)3, 3,4-(OCH3)2, 3,5-(CH3)2, 
3,5-(t-C~H9)~, 3,5-(OCHs)z,, 3,4,5-(OCH3)3 

(776-(CH3)nC6H6-ICr(C0)3 
n=O-6 

(776-(CH3)nC6H6-,)Mn(C0)3 
n = 0, 1, 2, 3, 5 or 6 

v(C0) (cm-' )/On 
u(CO) (cm-l)/35% 9 + 65VG.T 

6 ( lgF) (ppm)/6%3Q + 94%% 

v( CO) (cm-’ )lu, 
~(NHz) (ppm)b, (J- 

r(arene)/r(complex) 25 

As( m-X)%~ 

p = 0.99 (50% ethanol) 

log kc/K0 = p(a + rA&) 
p = 0.8 (50% ethanol) 

v( CO) (cm-’ )/n 

+3/2 + 5/2 5SMn/n 

17 

15 

16 

26 

36 

37 

33 

33 
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TABLE 1 (continued) 

Chemical system Correlation Ref. 

TCNE * (Q~-XC!~H~)C~(CO)~ &T (cm-’ )/a+ 
x = Nfiiz, (cE-13)6, N(CH3)2, 1,2,4,5-(CH3h, 

1,3,5-(CH3)3, OCH3, 1,2-(CH3)2, 1,3- 
(cH3)2, 1,4-(CH&, GHs, CH3, Ge- 
(C2H5)3, F, SiGHSI3, H, Cl, Br, 1, 
COzH, C0zCH3, C02C2H5 

~I~-X’SHS)~(C~)ZL Disco (mdyne A-’ )/‘roP 
L = 2,3-diazabicyclo[2.2.1 Jhept-2-ene 

X = H, 1,2,3,4,5,6-(CH3)e, lCH3-4-N(CH,)t, 
1,3,5-(CH3)3, 1,4-(CH3j2, I-CH3-4-OCH3, 
l-CH3-4-C02CH3, 1 ,4-(C02CH& 

(716-xc6H5)cr(co); 
i= 1,2or3 

AG* (kcal/rnol-’ )/CO P 

0: (eV)/Co,, &,(mdyne A-‘) 

X = Cl, C02CH3, CH20H, H, CH3, OCH3, 
1,2-(CH&, 1,3,5-(CH313, NH?, 
1,2,3,4,5*6-(CH3)6 

(+4-XC6H&HzOH)Cr(CO)~ + H+= 
(v6-4-XCbHaCHz)Cr(CO); + Hz0 
X = H, Cl, CH3, OCH3 

(T/‘-XCOHC~H~)C~(CO)~ - +-H++ 

(q’-XCOCbHs)Cr(C0)3 
X = H, C6H5, CH3, OH, N(CH3j2 
(arene)Cr(CO); + (arene)Cr(CO)J + 

(arene)2Crl(CO)f + 3 CO 
arene = (CH3)&6, NH&%, (CH&C6H3, 

(CH&C~HJ, CH3OCsHs, CH&,Hs, 
C6H6, ClCbH5, CO~CH&H5 

pK&J 
p = 0.51 (aq. acetone) 

APKBH+~/~,, oP 

p = -1-7 2(qJ 
p = -3_39(cJ,) 

lq(klko) = po 

(r16-XC6H~)M(CO)~ + 14C6H5X + 
(7f-‘4C6HSX)M(CO)3 + XC6H5 

M=Cr,Mo,orW;X=H,Cl,CH3 

log klop 

(.r16-XC6H~CH;rCI)Cr(CO)~/SCN 
X = 4-0CH3, H, 4-CH3, 3-0CH3, 3-F 

log k/o 

[(T~-XC~H&H~CL)C~(CO)~ ] 5 
[(~6-XC6H~CH2~)Cr(CO)3 ]- 

X = 4-0CH3, H, 4-CH3, 3-OCH3, 3-F 

G/2 W)lo 

log k/o+ 45 

X = H, 4-0CH3, 4-CHB, 3-CH3 p = -0.78 

35 

49 

49 

14 

38 

40 

42 

41 

44 

55 
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TABLE 1 (Continued) 

Chemical system Correlation Ref_ 

(?I’-XCJU=CMR&r(CO)~/OH- 
X = 2-, 3- or 4-CH3, OCHB, Cl, CF3, H 
M=Si,R=CH3;M=Ge,R= CzHfs 

Iog hlo, o”. 0” 
p = 0.96 (M = Ge, R = CzHS) 

46 

(@-XQ,HS)Cr(CO)zL kc0 (mdyne A”)/%J~ 48 
L = maleic anhydride, X = 1,2,3,4,5,6-(CHJ)~, v(C=O) (cm-‘)/Ca, 

H, 1,3,5-(CH3)3, l-CHa-4-Si(CH3)3, 1,4- 
(CH3)2, OCH3, l-NH2-4-Si(CHa)s, l-CHIJ- 
4-C0,CH3, F, l,4-(C02CH3)2 

(q6-XC6Hs)W(CO)3 + 3 P(OCH3)3 + log k:lv(CO) (cm-* ) 47 

IP(OCH3)3 I,WCO), + XGjH, 

X = CH3CO1, H, CH3, 1,3,6-(CH3)3, 0CH3, 
NWH3)z 

(T+XC~H~)C~(CO)~L kc0 (mdyne A-‘)/ZoP 50 
L = phthalazine, pyridazine 

x = 1,2,3,4,5,6-(C&)6, 1,3,5-(CH3)3, 1,4- 
(CH3)2, H, l-CHJ-4-COzCH3, 1,4-CO&H3 

[($‘-XC6HS)(7?s-CgHs jFe]’ 
X = N&CH3, CzH5, 0CH3, NHCOCH3, CI, 

F, CN, HI, COzH, C02CzH5, CONH:!, 
OC6HS 

51 

[(7j6-4-XC6H~CH3)($-CgH~)Fe]’ 6t1 I-I) (ppm)/oe 
Z-C = NH,, CH3, H, COICzHS, NHCOCH3, Cl, El/2 ww; 

F, CN, H, C02H, CO1,CzHs, CONH,, p = 0.52 V (CH3CN) 
OC6HS 

10?6-XC& )2Crl--+ [(I?‘-XC~H~)ZC~]*+ e- 
X = OCH3, F, H, CF3, l-Cl-2, 5-(CHs)?, 

CH3, CgHg, l-CF3-3,4-C12, 1-Cl-2-CF3, 
1,4-(CF3 )2 

51 
52 

53 

[($‘-XC6Hs)2Cr] z [(+‘-XCbHs)zCr]- 
X = 1,2,6-(CH3)3, CH3, 1,3,5-(CH3)3, C6HS 

[(+~-CJH&OQ,H~X)C~(CO)J 5 56 
E(~6-t-C&WOC~H~X)Cr(C0)3]- 

J%r, (W/o 
p = 0.48 V (DMF) 

X = 4-0CH3, 3-t-C4H9, 4-CH3, H, 3-F 

(arene)Cr(+$ -C6 H6) 
arene = C6F6, ChEsH, C6F-1Hzr CbH6 

W3C) (ppm)/Co, 
6(‘Hj (ppmj/~o, 

57 

(arene)Cr(C0)3 6 ’ 3(CO)lhco (mdyne A-‘) 30 
arene = 1,2,6*CbH3(N(CH3)z)3, &H&I, 

C6HsN(CH&r ~-CH~C~HJNHZ, 
C6HSNH2, 1,3,5-(CH,)3CaH3, 1,4- 
(CH3)2C6H4. 1,2-:CH&C6H4, C6H,CH3, 
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TABLE 1 (Continued) 

Chemical system Correlation Ref. 

C6&0CH3, C6H6, 1,3-CH3C0&H&H3, 
CfiH&OzCH3, 1,2-C12C6H4 

(arene)Cr( CO)2( CS) 
arene = 1,2-(CH~)~c~H3, C6H5CH3, 

C6HsOCH3, C6H6, C6H5C1, 1,3- 
C&CO$&CH3, C&5C0&H3 

6 ( ’ 3CO)lhc~ (mdyne A- * ) 30 

a AK(C0) = k&H) - kc-,(X)_ b AS(m-X) = SC(m-X) - Sf(m-X). c Di = energy required 
to dissociate one CO ligand. d ApKBH+ = pKB,+(free) - pKBH+(complexed). e A combina- 
tion of Hammett and Taft parameters. 

the rings’ a-framework in the metal--arene bonds, In a related study, an 
attempt to correlate El,2 for the first reduction of some (arene),Cr com- 
pleses (arene = C,H,, (C,H,),, 1,2,6-(CH,),C,H, or 1,2-(CH,),C,H,) in DMF 
with Taft’s (3 parameter has been briefly reported [54]. Reduction potentials 
for (#‘-XC,H,COC(CH,),)Cr(CO)3, ($-XC6HJCHICl)Cr(CO)~ and 
(~6-XC,HJCO$H3)Cr(CO), have been recorded in DIMF’ and the correlations 
between E I,? and 0 discussed [ 55,56 ]_ 

The 13C and ‘H NMR chemical shifts of a number of closely related bis- 
(arene)chromium(O) complexes have been recently shown to correlate with 
the quantity ZcrCTn, and it has also been suggested that this particular quantity 
can be used as an indicator of the “oxidative stability” for (arene) ,Cr and 
(arene)Cr($-C,H,) derivatives 1571. 

The foregoing data are summarized in Table 1_ 

(ii) Complexes containing a monohapto bonded phenyi ring 

‘H NMR chemical shift data for the complexes, (~1-XC,H,)‘,Ti(~5-C,H,), 
have been correlated to Hammett and Taft 0 parameters [ 581. Plots of SzgHS 
versus the Hammett u constants as well as a combination of the Taft para- 
meters, or and oR, were linear and the chemical shifts increased as X became 
more electron-withdrawing_ The average shift of the o- and m-protons of a 
substituted derivative relative to the single resonance of (~‘-C,H,)Ti(~s-C,H,) 
was also plotted against [T or a combination of oI and OR to yield straight lines 
which were discussed in terms of their correlational acceptability. A brief 
report [ 591 has pointed out that the position of the characteristic absorption 
band (650-700 nm) for ($-4-XC,H,)TiCl, - 3 pyridine adducts correlates 
with Hammett’s op parameter and that the ESR 5 values for these complexes 
exhibited a poor correlation with this parameter but a better correlation with 
Taft’s OR parameter- However, the precise reasons for these observations are 
not clear. 
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Substituent effects in complexes of the type, ($-C&)Fe(CO)I(~ ‘-&H-J) 
have been the subject of several reports [60-63]. The symmetric and asymme- 
tric v(C0) frequencies have been reported to show linear correIations with 
Taft’s uI parameter [60] as well as Hammett’s a parameter [61]. In addition, 
the chemical shifts for the cyclopentadienyl protons correlate with 0. How- 
ever, the changes observed for the Y(CO) frequencies and chemical shifts are 
small. suggesting that there is little conjugation between the substituent X and 
the CO and CSHS ligands. In contrast to these particular iron complexes, the 
three v(C0) frequencies in Mn(CO),(q ‘-C,H,X) derivatives 1641 are insensi- 
tive to the nature of X. This difference could be due in part to the fact that 
the electronic effect of X is transmitted to five CO groups rather than two. 

The reactivity of (~‘-CjHj)Fe(CO),(~ *-C,H,X) derivatives towards HgCl-, 
and SO, has been studied by Wojcicki and co-workers [62,63]. The rate of 
eIectrophilic attack of HgC12 [62] increases as X becomes more electron 
attracting and a reaction constant p = -1.19 was obtained from the slope of 
a plot of log kill versus IT+ which is typicaI of an electrophilic aromatic substi- 
tution reaction [ 651. 

(~5-C~Hj)Fe(CO)z($-C,H,X) + HgCl, --f ($-XC,H,)HgCl 

+ ($-CjHj)Fe(CO)IC1 (11) 

($-CjH,)Fe(C0)2($-C,HJX) + SO,(l) + (~S-CjHj)Fe(CO)2(S02C~H-IX) (12) 

The corresponding reaction constant for the insertion of SO? was -4.3 indic- 
ating that the reaction with HgCl, is much more sensitive to the nature of X 
than the reaction invoIving SO, [63 J _ 

athough ‘H NMR data-for the ring protons in the complexes (q”-C3H3)Fe- 
(CO)(PPh& ‘-C,H,-4-X) could not be correlated to the nature of X [ 661, the 
reduction potential, E,,,(V), for the irreversible addition of one electron 
could be correlated to ai according to eqn. (13) [63]. 

EW = O-19 a; - 2.01 (13) 

The electronic effect of a substituent on a phenyl ring in an axial position 
of (q ‘-4-XC,,H,)Co(DH) z(F_I,O) derivatives, VIII, has been studied [ 67,681. 
The rate of arylation of Hg(II) 

(+XC,H,)Co(DH),(H,O) + Hg’+ + H,O -+ (+XC,H,)Hg+ + Co(DH),(HzO), 

(14) 
is enhanced as X becomes more electron donating and exhibits a large nega- 
tive reaction constant, p = -6.3 [67]. A linear free energy relationship for the 
redos couple [ ($-4-XC,H,)Co(DH),(H,O)]/[ ($-4-XC,H,)Co(DH),(H,O)]+ 
has also been reported 1681 which has been interpreted in terms of the cobalt- 
arene bonding electrons being involved in the electron transfer process. 

Chemical shift data in CD& for the methine hydrogens of IX have been 
used to calculate the formation constants for the equilibrium 

(q’-4-XC,H,)(bae)Co + L * (q ‘-4-XC,H,)(bae)CoL (151 
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IX 

where L = pyridine-d, or piperidine and X = OCH,, H, I, Br, CN or N02. 
The formation constants are linearly related to the u, parameter indicating 

that the electronic effect of X on the axial phenyl ring is transmitted to the 
methine hydrogens via an inductive mechanism. The cobalt center becomes 
a stronger Lewis acid with respect to the other axial ligand, L, as X becomes 
more electron-withdrawing and this manifests itself in an increase in the mag- 
nitude of the formation constant [69]. A similar trend has also been 
reported recently with o-dichlorobenzene as solvent j70]. 

It has been qualitatively observed that aryl chlorides substituted with elec- 
tron-donating groups are unreactive towards Pd(PPh& but become activated 
with the introduction of electron withdrawing stibstituents. Consequently, 
the C-Cl bond in 4-XC,H,Cl (X = NO?, CN, C,H$O or H) is oxidatively 
cleaved by reaction with Pd(PPh,), to form PdCl($-4-X(=,H,)(PPh& [ 711. 
Fog and Cassar [ 721 have quantitatively studied the addition of aryl chlorides 
to the analogous nickel comples, Ni(PPhJ)_I, and have correlated the relative 
rates of oxidative-addition with the Hammett 0 parameter 

XC,H,Cl + Ni(PPhJ)J -+ trans-[ NiCl($-XC,H,)(PPh,),] + 2 PPh3 (W 

For substituents having a > 0.23 (4-C6H50, 4-0CH3, 4-CH3, 3-CH3) the Ham- 
mett plot yielded a large positive p value of 8.8, whereas for substituents hav- 
ing o < O-23 (4C1, 3-CdH50, 3-Cl, 3-C02CH3, 4-COCH3, 3-CN, 4-&H&O, 
4-CN) the substituent effect was minimal (p - 0). A mechanism which is 
consistent with these observations was proposed by these workers- 

The reIative rates of carbonylation of a number of substituted bromoben- 
zenes catalyzed by Ni(CO)_I in the presence of water have also been corre- 
lated with the 0 parameters [ 731, The rate of carbonylation increases as the 
substituent becomes more electron-attracting which is consistent with the 
notion that the reaction involves an initial nucleophilic attack by Ni at the 
C-Br bond followed in succession by CO insertion and reductive elimination 
to form the substituted benzoic acid. 

Thermal stabilities have been used to study the effect of substituents asso- 
ciated with Ni(Y)($-XC,H,)(PPh,), complexes where Y = Cl or Br and 
X = 2-CH3, 4-Cl, H, 4-CH, or 3-CH, [74]. 

The effect of X in a number of complexes having a Pt-C&X moiety has 
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TABLE 2 

Summary of correlations involving monohapto bonded substituted phenyl rings 

Chemical system Correlation Ref. 

(r1’-XC6H4)2Ti(71’CsHs)~ 
X = 4-N(CH3)?, 4-0CH3, 4-CH3, H, 4-F, 

4-Cl, 4-Br, 4-CF3, 3-CH3, 3-CF3 

(~‘-~-XC~HJ)T~CI, - 3 py 
X = Cl, H, OC6H5, CH3, 0CH3 

(r1’-C5H5)Fe(CO)z(r11-CgH4X) 
X = 4-Cl, 4-CH3, H, 2,3,4,5,6-F6 
X = 3-0CH3, 4-CHJ, 4-F, 4-Cl, 4-COzCH3, 

4-CN, 4-OCH3. 

(q5-CsHS)Fe(C0)~(q’-C~H~X)/HgC1~ - 
X = H, 4-0CH3, 4-Cl 

(~‘-CSHS)F~(CO)~(~‘-C~H~X)/SO~(~) 
X = 4-OCHJ, 2-C!H3, 4-CH3, H, 3-CH3 

(t15-C5Hs)Fe(CO)(PPh3)(‘I?‘-CgH~X) 
X = 4-0CH3, 4-CH3, H, 4-F, 4-Cl, 

4-COzCzHs 

(+4-XC6H4)Co(DH)2(H20)/Hg2+ 
X = H, F, CH3, 0CH3 

(+4-XCsH4)Co(DH),(H20)/($-4- 
XC6HJ)Co(DH)2(H20)+ 

X = F, Cl, Br, H, CHJ, OCHs 

(VI-4-XCbHq)(bae)Co + L + 
(Q’ -4-XC6Hq)(bae)CoL 

L = pyridine; X = OCH3, H, I, Br, CN, NO? 
L = piperidine; X = H, I, Br, CN, NO? 

Ni(PPhx)q + XCbHaCl + NiCl(q 1 -X&Ha)- 
(PPh& + 2 PPh3 

X = 4-OCaHs, 4-OCH3, 4-CH3, 3-CH3, H, 
4-C], 3-OC6H5, 3-Cl, 3-C02CH3, 
4-COCH3, 3-CN, 4-COCsHS, 4-CN 

XC6HGBr + CO + Hz0 Ni(CO)t 
XCbH4COzH + HBr 

X = H, 4-OCH3, 4-NHCOCH3, 4-CHB, 
4-CH=CH?, 4-Cl, 4-COCH3, 4-CN, 
3-CH=CH*, 3-CHJ, 3-Cl, 3-CN, 2-CH3, 
2-OCH3, 2-(CH)4, 2-Cl, 2-NHCOCH3, 
%4,6-(CH3)3 

U (cm-l )/CT 
g (gauss)/uR 

v(C0) (cm-‘)/01 60 
v( CO) (cm-’ )/a 61 

log klcr’ 
P = -1.19 (THF) 

log k/o’ 
p = -4.3 

62 

63 

EIR (V)l$ 
p = -0.19 (CH3CN) 

60 

log k/o 
p = -6.3 

Et, (VYO’ 

p > 0 (1.0 M HCIOJ) 

log k/o 72 

p = 8.8 for 0 > O-23 (benzene) 

P - 0 for (T < 0.23 (benzene) 

log rel. rate/O 

p = 2.7 (DMSO) 

58 

59 

67 

68 

69 

73 
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TABLE 2 (Continued) 

Chemical system 

cis-[Pt(+CsH~X)t(P(C~H&);] + H’ + 
Cl- + c~-[P~(+~H~X)(CI)(P(C~H&)~] 
+ C6HSX 

log h/D 77 

X = 4-N(CH3)2, 4-CH3, 4-0CH3, H, 3-OCHs, p = -5.1 (MeOH) 
4-F. 4-C& 3-F, Z-CH3, 2-CZHg, 3-CF3 p = -4-5 (10% aq. MeOH) 

IPt(r11-C6H,X),(P(C,H~)~~~]/~Pt(~1- 
GiH4X)2!WX-W3)~ I 

X = 4-0CH3, 4-CH3, H, 4-Cl, 4-F, 3-CF3 

trans-[Pt(PEt3)z(CsHJX)(CH3)1 + H’ + 
Cl- + trans-[Pt($C,H4X)- 
(PEt3)&I] +- CH4 

X = H, 3-CH3, 2-CH3, 3-F, 4-F, 3-CF3, 
2,3,4,5,6-F5 

tians-fPtI(+XC6Ha)(PAr&] + CO + 
ttans-[PtI(COC6H4X)(PAr3)2. ] 

Ar = C6Hs or 4-CH3C6HJ 
X = 4-Cl, H, 4-CHs, 4-OCH3,Z-OCH3, 

2-COzCH3 

cis-[Pt(+CgH~X)I(PPh3)2 ] 
cis-[Pt(q1-C6H4X)2(Ph-rCZHqPh7-)1 
X = 4-N02, 4-Br, 4-Cl, 4-0CH3, 4-SCH3, 

H, 4-Si(CHs)3,4-CH3 

cis-[Pt(bipy)(??*-CgH4X)2] 
X = ~-OCH~,~-CHI~,Z-CH~, H, 4-Ci, 4-F, 3-F 

cis-[Pt(bipy)(ql-CbHqX)2] + CH3I + 
IPt(CH3)(I)(r11-C6H4X)z(bipy)l 

X = 4-0CH3, 4-CH3, H, 4-F, 4-Cl, 3-OCH3 

X = H, 3-F, 4-F 

Y = FzH, F, Cl, Br, I, CH3, CH2, C6H5, 
CH=CHz, CH=C(CH&, OCHs, SC2HS, 
N3, NOz, NCO, SnC13 

(+XC6HJ)HgCl + HCI + XC6H5 + HgC12 
X = H, 4-CH3, 3-CH3, 4-CI, 3-C& 4-0CH3, 

3-0CH3 

cis-[ Pt(&‘4-1,3-CsH12)(+C6H4X)Z] 
X = 4-0CH3, 4-CH3, 3-CH3, H, 4-Cl, 3-Cl, 

3-CF3 

Correlation Ref. 

(E, MO 72 

log k/a 81 

log k 2/o 
p = -3.6 (C1H2C14) 

79 

log k&+ 
p = -0.29 (C2H2C14) 

78 

lJ(Pt-P j ( Hz)/oi 82 

F&- (cm-’ )/IT 87,86 

log k/o 0, LMCT 

P = 2.6 (acetone) 
88 

6 ( ’ 3C) (ppm)/Taft, Swain-Lupton 88 
constants 

2J(Pt-C) (Hz)/Taft, Swain-Lupton 
constants 

3J(Pt-C) (Hz)/Taft, Swain-Lupton 
constants 

log k/a' 

P = -2.4 (as_ ethanol) 
93 

J(Pt-C) (Hz)loO 86 
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TABLE 2 (Continued) 

Chemical system Correlation Ref. 

(q’-XCbH4)HgBr + HCI + X&H5 + HgBrCl 
X = 4-OCH3, 4-CH3, 3-CHB, H, 4-CI, 

4-COzCH3 

log k/o+ 
p = -1-77 (DMF) 

(q’-XCsH&Hg + HCI + XC6H5 + 
(q* -XC6HJ)HgCl 

X = 4-OCH3, 4-Cl, 4-F, 4-CbH5, 3-NO?, H 

(q’ -XC6H&Hg + HgIl + 2(+XC6H4)HgI 
X = 4-0CH3, 4-CH3, 4-Cl, 4-F, 4-C6H5, H 

(+XC,H&Hg + *03Hg(l) + Hg(l) 
+ (?j ‘-XC6H&03Hg 

X = H, 4-CH3, 4-OCH3, 3-CH3, 4-Cl, 3rCl 

(q * -XC6H~)2TICl + Hg -+ TIC1 + (ql- 
XC6H&Hg 

X = 4-0CH3, 4-CH3, 3-CH3, H, 4-Cl, 
4-COZCH3 

log k/(o +- crT3/2 

p = -2.8 (DMSO/dioxane) 

log k/o 
p = -5.9 (dioxane) 

Iog k/(o + a+)/2 

p = -1.0 

log k/a’ 

p = -2.83 (DMF) 

(+XC6Ha)HgSC6H-IY + Iog kla 

02N 
JIl 

=I - 

NO2 02N 
Lx 

NO2 

NOz ho2 
I 

3 

S-C6H,Y 

+ (+XC6HJ)HgI 
Y = H; X = 4-CH3, 3-CH3, H, &Cl, 3-Cl, 

2-CH3, 2,4,6-(CH3)3 
X = H; Y = 4-CHx, 3-CH3, H, 4-Cl, 3-Cl, 

2-CHJ, 2,4,6-(CH3)3 

XChHqCl + NaCN 
NiCl<C7Hlo)<PPh3)2, PPhj 

XCeHqCN + NaCl 
X = 4-CH3, 4-0CH3, 4-0CgH5, 3-CH3 

4-C6H5, H, 4-F, 3-OCsHs, 3-CO2CH3, 
4-COCH3, 4-CN 

p = -0.98 (benzene) 

P = -3 -7 (benzene) 

log k/o 

p = 4-8 (ethano1) 

94 

95 

96 

97 

98 

101 

102 

been studied [75-84,86--891. The relative rates of reaction for 

trtzns-Pt(q’-C,H,X)Cl(PE&), + py + frans-Pt(q ‘-C,H=X)(py)(PEt,),’ + Cl- 

(17) 

were found to be rather insensitive to the nature of X [75] which was taken 
to be support for an inductive mechanism for the trans-effect [90]- More 
recent kinetic studies have involved electrophilic attack by HCl [ 76,77 ] and 
carbonylation [78,79] at the Pt-C bond of the Pt-C6H1X moiety- The 
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Hammett correlation for 

cis-[Pt(q ‘-C,H,X),(PEt,),] + H’ + Cl- -+ cis-[Pt(q’-C,H,X)(Cl)(PEt,),] 

+ C,H5X (18) 

yielded a reaction constant of about -5.0 (see Table 2) which has been used 
to support a proposed mechanism [77]. The anodic peak potential, &,)A, 
for cis-Pt(q1-C,H,X)I(PEt3), has also been correlated to 0 and increases 
linearly with increasing electron withdrawing ability of X [ 801 as a result of 
the decreased electron density at the metal center_ This parallels the varia- 
tion in rate of electrophilic attack by HCl noted previously. In a recent 
communication a satisfactory Hammett correlation has also been reported 
for the electrophilic addition of HCl to trarx-[Pt(PEt3)2($-ChH.IX)(CH3)] 
1811. 

trans-[ Pt( PEt,),(q ‘-C,H,X)( CH,)] + H’ f Cl- 

-+ trczns-[ Pt(+C,H,X)(PEt,),Cl] + CH, (19) 

The rate of reaction decreases and X becomes more electron withdrawing. 
The following mechanism has been proposed for the addition of CO to 

tram-PtI(q ‘-C,HJX)(PAQ2 

+c& PtI($-CbH4X)(CO)(PAr,), 
f: 3-P Ar3 

I 
ijcPl\r; PtI(rl’-CgHJX)(CO)(PAr3) 

I 
l- 12-l 1 h 

PtI( COC,H,X)( PAr,) Z +-f-I3 PtI(COC,H,X)(PAr,) 

and it was noted that a plot of log h 1 versus D+ gave p = -0.29 [ 781 whereas 
a plot of log Kh2 versus 0 gave p = -3.6 [ 791. These reaction constants illu- 
strate the difficulty encountered in attempting to rationalize the capricious 
nature of p values in organometallic systems [91]_ 

The coupling constant ‘J(Pt-P) increases as X becomes more electron 
withdrawing in the complexes, cis-Pt(q’-C,H,X),(PPh,), and cis-Pt- 
(Ph,PC,H,PPh,)(q’-C,H,X)I and show a good correlation with CJI but not op 
or iz [ s2]. Such a correlation is in accord with the trarzs-influence theory 
[92] and the notion that the magnitude of s-electron density in the Pt-P 
bonds will increase with decreasing o-electron density on the bonded carbon 
of the trans-ligand [90]. It is interesting to note however that the ‘*P chemi- 
cal shifts are insensitive to the nature of X. A similar observation has 
recently been reported for Lrans-[Pt(CH,)(XC,H,N)(Ph,PC2HJPPhZ) [83] 
(X = 4-N(CH3)1, 4-CH3, H, 4-CO&H3, 4-COCH, or 4-CN) for which J(Pt-P) 
shows a correlation with o but the 31P chemical shift for the P atom tralzs to 
the substituted pyridine does not. The nature of the metal may play a role in 
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determining whether or not a successful correlation is observed since a linear 
correlation exists between the 31P chemical shifts and (T for the analogous pal- 
ladium complexes, trarzs-[ Pd(CH3)(XCSHJN)(Ph,CzHJPPh ?) [ 831. 

For cis-Pt($-1,3-&Z-I, z)($-CgHaX)z complexes (X = 4-Cl, 4-CbHs, 4-CH3, 
4-F, 3-F, 2-CH3) the lg5Pt chemical shifts are also invariant to the nature of X 
which suggests that electronic changes at platinum due to a change in X are 
minimal in these complexes [ 841. The chemical shifts of the olefinic protons 
are also insensitive to the nature of X 1821, In contrast however, the chemical 
shifts of the olefinic carbon atoms increase as X becomes more electron-with- 
drawing and show an excellent correlation with the parameter, co 1851 and a 
somewhat poorer correlation with the normal Hammett parameter, u, a result 
which is in keeping with the notion that there is not extended 7rr-interaction 
between the substituent and the olefinic carbon atoms [86]. 

On the other hand the position of the metal ligand charge transfer bands 
(MLCT) for Pt( bipy)($-C,H,X)2 complexes has been correlated to Hammett’s 
0 parameter 1871 as well as the o* paramekr [ 86]_ This has also been related 
to the ability of these complexes to oxidatively add methyl iodide [SS]. The 
good correlation between the first low energy LMCT band and log hz for the 
oxidative addition has been taken to be a reflection of the fact that oxidative 
addition is primarily dependent on the energy of the filled Pt(II) d-orbitals in 
these complexes_ Those complexes having X = 4-CF3 or Z-CH3 failed to react, 
presumably because of an electronic and steric effect respectively. 

The ‘% chemical shifts and ‘usPt-13 C coupling constants in complexes of 
the type., trans-Pt($-C,H,X)(Y)(PEt,)2 (X = H, 3-F, 4-F; Y = an anionic 
ligand) have also been subjected to a detailed correlational analysis involving 
sets of both Taft and modified Swain-Lupton parameters [89]- 

Substituent effects associated with aryl and diarylmercury(I1) derivatives 
have been studied from several points of view [93-991. The rates of reaction 
for 

(+XC&)HgCl + HCl -+ X&H, + HgCl, (20) 

($-XC,H,)HgBr + HCl -+ X&H5 + HgBrCl (21) 

(77 ‘-XC,H,)?Hg + HCl + XC,H, + (+XC,H,)HgCl (22) 

have been correlated to &+ (p = -2.4, -1.77) and (u + &)/2 (p = -2.8) 
respectively [ 93-951. Electron withdrawing substituents cause a decrease in 
the rates of these reactions and vice versa for electron releasing substituents 
which is consistent with an electrophilic attack at Hg by HCl_ A similar corre- 
lation (log K versus 0, p = -5-87) has been observed for eqn. (23) [ 961. The 
rate of the exchange reaction, eqn. (24), has been studied as a function of X 
and the best correlation obtained with 0 (p = -1.0) rather than o+ or 
(0 + ii’)/2 f97]. 

(+XC,H,),Hg + HgI, + 2(qL-XC6Hq)HgI (23) 

(rl ‘-XC,HJ,Hg + *03Hg(l) + Hg(1) + (q’-XC6H&03Hg (24) 
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(+XCbHJ,TIC1 + Hg w (+XC,HJIHg + TlCl (25) 

Polarography at a dropping mercury electrode was used to study reaction 
(25) 1981. 

The reactivity of ($-4-XC,H,)HgCCl,Br towards (CH&C=C(CH,)(C&) 
has been studied 1991. Variations in the nature of X exerted no pronounced 
effect on the reaction, which is consistent with the reaction proceeding via a 
concerted extrusion of Ccl1 from the aryl mercury compound (X = H, Cl, F, 
Cl-I3 or OCH& 

HS CH3 

H,C C2H5 

(rl’-~-X~H,lHgCC12Br + 
x 

- %C, Cl f 4-xCg9-rcHg6r (261 

H3C CzH5 
& 

Cl+’ Cl 

The fact that there is no correlation between v(C0) and the Hammett u 
parameters for X (X = H, 4-CF,, 3-OCH3, one of 3- or 4-F, Cl, Br, CH3, or 
NO,) in the complexes, IrCl(N,C,H,X)(CO)(PPh3)2 lends support to the pro- 
posed structure, IX, in which the o-metallated phenyl ring is tram to Cl 
rather than CO ]lOO]_ 

x 

The rate of reaction (27) is enhanced as the substituents X or Y 

(q ‘-XC,H,)HgSC,I-I,Y + 2,4,6-(N0&C6H21 -+ 2,4,6-(N0&C6H2SCGHJY 

+ (q’-XC,H,)HgI (27) 

become more electron releasing [loll. Hammett plots yielded p = -0-98 for 
Y = H and X = 4-CH3, 3-CH3, II, 4-Cl, 3-Cl, 2-C&, or 2,4,6-(CH& and p = -377 
for X = H and Y = 4-CH3, 3-CH3, H, 4-C1,3-Cl, 2-CI-13, or 2,4,6-(CH3)3 which are 
consistent with a four centered transition state. 

The relative rate of cyanation of aryl halides in the 
complex as catalyst 

presence 

XC,H,Cl + NaCN 
NiCl(C7H10)(PPh3)2. PPh3 

5 XC,l&CN + NaCl 

of a nickel 

(28) 
increases as X becomes more electron withdrawing [ 1021 and has been 
plotted versus Hammett’s 1~ parameter. The resulting Hammett plot is similar 
to that obtained for data pertaining to the oxidative addition of aryl halides 
to Ni(PPh,)J [ 721. Table 2 provides a summary of the foregoing correlations. 
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C, COMPLEXES CONTAINING A REMOTE SUI3STITUTED PHENYL RING AND A 

METAL-CARBON BOND 

The reactivity of ~rgan~chromium(II1) species containing a substituted 
benzyl group towards electrophilic reagents such as 11, BL, Hg”’ and (CH,)Hg’ 
has been studied ]103,104]- 

[(H20)&r(CH2C,H,X)]2+ + I, + HIO -+ [Cr(H@),]“” + ICH2C,HJ + I- (29) 

[(HIOISCr(CH~C,H~X)I”’ + Br, -t Hz0 -+ [Cr(H,0),‘J3+ + BrC&C6H& 

+ IBr- (30) 

+ (q ‘-XC,HJZH,)Hg+ (31) 

+ (q ‘-XC,H,CH,)HgCH, (32) 

In accord with eIectrophilic reactions, plots of log k versus Hammett’s o 
parameter for X yielded negative reaction constants (see Table 3). 

The electronic effect of a substituent on a benzyl group occupying an 
aGal position in (7;1~-4-XC~H~C~~)Co(DH)~(~~~~ derivatives has also been 
reported [6’7,68,105,106]. The arylation of HgfII) 

(71’-XCoH,CH,)Co(DH),(H,O) f Hg”+ + H,O -+ (q’-XC,H,CH2)Hg’ 

f Co(DH),(H20),+ (331 

yielded a p value of approximately -1.2 from the Hammett plot of log k 
versus o which is much smaller than the va.Iue of -6.3 observed for the ana- 
logous reaction involving an axial substituted phenyl group [67]. This differ- 
ence presumably reflects the electronic insulating ability of a CH, group. A 
small reaction constant (p - -1) has also been reported for the exchange 
reaction (34) [KU]. 

fq’-XC,H,CH,)HgBr + “03HgBr, + fqr’-XC,H,CHI) 1”3HgBr + HgBr, (34) 

However a large negative reaction constant (p = -5.2) has been noted for 

[(~~‘-XC,H,CH,)CO(DH)~(H~O)] -t IrC1:- --f f(rl’-XC,H,CH2)Co(DH),(H~~~] 

+ IrC1,3- (35) 

which has been interpreted in terms of the presence of a CofIII) metal center 
associated with the XC,H&H, l radical during the course of the reaction 
[105]. The ~npre~ctab~e behaviour of p values in these systems is well ilfu- 
strated by the redox couple, [(q ‘-4-XC,H,CH2)Co( DH),( H,O)]/[ (v l-4- 
XC,H,CH,)CO(DH)~(H,~)~’ f68,106] for which p is negative but positive for 
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the analogous phenyl derivatives (see Table 2). The precise reason for this is 
not known. It is also in~res~ing to note at this point that the equilibrium con- 
stants for 

(36) 

are essentially insensitive to the nature of X [67]. App~ent~y the oxygen 
atoms of the DH ligand we too far away to feel the full electronic impact of 
X on the axial aryI group (substituted phenyl or benzyl), Ar 

Kinetic data for the reaction of a series of ~-substituted benzyl bromides 
with Co(DH),{PPh,) indicate that the rate of reaction increases as X becomes 
more electron withdrawing and give p J= f-4 from the Hammett plot [108]. 
This is consistent with efectron transfer from cobalt(I1) to the aryl halide in 
the transition state. 

2 C~(DH)~(PPh~) -i- 4XC,I-L$E&$Sr * ~rGo(DH)~~PP~~) 

+ (T~‘-XG~,I_~~CH~)C~(DH)~~PP~,) (37) 

The rate of oxidative addition of 4XC,H,GH,Gl (X = H, F, Cl, GH, oz 
NO,) to Irans-IrCl(CO)CPEt,Ph,_,ll (TV = 0, 1 or 2) in benzene does not 
show a good linear correlation with the TV, values of X [ l.091. This result 
differs from the rates of osidative addition of 4-XC,,Wi,CN[,Br to frons-IrCl- 
(CO)(PPh,), in DMF which decrease in the order CH3 > Br > H > NO2 [llo]. 
This difference has been attributed to the different solvents US& f 109f. 

The relative rates of the nickel catalyzed amination of several substituted 
benzyl bromides increases as the substituents become more electron with- 
drawing [ 11 l] which parallels the rates of the corresponding nickel cat.afyzcd 
carbonylation 1731. 

Recently the decomposition of (3 l-XC,H,GH,)zHg complexes 

($ -XC,H,CHZ),Hg --, XG6H4GH2* -+ (~~-XG~H~CH~)Hg- (38) 

has been proposed as a model for quantifying s~~bstitue~lt effects in free radi- 
cal reactions- +4 set of w parameters were calculated from an extended 
Hammett equation 

logCw~~.) = po -f- (pm-) WV 
where p= = 1 for reactions (38) and (39) and LT- is the substituent constant for 
a patra-substituent on a benzyl free radical [ 112]_ 

The foregoing correlations are summarized in Table 3. 

(ii) BenzoyE and phenylacetyi complexes 

The cyclopentadienyl proton chemical shifts in a series of ($-C5H5) 
Mn(NO)(PPh3)(COC,H,X) complexes show a linear correlation with 
Hammett’s ci parameter f3.13) and shift downfield as X becomes more elec- 
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TABLE 3 

Summary of correlations invoIving substituted benzyl complexes 

Chemical system Correlation Ref. 

[(H20)&CH2C6H4XJ2+ + 12 + Hz0 + [Cr(I-IzO)6]3’ + 
ICH2C&I4X + I- 

C(H2OkCrCHGH~X] ‘+ + Brl + Hz0 + [Cr(H10)6]3*+ 
BrCHzC6HdX + Br- 

[(H20)&rCH2C6H~X] *++ Hg” +H?O’ log k/o 
[Cr(H20)6]3* + (q1-XC6HdCHZ)Hg’ p = -0.62 

[(H~0)5CrCH~C6H~X] 2+ + CH3Hg+ + I-I20 +- 
ICr(H20)6 J3’ + (+XCsH&H1_)HgCI-13 

X = 4-CH3, H, 4-Br, 4-CF3,4-CN 

[($-XC6H&H2)Co(DH)2(H20)] + Hg’-+ + H20 + 
XC6H&H2Hg+ + CO(DH)~(H~O)~+ 

X = a-F, H, 4-CH3, 4-0CH3 

[(v’~XC&JCHI)CO(DH)~(H~O)] * IrCI~’ -+ 
[(v’-XC~HJCH~)CO(DI~)~(H~O)]*+ IrCIz- 

X = 4-N02, 4-F, H, 4-CH3, 4-0CH3 

1(+XC~H,CH,)Co(DI-I),(H,0)]/[(+XC~H1CH2)Co- 
(DI-MHrO)]’ 

X = 4-N&, 4-CN, 4-Br, 4-C], H, t-CdH9,4-CH3,4-OCH3 

2 Co(DH)2(PPh3) + 4-XCbH4CI-I:zBr + BrCo(DH)2(PPh3) 
+ (+4-XC&I&HZ)Co(DH)~(PPh3) 

X = H, CH3, Br, CN, NO3 

(+XCbH&H2)HgBr + ‘03HgBr -+ 
(v* -=X-bCHz 1 203HgBr ;t- HgBr2 

X = 4-CH3, 4-i-C3H7, H, 4-F, 4-C1 

(7j1-XC6H&H2)zHg + XC6H&H2- + (+XC&$H,)Hg- 
(?+XC&.&Hz)Hg- + Hg + XC6H4CHZ- 
X = H, 3-F, 3-0CH3, 3,5-(CH&, 4-Cl, 4-F, 4-0CH3, 

4-CH3, 4-C6Hs, 4-NO2 

log “lap 
p = -0,Sl 

log k/op 
p = -1-29 

log k/o 
p = -0.85 

log k/o 

P - -1.2 

log k/a 
p = -5.2 

log k/a 
P = 1.4 (benzene) 

log klo 
P - -1 (quinoline) 

log kt1/u 
p = -0.6 (octane) 

103 

103 

104 

104 

67 

105 

68. 
106 

108 

107 

112 

tron releasing. However, there are no apparent correlations between the 0 
values for X and the u(C0) and v(N0) frequencies in the IR. These complexes 
have also been resolved into their respective enantiomers and the rate of 
racemization in toluene increases with the introduction of electron releasing 
substituents on the benzoyl ring (p = -1%) [113]. 

Kinetic data for the migration of thearyl group of a substituted benzoyl 
or phenylacetyl ligand coordinabd to iridium 11141 and rhodium 1911 
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clearly illustrate the difficulty often encountered in ascertaining the signifi- 
cance of a Hammett correlation in organometallic systems. The rate of reac- 
tions (41) and (42) in the forward direction increases as X becomes 

yOCH2C,&X 

Ph,P - Ir- Cl 
Ph,P, yO,CH,C,H,X 

+ 
Cl’ ‘PPh 

Ir 
3 Cl’C; ’ PPh3 

FOCH,C,H,X 
7 

0 

Ph,P - Rh-CI 
Cl’ ‘PPh, 

* Ph,P - Rh-CH,C,H,X 
Cl’ &‘PPh, 

c: OCH&,H,X Ph3P co 
Ph3P -,Rh+l -+ ClCH&,H,X -c ‘Rh’ 

Cl PPh, Cl’ ‘PPh, 

(41) 

(42) 

(43) 

more electron releasing whereas the rate of reductive elimination (43) 
decreases as X becomes more electron releasing. When the phenylacetyl group 

bonded to rhodium is replaced by a benzoyl group, the exact opposite trends 
are observed [ 911 as indicated by the appropriate p values given in Table 4. 

TABLE 4 

Summary of correIations involving substituted benzoyl and phenyIacetyI complexes 

Chemical system Correlation Ref. 

(+)*(?‘I’-CsHj)Mn(NO)(PPhs)(COC6HqX) + 
(-)-(qS-C,H,)Mn(CO)(PPh3)(COC6H4X) 

X = H, 4-CH3, 4-OCH3, 4-N(CH3)2, 4-CsH5, 
4-F, 4-Cl, 4-CF3 

IrC12(COCH2 &I&X)(PPh& + IrC12- 

(CHzC&X)(CO)(PPh& 
X = 4-CH3, 4-0CH3, H, 4-NO?, 2,3,4&GFs 

RhC12(COCH2C6H4X)(PPh& =+ RhCl?- 

(CHzC6HqX)(CO)(PPh& 

RhC12(CH2C6H~X)(CO)(PPh& + 
RhCl(CO)(PPh& + CICHzCbHJX 

X = 4-NO?, 4-CI, H, 4-OCH3 

RhC12(+CgI&X)(CO)(PPh3)2 + 
RhCI(CO)(PPh3)2- + ClC6H3X 

X = 4-Cl, H, 4-CH3, 4-0CH3 

log k/o 

Ar(C5Hs j/o 
p = -1.8 (toluene) 

113 

log klo 

p = -0-30 (benzene) 

114 

log k/o 

p = -0.61 (1,2-dichloroethane) 

log k/o 

p = 0.4 5 (l,Z-dichloroethane) 

log k/o 
p = 0.27 (1,2_dichloroethane) 

log k/o 

P = 1.6 (1,2_dichIoroethane) 

91 

91 

91 

91 
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(iii) Ulefin and acetylene complexes 

The three v(C0) frequencies for a series of 4-substituted-l-phenylbutadiene- 
irontricarbonyl complexes, XI, have each been linearly correlated to CT, [115]. 
As expected the v&U) frequencies decrease as X becomes more electron 
releasing and the effect of X is equaZly transmitted to each CO group, On the 
other hand there is no apparent correlation between the metal carbonyl u(C0) 

frequencies and the CT parameters for XII and XIII [1x6], 
The rate of dissociation of F’e(CO)J$-C,H,CH= CHCH= NC,H,X) in the 

presence of PPh, is a linear function of o;, and increases as X becomes a 
better electron donating group El.171. A similar result has also been reported 

for F~(C~)~(~~-XC~~~CH=CHC~~~, XII, [118] (X = 4-N(CH3)t, 4-0CH3, 
3-OCH;,, 4-CH, or 4-Cl). 

The p& values for Fe(CO~~(~~-XC~H~CH=CHC~~H) complexes (X = H, 
3-0CH3, 4OCH,, 4-CH3, 3-Cl or 4-Cl) also do not show any correlation with 
the u parameters [ 1191 indicating that there is effectively no conjugation 
between the ring and the ligated exocyclic double bond. 

Plots of the u(CN) frequencies for the CNBut ligands in Ni(CNBu’),- 
(q”-XC,H.,CH=C(CN),), Ni(CNSut),(~Z-XC,H,CH=C(CN)H), Ni(CNEh’),- 
(~2-XC~H_&H=CHN0,), and Ni(CNBut) ,(~“-XCtiH,CH=CHCOCtiHj) versus 
Co, all have the same slope [1203. Tfi e effect of X is, therefore, equaliy 
reflected by v(CN) for each of these series of complexes. 

The rates of addition of HgOAc [121] and CrOz’ [122] to substituted 
styrenes have each been correlated to CJ’_ The relative rates of the palladium- 
(~~)-induced alkylation of substituted styrenes exhibit a good linear correla- 
tion with o [ 1233. In contrast to the foregoing reactions, the rates of oxida- 
tion of substituted cinnamic acids by MnC?~ at low and high pH are insensitive 
to the nature of the substituent [124]. 

The effect of substituents on the cobalt and rhodium catalyzed hydrofor- 
mylation of a number of substituted styrenes, XC,H,CH=CH,, has recently 
been reported [125]_ Plots of selectivity and regioselectivity of the products 
versus cr were examined_ The cobalt catalyzed reaction is much more sensi- 
tive to the nature and position of X than is the rhodium-catalyzed reaction, 
A mechanistic explanation for this difference is not yet available_ 

Some time ago Roy and Orchin [ 1261 observed a “‘U”-shaped Hammett 
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plot for the equilibrium 

[tr12-CIoH,,CH=CH~,)PtC1S]- + X&H_JZH=CH> + [ (+XC,,H,CH=CH,)PtClJ- 

+ CloHIICH=CHz (451 

Similar Hammett plots were subsequently reported for the equilibrium (46) 

W71 

trtzns-[ PtCl,($-XC,,H,CH=CHz)(ONC,H,Y)] 

f CLoHzICH=CHz = I~~~~-[P~C~,(+&I-I&I-I=CH~)(~NC&Y)] 

+ XC,,HJCH=CHI (46) 

Although it is possible to discuss the various trends in the equilibrium con- 
stants as a function of the substituents X and/or Y, a definitive rationale for 
these data has yet to be found. 

The rates of olefin inversion in the optically active complexes tram-N- 
[ PtCl( L-prol)($-4-XC,,H,CH=CH1)] where prol = prolinate and X = 0CH3, 
CH,, H, Cl or NO, have been found to increase as X becomes more electron- 
\uithdrawing [ 1281. 

The pK, vaiues for trans-[Pt(NH,),(H,O)(v’-XC,H,CH=CH,)]’+ (X = 4-Cl, 
H or 4-0CH3) increase as X becomes more electron withdrawing [I291 _ 

trans-[Pt(NH,),(OHl)(q’-XC,H,CH=CH1)]” 

+ H,O + trans-[Pt(NHII)~(OH)(+XC,,H,CH=CH1)]+ + H,O+ (47) 

The chemical shifts of the olefinic protons in a number of KIPtCIJ- 
(+XC,H,CH=CHr)] compleses appear to be rather insensitive to the nature 
of X by virtue of the relatively sma.Il slopes obtained when they are plotted 
versus Hammett’s u parameter [1303. 

Powell and his co-workers have used ‘H and ’ % NMR to systematicahy 
study substituent effects associated with styrenes coordinated to Pt(II) 
[131,132] and Pd(II) [133,134]. For the complexes, tram-[ PtCl.- 
(NC,HJ-4-CH,)(q’-XC6H,CH=CH,)], trans-[PtCI(NH_,),(q’-XC,H;CH=CH1)]’, 
and [PtCIS(ql-XC,H,CH=CHl)l- [132] the quantities ‘J[Pt-C(l)], ‘J[Pt- 
C( 2) J, 6 o[ C( I)], 6 c[ C( 2)]? and A’J[Pt-Cl/J,,,,, (X = N%) were plotted ver- 
sus U+ to yield straight lines which can be interpreted in terms of the canoni- 
cal structures XIV, XV and XVI, Electron donating substituents increase the 
contribution of XV and/or XVI and the distance between C(1) and Pt should 
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TABLE 5 

Summary of correlations for olefin and acetylene complexes 

Chemical system 

(q’-4-XC~HJCH=CHCH=CH~)F~( CO), 
X = NH2, 0CH3, H, NHCOCHJ, Br, 

Correlation 

v(C0) (cm-’ )/Up 

Ref. 

115 

COCH3, CN 

(q4-C6HqCH=CHCH=NC6HJX)Fe(CO)J * log k/a, 
(~“-C6H~CH=CHCH=NC6H~X)Fe(CO)~ 

117 

X = 4-NH2, 4-0CH3, H, 4-CH,, 4-Br 

Ni(CNBut)2(qZ-XC&I~CH=C(CN)~) v(CNJa (cm-‘)/zap 
X = 3-0CH3, 4-I?, 2,5-(OCH3)1, +Cl, 4-CN, 

120 

4-NOz, 4-N(CH3)? 

Ni(CNBut)z(q’-XCbHqCH=C(CN)H) 
X = 4-N(CH3)2, 4-0CH3, 3,4-(CH0)2, 

H, 4-Cl 

Ni(CNBut)~(~Z-XCsHJCH=C( N02)H) 
X = 3,4-(OCH3)1, H, 3-F-4-0CH3, 

2-OCH3-5Br, 4-Cl, 2-Br, 3-CN, 3,4-C!t? 

Ni(CNBu’)z(q*-XC6H~CH=C(COC~H~)H) 
X = 4-0CH3, H, 4-Cl, 4-NO-, 

2+ 
XC6H~CH=CH&IrO~ 
X = H, 4-CH3,4-C6HSr 4-Cl, 4-Br, 3-Cl, 

4-NO2 

XC6H&H=CH2/HgOAc 
X = H, 3-Cl, Q-Cl, 3-Br, 4-Br, 3-CH3, 

4-CH3, 3-NO?, 4-0CH3 

XC6HaCH=CH2 
CH3L.i 

’ XC6H,&H=CH- 
Pd<acac)l 

(CH3) 
X = 3-C], 4-Cl, H, 4-CH3, 4-0CH3 

XC6H&H=CH2/Co2(C0)&0, H2 
XC6H&H=CHz/Rh-Alz03, PPh#ZO, Hz 
X = 2-CH3, 3-CH3, 4-CH?, 2,6-(CH3)2, 

2-OCH3, 3-0CH3, 4-C,CH3, 2-Cl, 3-Cl, 
4-Cl, 2,6-Cl*, 3,4-Cl2 

log k/o 

P = 2.7 (THF) 

S, RS/oC 

S, RS/o= 

[ (q”-C, oH-, 1 CH=CHI )PtC13 ]- + 
XC6H4CH=CH2 --f [(+XC6HJCH= 
CH2 )PtC13 r + C1 oHz 1 CE=CHz 

X = 4-OCH3, 4-CH3, H, 3-OCf13, 3-Cl, 
4-NO2 

log K/CJ 

rrans-[PtC12(~‘-XC6~~CH=CH7 )- log K/a 

v(CN)” (cm-‘)/Gu~ 

v(CN)~ (cm-’ )/I&,., 

v(CNY’ (cm-’ )/&I~ 

log k/a’ 
P = -1.99 

log k/o*, u 

120 

120 

120 

122 

121 

121 

125 

126 

127 



TABLE 5 (Continued) 

Chemical system Correlation Ref. 

(ONpyY)] + Cr a& lCH=CH2 * 
~~Q~~s-~PtC~~~~~-C~ 0W, 1CH=CM2)- 
(ONpyY)] + XCbHqCH=CH2 

X = 3-0CH3, 4-OCH3, H, 3-CH3, 4-CH3, 
3-Cl, 4-Cl, 3-NOz, ei;-NO: 

Y = ~-OCH_I, 4-GH3, H, $-CL, 4-G02GHJ, 
4-N& 

K[ PtC~J(q’-XCoH_&H=CH~)] 
X = 4-OCH3, 4-GH3, H, J-Cl, 3-N&, 

&NO;! 

S( I 3G) (ppm)/o: J(Pt-“3C) (Hz)/cr” 

[ PtC13(+XCc,H~CH=GH-, )I- S( 1 3C) fppm)/o’; J(P~--“~G) (Hz)l~” 
X = 4-N(GHs),, 4-OCzHs, 4-OC6HS. v(Pt-Cl) (cm-l)/0+ 

4-CHJ, H, 4-Cl, 4-GOCH3, 4-N& “v(Pt-Cz) ring” (cm-’ )/O+ 

0,X Hz 

trons-IPtCfr(py-4CI)17t~-4N01C6HJCH= 
G&U 

X = N(CH3);?H 

(77’ -XGbH~G2)t_Hg + WGL + frl.’ - 
XG6H.&l)HgCf + XG6H.&H 

X = H, 4-F, 4-C], Z-Cl, 3-CH3, 2,4-(GH,), 

(Ph3P)-rPt(q’-XCbH.+C-1H) + YC6H&7_H* 
(Ph3P)?,Pt(7?‘-YC6H462H) + XC6H4C2H 

X, Y = one of 4-NOz, &BP, 4-Cl, H, 
4-UCH3, 3-IW2, 2-Cl, 2-F, 4-F. 
2-OCH3, 3-OG& 

(Ph3P)zPt(q=,YCGH.&H} + 
4-NOzCbH~CIH + (PhJPjIPt- 
(4-NO~C~H~G~H) + XC6H&H 

x = 3-QCH 3t 3-N&, 4-0CH3, 4-CH3, 
3-CH3, 4-F, 4-Cl, 3-NOz,, 4-N& 

Pt-C( 1) (iq/cr” 

Pt-C(2) (&q/o’ 

log K/o’ 

log k/o0 

130 

131, 
132 

131, 
132 

131, 
232 

133, 
134 

135 

136 

139 

140 

a u(CN) for isocyanide Iigand, b Products of reaction are XC6H4CH2CHO and 
XC&&CH2CHs_ c S = sekctivity, RS = regioselecti~ty- 
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(iv) Isocyanide complexes 

The half wave potentials for the sequential one-eIectron oxidation of a 
number of par-u- and meta-substituted hexakis(arylisocyanide)chromium( 0) 
complexes, [ Cr( CNC,H,X),] 

[Ck(CNC,H,X)J + [Cr(CNC6HJX)Jo + e’ (52) 

[Cr(CNC,H,X),]” =+ [Cr(CNC,H,X),]’ + e’ (53) 

[Cr(CNC,H,X),, ]* =+ [Cr(CNC,H,X)J” + e- (54) 

gave excellent correlations with Hammett’s o parameters showing that U-me 
oxidation processes are sensitive to both inductive and resonance contribu- 
tions of X [142]. Similar correlations are also observed for manganese com- 
plexes 

[Mn(CNC,HAX),]’ + [ Mn( CNC,.HJX)J’+ + e- (55) 

Reaction constants for these oxidation processes have been calculated using 
eqn. (56) (see Table 6). 

AE,,, = 6 po (56) 

For the parent complexes, [ Cr( CNC,,H,X),,] and [ Mn( CNC,H,X), ]’ neither 

4CN) nor WCN) (4CN),,,, ligand - V(CN),,,dinaLcdligand) cor.dated with 

the o parameters. Similar results have been obtained for the one-electron oxi- 
dation shown in eqn, (57) where M = MO or CV [ 1441. 

[M(diphos)I(CNC,H,X)l] * [M(diphos),(CNC,H,X),1’ + e- (57) 

Recently an explanation has been put forward to account for the apparent 
insensitivity of the v(CN) frequency to changes in substituents for coordin- 
ated NCC,H,X ligands [ 1451. However the v(CN) frequency of a coordinated 
isocyanide can be correlated to a substituent effect originating on a co-ligand 
as observed in Ni( CNBu’),(olefin) compleses [120]. Also it is interesting to 
note that for analogous series of isocyanide complexes, trans-[Pt(CH,)- 
(PMe,Ph)2(CNCbHJX)]’ [146] and nitrile complexes, tram [Pt(CH,)- 
(PMeiPh)2(NCC6H4X)]’ [147], only the v(CN) frequencies for the nitrile deriv- 
atives correlate with the anticipated electronic effect of X. 

The 13C NMR chemical shifts for the isocyanide carbon atom or the arom- 
atic carbon atom attached to the nitrogen atom of the arylisocyanide in the 
complexes, cis_IPtC1,(CNC,~,X)(PEt,)1 and trans-[PtY(CNC,H,X)(PEt,),l + 
(Y = C1 or Br) each gave a good linear correlation with the D+ parameter indi- 
cating that the electronic effect of X can be transmitted to the isocyanide 
carbon atom [ 1481, 

This particular substituent effect also manifests itself in the kinetic data 
for 

Y L Y L 
‘Pd/ 

Y’ ‘CNC,H,X 
+ H,NCdH,X’ + ‘Pd’ 

Y’ ‘c 
/NH(C,H,X) 

‘NH(C,H,X’) (58) 
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where L = PPh; or AsPh3 and Y = Cl or Br [ 1491. The second order rate con- 
stants vary linearly with the 0 parameter for X and X’ and increase as both 
X and X’ become more electron withdrawing. 

The o + CJ* transition which occurs in the near UV and is associated with 
the metal-metal bond in Col(2,6-Me,-4-XC,H,NC)t; complexes shows a. 
linear correlation with Hammett’s 0 parameter for X [150]_ As the energy of 
this transition shifts to lower energy, X becomes more electron releasing. 

Correlations involving these substituted isocyanide complexes are summar- 
ized in Table 6. 

(v) Curbene complexes 

Substituent effects in metal complexes containing the carbene moieties 
XVII-XXI have been investigated by several workers [ 151-1591. 

TABLE 6 

Summary of correlations for isocyanide complexes 

Chemical system Correlation Ref. 

[C~(CNC~HJX)~]- * [C~(CNC~HJX)~]’ + e- 
[C~(CNC~H_JX)~]’ + [Cr(CNC6HqX)6]‘+ e’ 
[Cr(CNC6HdX)6]+* [Cr(CNC6H4X)612++ e- 
X = 4-N(CH3)2, 4-0CH3, 4-CH3, 3-CH3, H, 

I&/z (V)/op = 0.070 (CH$N) 142 
EIr, (V)lo p = O-085 (CH&N) 142 

Eilz (V)/a p = 0.080 (CH3CN) 142 

4-F, 3-OCH3, 4-C!, 4-Br, 3-Cl, 3-CFB 

[hln(CNC6H4X)6]‘+ [Mn(CNC6HqX)6]** + e- 
X = 4-0CH3, 4-CH3, 3-CH3, H, 4-F, 4-W 

Ed,? (v)/op = 0.073 (CH2f32) 143 

4-Br, 3-CF3.4-CN, 4-NO? 

[M(diphos)z(CNC,&X),1 * [M(diphos)z- h/2 (VI/o 144 
(CNCbHqX)z]+ + e- 

X = 4-Cl, H, 4-CHB, 4-0CH3 

cis-[PtC12(CNC4H4X)(PEt3)] 
trans-[PtY(CNG,HaX)(PEt3)21 
Y = CI, Br; X = H, 4-CH3,4-OCH3,4-CI, 4-NO2 

148 

cis-[PdYzL(CNC6H4X)] + H2NC6HJX’ + 
[PdY2LC(NHC6H4X)(NHC6HJX’)] 

X = 4-CH3, 4-CH3, H, 4-N& 
X’ = 4-0CH3. 4-CH3, H, 4-Cl, 4-No2 
Y = Cl, Br 

log k/a 149 

Col(2,6-Rier-4-XCsH2NC)g 
X = H, CH3, Br 

F(CJ -+ of) (cm-’ )/a, 150 
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7”’ 

GCH3 6’ GH3 6 
x X X X 

CC”’ 
S 

Q 3 
X 

XVII XVIII XIX XX XXI 

The 13C chemical shifts of the carbene carbon atom in trans-[Pt(Me)- 

(AsMe,),C(NHMe)(C,H,X)]PF, complexes have been correlated to the 6 
parameters of the substituents indicating that there are both CJ and 7t interac- 
tions between the phenyl ring and the carbene carbon atom [ 151]. 

The ionization potentials for Cr(C0) $( NH,)(C,H,X) derivatives increase 
linearly with increasing value of Hammett’s o constant [ 1521. A plot of the 
force constant, kc0 for the CO group tram to the C(NH,)(C,H,X) moiety 
versus a is linear; kc0 decreases as X becomes more electron releasing, which 
is consistent with an increase in electron density at the metal center 11531. 
A similar correlation involving kc0 as well as the ionization potential has 
been noted fox Cr(CO),C(OCH,)(C,HJX) complexes when CT < 0 for X but 
not when CT > 0 for X [154,155]. The exact reason for this difference is not 
readily apparent. 

Variations in the v(C0) frequencies, ‘H NMR chemical shifts for the NH 
and CH, protons, dipole moments, and ionization potentials for Cr(CO)j 

TABLE 7 

Summary of correlations involving carbene complexes 

Chemical system Correlation Ref. 

trans-[Pt(Me)(AsMe3)zC(NHMe)(C6HJL)fPF6 
X = 4-Br, 4-Cl, H, 4-CH3, 4-0CH13 

Scarbene( 13C) (ppm)/a’ 151 

M(CO)&WHd(SCdbX) 
M=CrorW 

158 

X = 4-OH, 4-OCHI~, 4-CH3,4-F, H, 4-Br 

~(co),C(NHdCd-bX) 
X = ~-N(CHS)~,~-OCH~, 4-CH3, H, 4-Cl, 4-Br, 

3-0CH3, 3-Cl 

I.P. (eV)/IJ 
K,-J, (mdyne cm-I)/0 

152 
153 

~(COMWCH3WW4x) 1-P. (eV)/o 154, 
X = 4-N(CH3)2, 4-0CH3, 4-CH3, 4-F, 4-CI, k,o (mdyne cm-l )/u 155 

4Br, 4-CF3, ~-N(CHB)~, 3-0CH3, 3C1, 3-CF3, 
Z-OCH3, 2-CF3, 2,4,6-(CH3)3, 2,6-(OCH3)-, 

(CO)sWC(OCH3)(CgH4X) + PBut = 

(CO)SWC(OCH~)(C~HJX)(PB~S) 

log K/a 

AH/(7 
log K/h,o(mdyne cm-1 ) 

159 
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C(CH,)(NHC,H,X) (X = 4-NH,, 4-0CH3, 4-CH3, H, 4-Cl or 4-C&) have been 
discussed in terms of the u, parameters for the various types of X groups 
[156]. Anomalies were also noted for this series of complexes when Q > 0 
for a given X group as previously noted for the methoxy phenyl carbene com- 
plexes. 

For complexes of the type, M(CO)$(CH,)(SC,H,X)(M = Cr or W) [I 571 
both Y(CO) (for the CO group tpns to the carbene ligand) and the “C! chemi- 
cal shift for the carbene atom are insensitive to the nature of X, However, a 
detailed correlation analysis of the 13C NMR parameters for the carbene car- 
bon and the ring carbon atoms with 0” and D+ suggests that there are both CT 
and 71 interactions between the ring and the carbene carbon j158’j. 

Recently, equilibrium data for 

(CO),WC( OCH,)( C,,H,X) + PBu: * fCO)J1’C(OCH,)(C,,H,X)(PBu;) (5% 

in toluene have been reported_ Both log K and U are linearly correlated to 
o and as expected AJY decreases and log K increases as X becomes more elec- 
tron-withdrawing which is consistent with the electrophilic nature of the car- 
bene carbon atom [159]- In addition a plot of log K versus kc0 was Iinear and 
the equilibrium shifted to the right with increasing value of the force constant, 
F ‘CO- 

The foregoing correlations are summarized in Table 7. 

(vi) Other cotnpleses 

For xX11, when the average 2,5 and 3,5 proton chemical shifts are plotted 
versus Hammett’s o;, parameter a good linear correlation (neglecting X = Cl) 
is obtained with a slope of --CL21 [160]. 

?#@x -2 
Y$!Z$--~ 

& & 

x3x XXiIl 

The phenyl ring apparently exerts an insulating effect since the slope of the 
corresponding plot for XXX11 is -G.90 (X = CH3, CJ&, i-C&, t-C1H9, H, 
GOCH,, GOC,,H,, CO&H,). A plot of the chemical shifts for the C5Hj protons 
for XXII versus op is also linear with a slope equal to -0,029. Consequently, 
a p ratio of 0.029/0.21 = O-14 can be calculated [147] which implies that 14% 
of the electronic effect of X is transmitted to the cyclopentadienyl ring 
through the ferrocene moiety. The formal one-electron oxidation potentials 
for XX11 also show a linear correlation with o and increase as X becomes 
more electron releasing which is consistent with the qualitative observation 
that electron releasing substituents on the C,H, ring facilitate oxidation of 
ferrocene derivatives [ 1611. 
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TABLE 8 

Summary of correlations involving complexes containing a remote substituted Dhenyl 
ring and a metal--carbon bond 

Chemical system Correlation Ref. 

Cr15-CSH~(CgH4X)1Fe(T1s-C5Ws) 
X = 4-0CH3, X-I, 4-COCH3, 4-Cl, 4-I%& 

SC5H~ ( * w (PPd/~ 160 

[rlS-CsH~(C6H4X)lFe(~s-CsHs)lEr1s-CSH4- log( fmh )/a 161 
(W-kX)Fe(q’-CSHS)’ p = -2.41 (acetic acid/HCIOd) 

X = 4-0CH3, H, 4-Cl, 4-Br, 4-COCH3, 4-NO2 
X = 2-N02, Z-F, 2-Cl, 2-Br, 2-1, 2-CH3, 

2-OCH3, 2-OCzHs, 4-N02,4-CN, 3-CN, 2 (vVa 
162 

1,4 = 0,128~ + 0.024 V= 163 
3-COzC2H5, 4-COCH3, 4-COzH, 3-CF3, Al.!? 1,4 = 0.1260$ + 0.031 Vb 
3-COzCrH5, 3-Br, 3-COzH, 4-Br, 4-Cl, 
4-C6Hs, H, 3-NH2, 4-CH3, 4-OCH3, 4-OH, 
4-NH2 

[r14-C4H3(C6H~X)IFe(C0)3 
X = 4-F, 4-CI, 4-Br, H 

&4 ( 13C) (ppm)%, 0:: 165 

(q3-2-(C6H4X)-C3H~)Pd(acac) 
(r13-2-(CdH4X)-C3H4)Pd(~5-CsH~) 
(q3-l-(&HqX)-C3Ha)Pd(acac) 
(q3-1-(C6H~X)-C3N~)Pd(qs-C5H5) 
X = 4-Br, 4-Cl, H, 4-CH3,4-OCH3 

2(Q*-XC6HqCHCOzEt)HgBr + (q’- 
XC6&CHC02Et)2Hg + HgBrz 

X = 4-N02, 4-I,4-Br, 3-Br, 2-Br, 4-Cl, 4-F, 
H, 4-CH3,3-CI-I.3, 2-CH3, 4-&I-&, 
4-i-C3H7, 4-t-C4Hg 

log(w 167 
p = 2.85 

Abl WY0 164 

(Ts-C5H4-C6H:jNzCbH:qX)Fe($-CgHg) El, (VI/o 163 

a f&&I = E,,e (V) for substituted derivative - EIIJ (V) for unsubstituted derivative. 
b a: = Taft’s orfho-substituent constant [ 168 3. c C(5) is carbon atom of cyclobutadiene 
ring bonded to the phenyl ring. 

Chronopotentiometric quarter wave potentials, E1,4, for the oxidation of 
XXII also show a linear correlation with CJ according to eqn. (60) [ 1621. 

E 1,4 = 0.132 o + 0.361 (60) 

The values of several substituent constants have also been determined from 
chronopotentiometric data for XXII [163] (See Table 8)_ 

For the complexes, XXIV, AE,,, shows a linear correlation with CT for vari- 
ous substituents, X [ 1641. 
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X 

Ci+&Hc X 

XXIV SXV 

The transmission of electronic effects through a substituted phenylazo 
group as in XXV has been studied and as expected a small variation (p = 
O-016) in EIf2 with respect to CT was observed [163]. 

The 13C chemical shifts for C( 5) of XVI show a linear correlation with 
Hammett’s o and Taft’s oi parameiers suggesting that the (q’-C,H,) l?e(C0), 
group donates electrons via its x-electron system and accepts electrons via 
its carbon o-skeletal framework [ 1651. In contrast to XI (see page 136) the 
u(C0) frequencies of XXVI are insensitive to the nature of X_ 

The chemical shift differences, Au (Hz), between the para-phenylene ring 
protons H, and 11[? show linear correlations with the CIF~ ~~~e~r for 
XXVII-XXX Il.661. Also, from the intercepts at Au = 0 for these plots, the 

substituent constants of the l- and 2-positions of the allylic group were 
estimated [166]. 

Electron accepting substituents have been shown to increase &he rate of 
the symme~ication reaction 

2(~‘-XC~H~CHCO~~t)HgBr + (~‘-~C~~~CHC~~~t)~~g + HgBr, (61) 

and p = 2-85 was obtained from the Hammett plot of log k/h, versus CT [X67] 
which is in agreement with an SE1 type of mechanism involving a four center 
position state. 

The foregoing correlations are summarized in Table 8. 
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D. COMPLEXES CONTAINING A REMOTE SUBSTITUTED PHENYL RING AND 

NO METAL-CARBON BOND 

(i) Monoden ta te ligarzds 

Anilines 
The rate of substitution of a coordinated aniline by thiourea 

[Co(DH),(tu)(H,NC,H,X)]+ + tu + [Co(DH),(tu),]+ + HINCbHAX WQ 

decreases as the basicity of the free aniline increases [169]. A good Hammett 
plot of log /z versus o was obtained for all the substituents studied with the 
exception of the NO1 group (see Table 9). The positive reaction constant 
suggests that there is some transfer of electron density from cobalt to the 
aniline ligand _ 

Several correlations involving substituted anilines as nucleophiles have 
been reported [170--1721. A good correlation between log K and u has been 

.reported for eqn. (63) where as expected electron donating substituents 
increase the value of the equilibrium constant [ 1701. 

Co(tu),Cl, + H,NC,H_tX * Co(tu)(H,NC,H,X)CII + tu (63) 

This resuIt is in contrast to the poor correlation reported by Rakshys 11711 
between (3 and the equilibrium constants for adduct formation involving a 
substituted aniline and [ Ni(acac) J 

[ Ni(acac),], + 6 H,NC,H,X =+ 3(XC,H4NH2),Ni(acac)2 (64) 

Substituted anilines as second coordination-sphere ligands interacting with 
Co(HBpz,), complexes have also been investigated in Ccl, [ 1721, The ‘H 
NMR contact shifts for the hydrogens ortho to the NH, group show a reason- 
able correlation with CT and increase in frequency as the substituent becomes 
more electron withdrawing which is consistent with the expected enhance- 
ment in axial binding to the cobalt complex since the inner sphere ligands are 
considered to be negatively charged. 

The substituent effect associated with the addition of a substituted aniline 

across the =N bond of a coordinated isocyanide has already been mentioned 
[149] (see page 141). 

The rate of styrene substitution by 1-pentene according to 

I 
f II - iI--Pt-H2NC6H,X + I 

decreases as X becomes more electron releasing and the appropriate Harnmett 
plot of log k versus CI yielded a p value of 0.86 [173]. This result is interesting 
in that it is contrary to what would be predicted in 
theory for square planar corn .plexes [ 1741. 

terms of the trans effect 
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TABLE 9 

Summary of correlations involving complexes with a remote substituted phenyi ring and 
no metal-carbon bond 

Chemical system Correlation Ref. 

Substituted aniline complexes 
Co(DH)z(tu)(HzNC6HaX)] ++tu-qco- 

(DH)z(tu)z I++ HzNCd-W 
X = 4-OCH3,4-CH3, 3-CH3, H, 4-Br, 4-1, 

4-NO2 

log(WWlo 169 
p = 0.65 

Co(tu)zClz + HZNC6H~X * Cotu- log K/o 170 
(H2NC6H4X)CIz f tu 

X = 4-CH3,4-0CH3, H, 4-Cl,4-Br, 4-NO? 

(XCcibN~dCo(HBpz3)~ 
X = 4-CF3, H, 4-0CH3, 4-N(CH3)? 

v (Hz) ( L H NMR)=/a 172 

pans-[Pt(PPh3)#.Z6H5CH=CH2)- 
(HzNC~HJX)] + CSHIO-, 
trans-[Pt(PPh3)~(CsHlo)(H~NC~H~X}~ 
+ C6H&H=CHz 

log k/o 173 
p = 0.86 (CHC13) 

Substituted aryI diazenido and triazenide complexes 
[Pt(PPh3)3(N2C6HJX)l*, IWPPM,- 

(N2HC6H4X)]'* 
n --f rr* (cm-L)/0 177 

X = 4-0CH3, 4-CH3, 4-F, H, 4-NO?, 
4-N(CH3)2.4-N(G%)z 

RuC13(N&J-kaX)(PPh& 
X = 4-N&, 4-OCHs, 4-CH3 

Mo(N1,C6H3X)(S1CNMe*)3 
X = 4-OCH3, 4-CH3, H, 4-C& 3-NOz, 4-NOz 

B.E. (eV) 3~~~/0 
B-E. (eV) 3ds,2/a 

b 1/7/a 

Mo(N2C6H4X)(S2CNMez)3/Mo(NzC6HqX)- E,, (VW 
(S2NMez )J p = 5-70 (DMF) 

X = 4-NO?, 3-NO?, 3-CL, 4-C!, 3-OCH3, H, 
4-F, 3-CH3, 4-CH3, 4-0CH3 

[IrCt(CO)(PPh3)1(N1C6H4X)]BF4 
X = 4-NOz, 3-NO,, 2-N02, 2-CN, 4-CN, 

4-0CH3 

n + 7r* (cm-’ )/IT 

~Ct2(CO)(PPh&(N&,H4X) 
X = 4-N02, 3-N02, Z-NO?, 4-CN, Z-CN, 

4-OCH3, 3-COCHx, Z-COCH3 

n + TI* (cm-’ )/a 181 

XC6H4N3HC6H4X + 2-CH&H4NO&Hs = 

Hg(q ‘-ChHs ) 

log K = 1.6~~ -1-4 V, + 0.06 186 

XC~H+C~HGH + 2-CH3C6&NH02SC6Hs 

Hg(rl’ ‘C6H5 ) 
X = H, 4-CH3, 4-OCH3, 4-F, 3-F, 2-CHz, 

2-OCH3, 2-F, 2-Cl, 2-Br, 2-I 

178 

184 

185 

181 
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TABLE 9 (Continued) 

Chemical system Correiation Ref. 

XC6&N3HC6H4X + C6H5y3CbH5 =+ 

Hg(+CbHs) 
XC&~C6H4X + C6HSN3HC6H5 

Hg(rl%Hs) 

log K/o 186 

X = H, 4-CH3, 4-0CH3, 4-F, 3-F 

PtH(XC6HqN&,HqX)(PPh~)~ T(Pt-H) (ppm)/o 
X = 4-Cl, 4-F, H, 4-CH3 J(Pt-H) (ppm)/a 

Arylnitrile complexes 
TiCId(NCC6HqX)2 Av(CN) (cm-‘)/a 
X = H, 2-CH3, 2-NH?, 4-Cl, 3,4-(&H&, 

4-CN, 2,4-C12, 3-CH3, 4-CHS, 4-0CH3, 
4-CN, 4-N02, 3-OCH3. 3-NH?, 4-NH2, 
3-NO*, 4-F, 4-N(CH& 

(q5-C~H~)Mn(CO)~(4-XC6H~CN) 
X = NOz, CF3, CN, COCzHs, H, CHJ. OCH3 

truns-Mo(diphos)2(Nz)(4-XC6H4CN) 
X = NH2, 0CH3, CH3, H, Cl, COCH3 

Av(CN) (cm-’ )/o 
kc0 (mdyne cm-’ )/a 
EAT (cm-‘)/0 

v(Nz )(cm-’ )/a 

2 cis-[Rh(CO),C1(NCCbH,x)l * 2 NCC6Hq + 
[RhCI(CO)-, ]2 

X = H, 4-NO2, 4-OCH3, 4-HNCOCH3, 4-F 

(+C6H&H2)Pd(PEt&(NCC6HJX) = 
(q3-C6HsCHz)Pd(PEt3)-,(NCC6H~X) 

X = 4-OCHB, 4-CH3, H, 4-COCH3 

log K/o 
P - 3.6 (CHC13) 

log K/o 
p = l-5 (CHzClz) 

I(NH~)sCO(NCC~H~X)I 3++oIi_+ 
[(NH3)&o(NHCOC6HGX)]‘* 

X = 4-OH, H, 3-OH, 4-CN, 3-CN, 4-COCH3, 
3-CHO 

log k/o 

log k/a 

[Mo(CO)~(PBU?)~(NCC~H~X)~, MOM- 
(PPh3)t(NCC6H&)z 
Mo( CO)#‘Bu~)3( NCC6HYX) 

X = 3-Cl, 3-Br, 4-Cl, 4-Br, H, 3-CH3,4-CH3, 
4-OCH3, 4-NH2, ~-N(CHX)~ 

FIT (cm-l )u 

Other ligands with a N donor atom 
[PdClz(Ph3PNGjH4X))z, [PdC12(CH3CN)- 
(Ph3PNC6H4X) 
X = 4-Nor, 4-C02C2HIS, 4-Cl, H, 4-CH3, 

4-0CH3 

AzJ(P=N) (cm-1)/a 

189 

192 

193 

195 

196 

197 

198, 
201 

201 

203 

205 
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TABLE 9 (Continued) 

Chemical system Correlation Ref. 

Tic& - 2(2,4,6-Me3C6HzN=CHCGHaX) 
X = H, 4-CH3, 4-0CH3, 4-OH, 4-N(CH3)?, 

4-Cl, 4-Br, 3-Br, 3-NO?, 4-NO? 

AryI phosphines, arsines and stibines 
2 Co(DH)z(PAr3) + BrCH2C6H5 --f BrCo- 

(DH)z(PArx) + (q’-C~H&H~)CO(DH)~- 
(PA.r3) 

Ar = C6H4X; X = 4-0CH3, 4-CH3, H, 4-Cl 

Ni(CW3P(C6H~X)3 
X = 2-OCH3, 4-0CHf3, 2-CH3, 4-CH3, 

3-CH3, 4-F, 4-Cl, 3-F, H, 2,3,4,5,6-F5, 
3-C! 

Ni(C0)3P(C6HS)1(C6HJX) 

X = 2-OCH3, 2,4,6-(CHJ)~, 4-0CH3, 4-F, 
3-F, 4-Cl, 2,3,4,5,6-Fs 

Ni(C0)3P(OC6HdX)3 
X = H, 2,4-(CH3)2, 4-CH3, 4-OCHs, 2-CHJ, 

2-CH3-4-Cl, &Cl, 4-CN 

WCO)sP(GHaX)3, Cr(C0)5As(G,H&)3, 
fi(CO),_Sb(%HqX)x 

X = H, 4-F, 4-Cl, 3-F, 3-Ci 

(+)-(v~-C~H~)M~(NO)(PA~~)(COC~H~) -+ 
(-)-(@CsHs )Mn(NO)(PAr3)(COC6HS) 

Ar = C6HqX; X = 4-CF3, 4-(&4-F, H, 
4-C6H5, 4-CH3, 4-0CH3, 4-N-(CH& 

RuY3(NO)(P(C6HqX)Et1)?_. 
Y = CI, Br; X = 4-N(CHJ)?, H, 4-0CH3, 4-Cl 

v(CN )/u 206, 

mmixla P = -7.8 (benzene) 207 

log k&r 
p = 1.4 (benzene) 

108 

v(CO)(A , ) = 2056-l + c xi 
(cm’) i=l 

v(C0)/~, Kabachnik’s o 

3 

v(CO)(Al) = 2056.1 + c Xi 
(cm- ’ ) i=l 

3 

v(CO)(A ,) = 2056.1 + c Xi 
(cm-’ ) i=I 

log k/o 
p = 2.14 (toluene) 

v( Ru-Y )/Taft’s o,, 215 

Me, 0 . Me, 
t A”’ 

cH(C0hle)2 log KlaJ 
Me/ 

A"' i 2 Lo : 
P(C&,X I3 -z-- 

Me’ ’ P(C6H4X IS /I = -1-6 (CD&) 
Me 

X = 4-CH3, 4-0CH3, H, 4-Cl 

RhCl(CO)(PAr3)2 + TCNE = TCNE - 
RhCI(CO)(PAr3)2 

log It,/0 

Ar = CgHqX; X = 4-OCH3, 4-CH3, H, 4421 P= -2-5 (acetone) 

CH3 

log k/u+ 218 

208 

209 

208 

208 

212 

214 

216 

217 

Me 
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TABLE 9 (Continued) 

Chemicrrl system Correlation Ref. 

tram-IrCl(CO)(PAr3) + O2 * 03,1rCl(CO)- 
WArd2 

A.r = C,H+X; X = 4-C1, H, 4-CH3, 4-0CH3, 
4-F, 4-Cl, 4-Br 

fr~~s-rrCI(CO~~P~~) f AB + or- 
WW’Ar3)2 

Ax = C,HqX; X = 4-0CH3, 4-Cl&, H, 4-F, 
4-Cl 

AB = Hz* C6HsCHlCI, GH31 
AB = XC6HJI; X = Ii, 4-F&-, 4-Cl, 4-CH3, 

3-CH3, 4-OCHJ 

eis-fPdY2(P(C6HJX)Mel J1_ f * frans- 

~~~~~~~~~~~~~~~~~~~ I 
Y = NW-, Cl- or N3; X = 4-0CH3, 4-CH3, 

H, 4-CI 

Y = NCO-, Cl- or Ni; X = 4-CHJ, H, 4-Cl 

Ligands with an 0 donor atam 
frans-[PtH(07_CCbH,zX)(PEt3)1? 1 
X = 4-NOZ, 4-CN, 4-I,4-Br, 4-C& H, 4-CH3, 

4-OCW3, 4-N(CH3 )z, 3-N@, 3-1, 3-Br, 
3-i& 3-F, 3-CH3, 3-N(CH& 3,5-(No&, 
2,5-(NO&, 2,4,6-(NO&, 2-N02, 2-Br, 
2x1 

cis-[eo(en)t(NH3)(OzCC6H~(OH)X)1’+ + 
H” + Hz0 + cis-[Co(en),(NH,)(H-I20)13” * 
Ho2CC6H3(0H)X 

X = H, 5SO,, 5-Br, 5-N&, 3-NO2 

(Xi&HgCH0)2 Ni(aeac)z 
X = 4’N(CH&, 4-0CH3, 4-CHJ, H, a-Cl, 

4-Br, 3-Cl, 4-CN, 3-N02, B-NO, 

fog ft2 or ~~/~~ 
P = -2.4 (chlorobenzene) 

P = -2.2 (benzene) 

log h& 

P = -0.7 (benzene); AB = Hz 

P = -2.6 (benzene); 
AB = CGH&H2Cl 

P = -6.4 (benzene); AB = CHJI 
P = +0.6 ~~-m~thy~~~phth~ene) 
log hr, ZCJ (Kabachnik’s CT 

parameter) 

P = -i-Q_4 

u(fr-CI) (cm-l j/O 
v(C.0) (cm”)/0 

Afi* As/T=0 

~~s/f~~~s product ratio/o 227 

log Ai5v (Hz)/u+ 232 

2x9 
219 
109 

109 

221 

109 

224, 
225 

224, 
225 

190, 
191 

230 
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TABLE 9 (Continued) 

Chemical system Correlation Ref. 

(IMN)PtCI( O&HqX) J( 1g5Pt--’ H)/pK, 233 
X = H, 4-c1, 3,5-Ciz, 3-NCz, 4-C6HqCH0, 

4-N02, 2,6-Cl2, 2,3,4,5,6-Fs, 2,3,4,5,6Cls, 

ZnCIz - 2 (C6HJX)JP0 
X = ~-N(CHJ)~, 4-OCHJ, 4-CH3, H, 4Br 

Tic12 - 2 (C6HJX)3P0 
X = 4-N(CH3)1, 4-CH3, H, 4-OCH3, 4x1, 

3-Cl, 3-NO2 

ZnClz - 2 (4-XC6HqCOCHx) 
X = OCHs, CH3, H, Cl, NO? 

Tic14 - 2 (4-XC6H4COCH3) 
X = OCH3, CH3, Cl, NO:! 

Ligands with a S, Se or Te donor atom 
(IMN)PtCl(SC6HdX) 
X = 3-CH3, 4-CH3, H, 4-NO?, 4-C& 

2,3,4,5,6-F5, 2,3,4,5,6-CIs 

trWW[Ptpy2Ci2 ] + 2 (XCbH&S + 
trans-[PtPY2(S(CsH4X)2)2 ] 2+ + 2 cl- 

X = 4-NH?, 4-OH, 4-OCH3, 4-CH3, H, 4-F, 
4-Cl, 4-NO-, 

trans-[PtpyzC17] + 2 (XC6HS)S(C6H5) + 
trans-[PtpyZ(S(CbHs)(C6HJX))2]2+ + 
2 cl- 

(+XC6H4)Hg(SC6HJX’) + 2,4,6- 
( NOZ)3C6H21 + (2,4,6- 
(NOt)3C6Hz)SC6H4X’ + (+XC6H4)HgI 

X’ = H; X = 4-CH3, 3-CH3, H, 4-Cl, 3C1, 
2-CH3, 2,4,6-( CHx )J 

X = H; X’= 4-CH3, 3-CH3, H, 4-Cl, 3-C], 
2-CH3, 2,4,6-(CH3)3 

(qS-C5HS)Ni(PBuy)(SC6HqX) 
X = H, 4-CH3, 4-Cl, 4-COCH3, 4-NO2 

(q5-CsHs)Ni(PBu~)(SeC~H~X) 
X = H, 4-0CH3, 4-CH3, 4-Cl, 3C1, 3-CF3, 

4-COCH3 

(?I’-C5Hs)Ni(PBuy)(Te&,HjX) 
X = H, 4-0CH3, 4-CH3, 4-Cl, 3-CF3 

v(P=O) (cm” )/o+ 

v(P=O) (cm-‘j/0+ 

V(C=O) (cm-’ )/D 

v(C=O) (cm-’ )/Q 

J( l g 5Pt-’ H)/pK, 

log kzl=, nit 

log k/a 

p = -0.97 (benzene) 

p = -3-7 (benzene) 

T(CSHS WJ 240 

~(CSHS 110 241 

~(CcnHs )/a 

234 

235 

236 

236 

233 

237 

237 

239 

241 
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TABLE 9 (Continued) 

Chemical system CorreIation Ref_ 

fmns-[PtH(SC6HqX)(PPh&] 
X = 4-N02, 4-Br, 4-Cl, 4-F, H, 4-CH3,. 

4-OCH3 

frY(H)(SC6H4X)(CO)(PPh3)2 
Y = Cl, Br or I; X = 4-NO?, 4-Br, 4-C& 4-F, 

H, 4-CH3, 4-0CH3 

v(Pt-H) (cm-‘)/a 
J( ’ 95Pt- ‘I-0 (Hz)/o 

v(C0) (cm-* )fo 

191 

242, 
243 

funs-IrY(C~)(PPh~ jz + HSC6H3X + 
~Y(H)(S~6H~X~(~~)(PPh3 12 
Y = Cl, Br; X = 4-N&, 4-Br, 4-CI, 4-F, H, 
4-CH3, 4-OCH3 

log k,/o: 
p = 3.2 (Y = Cl, benzene) 
p = 2.8 (Y = Br, benzene) 

243 

CIrY(Sc,H,X)(Sc,H,(NO~)~)(PPh3)12 
Y = Cl, Br or I; X = 4-N&, 4-Br, 4-F, H, 

v(C0) (cm-l )lo 245 , 

4-CH3, 4-0CH3 

IFe3S~(SC6H~X)J12-/IFe~S~(SC6H?X)3 J3- &I2 IWO 247 
X = H, 4-CH3, 4-N(CH3)+, N02, N(CHs)z p = O-30 (DMF) 

a Contact shift, b Rate of N-methyl exchange. 

The relative rates of diazotization of a series of ~~r~-subst~tu~d anilines 
(X = OCH3, CH3, I-i, Cl, NO,) according to 

tRuClWpy),NO]” + 4-XC,H,NH, + IRuCl(bipy),(N,C,H[~x~]*~ -t H,O (66) 

have been observed to decrease as X became more electron ~vithdrawing [175]. 

Aryl polyazenides 
Substituent effects involving a substituted aryldiazenido gro~p,‘3?J,C,H,X 

as a ligand have been probed because of its potenti~ relevance to a better un- 
derstanding of the activation of molecular dinitrogen [1’76]. Linear correla- 
tions have been reported between the position of the band maximum for the 
n b X* transition of the azo group and Hammett’s CJ parameter for X in the 
complexes ~Pt(PPh~)~(N~C~H~X)] + and IPt(PPh,),(N2HC,H,X)]2+ [ 177]. 
The absorption m~imum shifts to lower energy as X becomes more electron 
releasing which suggests that electron delocalization from platinum into the 
azoaromatic system is not very important. The good correlation for the pro- 
tonated derivatives supports the conclusion that protonation has occurred at 
the N=N bond and not at the N atom of the NMe, or NE& substituents (see 
Table 9). 

A distinct correlation between the ruthenium 3p3 ,Z or 3d5 ,2 binding ener- 
gies and the Hammett 0 constant has been recently reported for RuCIJ- 
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(NdXWW’Phd 1 complexes which was taken to reflect the presence of sub- 
stantial “back-bonding” from the metal to the aryldiazenido ligand [I781 
and to be consistent with a linearly coordinated atyldiazenido IigFd (1791. 
Presumably there is a non-linearly coordinated aryldiazenido ligand in the 
complexes, RhCl,(N,C,H,X)(PPh,), (X = 4-N&, 4-0CH3, 4-CH,) since the 
rhodium 3c& 3,2 binding energies are essentially insensitive to the nature of 
X [ 1781. The v(N=N) frequency in the Raman for these complexes (X = 
4-CFx, 4-NO?, 4-F, H, 4-Br, 4-0CH3 or 4-N(C&H&) decreases as X becomes 
a better electron donor [180]. The same trend is observed for the correspond- 
ing diazonium salts, [N2C,H4X]BF4, which suggests that the aromatic ring is 
largely responsible for the n-interaction in these complexes rather than the 
metal, 

For complexes of the type [IrCl(CO)(PPh,),(N,C,H,X)]BF, and [IrCl,- 
(CO)(PPh,),(N&,H,X)], the n -+ r* transition shifts to lower energy as X 
becomes more electron withdrawing [ISI]. A weakening of the N=N bond 
by resonance was confirmed by observing a better linear correlation using 
“exalted” (r values (which take into account resonance between X and the 
diazo group) [ 221 for X = 4-CH,CO, 4-CN or 4-NO,_ 

By contrast however, the v(N=N) frequency for [Mo(OH)(CO),- 
(N,C,H,X)], (X = H, 2-Cl, 4-Cl, 4-Br, 2-E& 2-CH3) is not sensitive to the 
nature of X [ 1821. There is also no systematic variation in u(N=N) with vari- 
ous substituents in ($-CSHj)Cr(C0)2(NZC~HJX) complexes [I831 where 
X = H, 4-OCH3, 4-CH3, 4-F, 4-NO?. However the Y(CO) frequency increases 
and the chemical shift for the CjHs protons decreases as X becomes more 
electron withdrawing and as a consequence of these observations the 
N,C,H_IX ligand can be considered to be a three-electron donor in these particu- 
lar complexes. 

The first order rate of N-methyl exchange in a series of seven coordinate 
aryldiazenidomolybdenum complexes, Mo( N,C,H,X)( S,CNMe,), increases as 
X becomes more electron releasing and exhibits a small substituent effect 

(P = -0.64) [185]. A better linear least squares fit to c rather than (J+ 
suggests that the effect of X is transmitted via an inductive mechanism only. 
The potentials of the one electron oxidation of these complexes 

Mo(NIC,H,X)(S,CNMe,), + Mo(NIC,H,X)(S&NMel)* + e- (67) 

also exhibit a good linear correlation with CJ [I841 but the 13C chemical 
shifts of the S,CNMe* ligands are insensitive to the nature of X indicating 
that its effect is not transmitted to these parts of the molecule [185]. 

The two parameter correlationaI relationship 

log K = 1.6 u, - 1.4 V, + 0.06 (68) 

where a0 = the ortho-substituent constant [I871 and Vx = an ortho steric 
parameter [ 1881, has recently been used to quantify ortho-substituent effects 
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for the exchange between a diaryltriazene and 2’-methylbenzenesulphonanilide 
coordinated to Hg(I1) [ 186j. 

XC,H,N,HC,H,X + 2-CH,C,H,r;JO,SC,H, =: XC,n,r,C~H,X 

Hg(rl KH5) Hg(q l-&H,) 

+ 2-CH,C,H,NHO$3C,H, 
(69) 

A normal Hammett correlation was also reported [ 186j for the exchange of 
diaryltriazenes according to 

XC,H,N,HC,H, f CbH51V3C6H5 = XC6H+CfiH,X + C,H,N,HC,H, (70) 

Hg(r7 %,I%) Hg(q ‘GHs) 

Electron releasing substituents shift the position of equilibrium to the left- 
These correlations have been used as support for the suggestion that these 
exchange processes occur in part via a rapid intramolecular metallotropic 
rearrangement 

XC,H,-y-N=NC,H,X = X&H,N=N-y-C6H,X (71) 

Hg(ll %H5) Hg(77 ‘-C,H,) 

The quantities T(Pt-H) and J(Pt-H) for trans-PtH(XC,H,N&,H,X)- 
(PPh3)2 complexes, XxX1, show a linear correlation with c [ 1891. A similar 
result has been reported for trans-PtH(O,CC,H,X)(PEt,),, XxX11, 

y3 ,NC,H,X 

H-YN1 
PPh3 NC,HIX 

PEG PPh, 

H-Tt-O$C,H.X H-Pt-S&H,X 

PEt3 ;Ph, 

SXXI xxx11 XSXIII 

complexes [190]. However, for trans-PtH(SC,H,X)(PPh& complexes, XxX111, 
only J(Pt-H) shows a linear correlation with CJ; T(Pt-II) is insensitive to the 
nature of X [191]. These results again demonstrate the unpredictable nature 
of correlations involving NMR parameters for structurally similar organo- 
metallic compounds. 

Aryhitriies 
For the complexes, TiC14(NCCtiHH,X), 11921, A~(CN)(~(CN)coordinatedLigand - 

v(CN)free ligand), h as b een plotted against the Hammett 0 parameters to obtain 
the empirical relationship given by 

AY(CN) = 2267 + 16.1~ (72) 

which relates the nitrile stretching frequency to the nature of the coordinated 
nitrile. The v(CN) frequencies for the series of complexes, ($-C5Hj)Mn(CO),- 
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(4-XC6H,CN) have also been treated in a similar manner [193]. The effect of 
X also manifests itself in the coordinated CO ligand for these particular man- 
ganese complexes since a plot of the force constant, kc0 versus op is also 
linear. 

As noted previously, AzJ(CN) in the Raman for the platinum(U) complexes, 
trans-[Pt(CH,)(PMe,Ph)l(NCC,H,X)] + is also sensitive to the electronic effect 
of X [ 1471. However, it is instructive to note that Av(CN) in the Raman is 
insensitive to the nature of the substituent X in a series of six-coordinate iri- 
dium(II1) complexes, [IrCl(CO)(PMe,Ph),(Cil,)(NCC,H,X)]* (X = 4-NO?, 
4-CHx, 4-OCHS or 2,3,4,5,6-FS) [194]. 

A good correlation has been reported between v(N,) and op for the com- 
plexes, trans-[ Mo(diphos)2(N2)(4-XCJ-IJ?,N)] [195]. As expected, electron 
releasing substituents increase the electron density at the metal center which 
results in a lowering of the v(N,) frequency because of the enhanced metal 
to N, n-bonding. 

Equilibrium and kinetic data for arylnitrile metal complexes have also 
been related to substituent effects. Equilibrium constants for the equilibrium 

2 cis-[ Rh(CO),Cl(NCC,H,X)] = 2 NCC,H,X + [ RhCl(CO),], (73) 

have been correlated to a [ 1961 with p - 3.6 suggesting that the rhodium- 
nitrile bond is essentially a a-bond with very little n-bond character. 

A good linear free energy relationship between log K and op for the rear- 
rangement of a coordinated benzyl group 

has been observed with p = l-5 suggesting that a significant amount of posi- 
tive charge has been delocalized from palladium to the aromatic nitrile [197]. 

The linear free energy relationship 

log/z = 3.89 o f 1.25 

has been reported for reaction (76) [ 1981 

(75) 

[ (NH,),CO(NCC,H,X)]~+ + OH- -+ [ (NH,),Co(NHCOC,H,X)] ‘+ (76) 

where X = 4-OH, H or 3-OH. This linear free relationship is not unexpected 
because similar linear free relationships for the free nitriles have been 
reported [199,200]. However, Balahura et al. 12011 have indicated that this 
relationship is not quantitative since an incorrect value for one of the (J para- 
meters was used to obtain the correlation. Balahura et al. have further 
investigated reaction (76) with X = 4-CN, 3-CN, 4-COCH, and 3-CHO and 
have concluded that the rate of hydrolysis is sensitive to substitution at the 
ortho and para positions of the coordinated nitrile and that the rates of reac- 
tion show the expected trend with respect to Hammett’s u constant [ 2Olj. 
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The rate of Cr(I1) reduction of [(NH.&CO(NCC~H~X)]~+ has also been corre- 
lated to the cz, and 0;; parameters [ 202 1. 

Electronic spectral data for several ~lnitrile complexes have been related 
to substituent effects. The position of the charge transfer band in the com- 
plexes, ($-C,H5)Mn(CO),(NCC,H,X) [ 1931, Mo(CO),(PBU~)~(NCC~H~X), 
12031, Mo(CO)t(PPh3)2(NCC6H1X):! 12031, and Mo(CO),(PBu~),(NCC,H,X) 
[203] correlates linearly with the appropriate Hammett 0 parameter. The 
energy of these parficular charge transfer bands increases as X becomes more 
electron withdrawing which suggests that these electronic transitions are of 
of the metal-to-ligand type. However, in the ruthenium complexes, [Ru- 
(NH,),(NCC,H,X)]‘” and [ Ru(NH&(NCC~H~X)]~+ no simple correlation was 
detected between the energy of the charge transfer transition in these com- 
plexes and the G parameters [204]. 

The foregoing correlations are summarized in Table 9. 

The quantity Av(P=N), v(P=N)~~~= - V( P= N)compIex, for the iminophos- 
phorane complexes, [PdCL(Ph,PNC,H,X)], and [ PdCI,(CH,CN)- 
(Ph,PNC,H,X)], decreases as X becomes more electron withdrawing and it 
is also a linear function of the Hammett ct parameter indicating that electron 
releasing substituents strengthen the Pd-N bond in these complexes [205f. 

The heats of formation [ 2061, u(CN) [ 2071 as well as Lhe heats of mixing 
in benzene [ZOS] for the 1 : 2 complexes between TiC1, and XXXIV are 
linearly correlated to Hammett’s CT parameter for X_ The heats of mixing are 

very sensitive to changes in the substituent (p = -7.8) and the negative rem- 
tion constant indicates that the TiCl, moiety is electron-withdrawing- 

Aryl phosphines, phosphites, arsines and stibines 
Substituent effects originating in an axially coordinated triaryf phosphine 

in Co(DH),(PAr,) complexes have been studied [ 1081 via eqn. (77). 

2 Co(DH),(PAr,) + BrCH,C,H, + BrCo(DH)@Ar>) 

+ (~~-C~H~CH~~Co(~H)~(P~~) (171 

The second order rate constants exhibit a good linear correlation with the 
Hammett cf parameters for the substituents, X, with a reaction constant equal 
to -1.4. This negative reaction constant is consistent with the expectation 
that the ease of oxidation from Co(H) to Co(II1) will be favoured by electron 

1 releasing substituents which promote an increase in electron density at the me- 
tal center. 
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The v(C0) (A;) mode of Ni(CO)& complexes where L = P(C,IHjX), 
[208,209], P(CdH5)&,HJX) [ 2081 or P(OC,H,X), [ 2081 has been used to 

assess the donor-acceptor properties of L_ The effect of X has been defined 
in terms of 

3 

v(CO) (Al) = 2056-l + C Xi cm-’ (78) 
i=l 

where Xi is the substituent contribution (arbitrarily set equal to zero for X = 
t-C4H9) [ 2081. The xi values also showed an excellent linear correlation with 
Kabachnik’s CJ parameters which are based on the ionization constants in 

water of a large number of alkyl and aryl substituted phosphorous acids 
[210,211]. The Y(CO) frequencies have also been directly correlated to 
Hammett’s c parameter as well as Kabachnik’s u parameter [ 2091. A similar 
correlation involving Hammett’s (T parameter and the A’,‘) mode for LCr(CO), 

complexes has been reported [ 2121, where L = P(C,,HaX)J, As(C,H,X), or 

Sb(C,H,X),. 
It is interesting at this point to note that the 31P chemical shifts for Ni[P- 

(OC,H,X)3J, complexes (X = 4-OCH,, 4-CH,, 2-CH,, H, 4-CN) apparently do 

not show a distinct correlation with the donor-acceptor character of the 
phosphite as defined by eqn. (78) [ 2131. 

It was previously noted that the rate of racemization of (+) or (-)-($- 

CSH5)Mn(NO)(PPh3)(COC6H4X) complexes [113] is more rapid for electron 
releasing substituents (see page 133). However the rate of racemization of the 
related derivatives 0) or (-)-(~S-C5HS)Mn(NO)(PAr,)(COC,H,), where Ar = 

CbHaX, decreases as X becomes more electron releasing and shows a good 

correlation with Hammett’s c parameter 12141. These results are consistent 

with an SN1 mechanism for the racemization process. 

The v(Ru-Y) frequency (Y-tram to NO) in the complexes RuY,(NO)(P- 

(C,HJX)El& (Y = Cl or Br) can be correlated to Taft’s u, parameter. How- 

ever, the significance of this particular correlation is uncertain since v(N0) 

and the other v(Ru-Y) frequencies do not show any systematic trends as X 
is varied 12151. 

The equilibrium constant for the rearrangement of coordinated acetyl- 

acetone in the presence of .P(C,H,X)3 

+ P(C#gaX13 _ 
hC\ ,CHKOCH3 I2 

H3C 
IA% 

PC6H~X 
Cl-i3 

(791 

exhibits a linear correlation with Ca(p = -1-6) indicating that electron rich 

phosphines are better nucleophiles in promoting this rearrangement process 

[216]. 

Electron releasing substituents on the phenyl ring(s) of aryl phosphines 
are expected to enhance the basicity of the phosphine which should mani- 
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fest itself in an increase in electron density at a metal center for a given com- 
plex. The following chemical systems adequately illustrate this phenomenon 
[ 217-2253. 

Upon addition of TCNE to trans-RhCl( CO)(PAr,) 2 

RhCl(CO)(PAr,), + TCNE * TCNE - RhC1(CO)(PAr,)2 (80) 

where Ar = CtiHJX, both the rate (log /z?) and the equilibrium constant 

increase as X becomes more electron releasing [ 217]_ The decomposition of 
tetramethyl-1,2-dioxetane into acetone is catalyzed by RhCl(CO)(PAr,), com- 
plexes [ 2181. 

H@ 
0 

if& 

RhCI(CO)(PAr3)2 C& 
KC t l 2!o (81) 

C& 

H3 

CH, 

A firm interpretation of the effect of X in this decomposition is difficult 

but the rate of decomposition increases as X becomes more electron releasing 
and it correlates better with o+ rather than 0. The “cup-shaped” Hammett 
plot with CJ could be converted into a straight line when the Yukawa-Tsuno 

equation [6,22] or the Swain-Lupton equation with 7 = 0.116 and% = 0.833 

[ 213 were fitted to the available data. 
The effect that X exerts in the oxidative addition reactions of tram-h-Y- 

(CO)L, complexes where Y = Cl, Br or I and L = P(C,,H_IX)3 have been studied 

by several workers [109,219,220,221]. For the addition of 0, to this type of 
iridium(I) substrate 

kl 

IrCl(CO)L, + 0, 6 k, 0, - IrCl(CO)L, (82) 

where L = P(C,HaX)J, Vaska and Chen 12191 found that log lzt-, (or &) 
could be correlated to the Hammett c constant according to 

log & = 0.194 - 14-l Ca (83) 

The quantities & and h,/k 1 each showed a direct correlation with (l/y(CO)) 
for both the substrate and the dioxygen complex. Linear correlations involv- 
ing Y(CO) and v(Ir-Cl) for IrCl(CO)L, derivatives have also been reported 
[log]. Both frequencies decrease as (T becomes less positive reflecting the 
increased electron density at the metal_ Similar results for eqn. (82) have 

been reported for a more extensive series of substituted phosphines [ 2201. 

The rates of addition of Hz, C,HjCHIC1, and CHJ to IrC1(CO)LI also corre- 
late with u giving negative reaction constants [ 1091 (see Table 9) which are 

consistent with a polar, asymmetric three-centered transition state. The 
foregoing correlations involving log k for the various oxidative additions and 

Hammett’s o parameter can be somewhat improved if the Hammett para- 
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meter is replaced by Kabachnik’s o parameter. This modification permits data 
for alkylarylphosphines to be included in these linear free energy relationships 
[ 2221. 

A recent study [ 2211 has shown that electron withdrawing groups in either 
the incoming aryl iodide, XC6HJ, or substrate, trans-IrCl(CO)(PAr,),, 
enhance the rate of reaction (84) and that a two term rate law is obeyed. 

LrCI( CO)( PAr3) z + XC,HJ + rr(Cl)(I)(C,H,X)(CO)(P~~)~ (84) 

The second order rate constant shows a linear correlation with ap for the 
aryl halide’s substituents and Kabachnik’s I&IF parameter for the phosphines- 

Because of small differences in the electronic spectral data for IrCl(CO)- 
(PAr,), complexes (Ar = C,H,X; X = 2-CH3, 4-0CH3, 4-Cl, H, 4-CH3, or 
3-CH3), no meaningful correlations between the band maxima and the elec- 
tronic effect of the substituent are possible 12231. 

Hammett u constants have also been used as an indicator of phosphine 
basicity in the following equilibria 

cis-[PdY,(P(C,H,X)Me,),] + tram-[ PdY z(P(C,iH,X)Me,),] (85) 

cis-[PdY,(P(C6H4X),Me)zJ ~-trans-[PdY21P(C6H4X)zMe)21 (86) 

where Y = NCO-, Cl-, or Nj, 
Plots of AELI AS, versus G or ECJ have been interpreted in terms of the 

electronic effect of X and the steric effect of Y for a particular phosphine 
]224,225]. 

A recent communication [226] reports that the rate of 

cis-[PtH(CH,)(PAr,),] ‘A Pt(P&)? + CH, (87) 

at -25” is dependent on the nature of X; the rate decreases in the order: 
4-Cl> H > 4-CH, > 4lOCH, which parallels the anticipated tendency of the 
phosphines to stabilize platinum(O) and hence increase the driving force for 
the production of products. 

The cis/trans product ratios for the catalytic hydrogenation of l-methyl- 
ene-4-t-butyl-cyclohexane, eqn. (88) have been studied as a function of o for 

(88) 

various substituents, X, in the presence of RhCl(CO)(P(C,H,X)& as catalyst 
12273. Both electron-releasing and electron-withdrawing substituents 
increase the cis/trans ratios of the products. A non-linear Hammett-type plot 
is obtained when the &/tram ratio is plotted versus Harnmett’s parameter 
which has been interpreted in terms of varying degrees of CJ and 7r bonding 
associated with the metal-olefin bond in those species, XXXV and XXXVI, 
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which lead to the observed products. Similar results were also obtained using 
[ RhCl( P( C,H,X),)IO,],/P( C6HtiX)3 as catalyst. 

Ligunds with an 0 donor atom 
The quantities T(Pt-H), J( 19’Pt--‘H) from the ‘H NMR spectra and the 

v(Pt-I-I) frequency from the IR spectra of a number of truns-PtH- 
(02CC6HJX)(PEt3), derivatives [190] each show a good linear correIation 
with the pK, of the corresponding HO,CC,H,X acid, These correlations have 
been interpreted in terms of variations in bond strength, the amount of 
s-character, and bond distance for the Pt-l-I bond as a consequence of the 
electronic effects exerted by the various substituents. 

There is no correlation between the position of the amide I band (ca. 
1650 cm-‘) in the IR and Hammett’s o parameter for a series of octahedral 
nit kel( II) and co balt( II) complexes containing substituted benzamides as 
ligands, [M(H,NCOC,,H,X),](ClO& (M = Ni or Co; X = 4-OC& 4-CHS, H, 
4-Cl or 4-NO?) [228]. This result is not unreasonable in view of the fact that 
this particular band is not a pure Y(C=O) mode but is coupled with other 
vibrations- 

There is also no 
lysis reaction 

apparent simple relationship between the rate of the solvo- 

trans-[Co(en),(O,CC,HIX),]’ + HO,CCH, 

+ trans-[Co(en),(O,CC,E-I,X)(OICCH,)I’ + HCO,C,H,X (89) 

and the nature of the substituent (X = H, 2-CH3, 3-CHJ, 4-CH,, 2,3-(CH&, 
2,4-(CH,),, 2,5+X&, 3,4-(CH,), or 3,5-(CH&) [ 2291. 

The rate of aquation in aqueous perchlorate medium [ 2301 as well as the 
rate of base hydrolysis [ 2311 of cis-(ammine)bis(ethylenediamine)(substituted 
salicylato)cobalt(III) have been studied as a function of the nature of the 
substituent and the rates of aquation have been correlated to the pHoli for 
the coordinated carboxylato ligand [ 230). 

cis-[Co(en)2(NH3)(01CCbHJ(OH)X)]2+ + H’ + Hz0 

+ cis-[Co(en),(NH,)(H10)]3+ + HO,CC,H,(OH)X (90) 

cis-[ Co(en)l(NH,)(02CC,H,(OH)X)]‘+ + OH- 

+ cis-[Co(en),(NH,)(OH)]Z’ +-O,CC,H,(OH)X (91) 

where X = H, 5-503, 5-Br, 5-NO2 or 3-NO,. 
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There is a Iinear relationship between the observed isotropic shift, log Au 
(Hz), of the aldehydic proton for a series of s~bstit~~d benzalclehydes and 
~amm~tt’s O+ p~arne~r for I : 2 complexes with Ni(acac), [232]. The inter- 
action between the two aldehyde molecules and the metal center is weak 
but Au (I-k) increases as CT+ becomes more positive (increasing acidity of the 
afdehydic proton) suggesting that there is a partial positive charge delocalized 
over the substituent, aromatic ring and the exocyclic carbon atom, 

The basicity of substituted phenolates in XXXVII has been studied [233] 

utilizing the observed linear plots of J[ “‘Pt--‘H( I)], J[ rg5Pt-iH( 2)] and 
J[*q5Pt--1H(3)] versus the pK, for the appropriate phenol, HOC&14X. All 
three sorts of coupling constants increased as the pK, increased. The slopes 
of these plots as well as the magnitude of the coupling constants are larger 
than the corresponding values for the analogous thiophenolate derivatives, 
XXXVIII, indicating that there is some n-acidity associated with the thio- 
phenolato ligands. 

The v(P1D) frequency for a series of adducts, ZnCl, l 2 (C~~~~)~P~ 12343 
and TiCl, - 2 (C,H,X),PO 12351 show a better correlation with the O* pza- 
meter than the o parameter in agreement with the acceptor character of the 
metal centers. These particular linear correlations are given in eqns. (92) and 
( 93) respectively. 

Y(P==O) = 1157 + 13.3 Cd” r = 0.994 (92) 

v(P=O) = 1126 + 15.6 Ccr+ r = O-996 (93) 

The corresponding correlations for the ZnCl, - 2 L and TiCl, l 2 L adducts 
(L = a 4-substituted acetophenone) are given by 

v(C=O) = 1609 + 37~ r = 0.998 (94) 

v(C=O) = 1565 + 6110 r = O-999 (95) 

where v(C=O) is corrected for resonance with the 8a and 8b benzene frequ- 
encies f236]. As expected, the presence of a phosphorus atom diminishes the 
electronic effect of X_ It is also noteworthy that the above correlations were 
obtained using data obtained in the solid state- 

Ligands with u S, Se, or Te donor atom 
The nucIeophilicity of symmetrically and unsymmetrically substituted 
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diphenyl sulfides towards platinum(I1) has been studied [ 2371. 

trans-[PtCl,py,] +- 2(XC,H,),S + trans-[Ptpyl(S(C,HAX)1)2 I’+ + 2 Cl- (96) 

trans-[PtC12py,] + 2(XC&)S(C6H,) 

+ trans-[Ptpyz(S(C,H,X)(CdH5))21’- + ZCl- (97) 

Plots of log k, versus ZOO were linear and have been used to rationalize the 
inability of $4’-dinitrodiphenyl sulfide to coordinate to Pt(II). A similar 
plot is obtained when log Iz, is plotted versus the appropriate nucleophilic 
reactivity constant, nk [ 2381, 

Electron donating substituents associated with XC,,HJ or SC,H,X’ enhance 
the rate of 

The reaction constants p = -0.97 and p = -3.67 obtained from plots of log !z 
versus 0 for X (X’ = H) and X’ (X = H) respectively are consistent with a pro- 
posed four center transition state for this particular reaction [ 2391. 

Plots of 7(C5H5) versus CT for a number of ($-C,H,)Ni(PBuy)(M’C,H,X) 
derivatives (M’ = 5, Se or Te) are linear with slopes of -17.9 for M’ = S [240], 
-18.7 for M’ = Se [ 2411, and -19.3 for M’ = Te [.241] indicating that the 
electronic effect of M’ is transmitted to the cyclopentadienyl ring in these 
particular compounds. Unfortunately, no unambigous conclusions regarding 
the nature of the Ni-M’ bond can be reached from these data alone, 

Substituent effects associated with the reactivity of substituted arenethiols 
towards Pt(0) [ 1911 and Xr(X) 1242-2441 have been studied. 

Pt(PPh&- R + HSC,HAX + trans-[PtH(SC,H,X)(PPh&] f 2 -n PPh3 (99) 

n=Oorl 

IrY(CO)(PPh& + HSC,HJX -+ IrY(H)(SC,H,X)(CO)(PPh,), (100) 

Y = Cl, Br or I 

2 IrCl(PPh,), + 2 HSC,H,X -+ [IrHCl(SC6H4X)(PPh,)J, + 2 PPh3 (101) 

The values of v(Pt-Ii) and J( ‘95Pt-H) increase as X becomes more electron 
withdrawing for the complexes, PtH(SC,H,X)(PPh,), [ 1911. Plots of these 
quantities versus the u parameter of X are linear confirming the bans config- 
uration for these complexes and serve to demonstrate that the electronic 
effect of X is reflected in the Pt-H bond. However, there is no correlation 
between r(Pt-H) and u for these particular complexes whereas T(Pt-H) is a 
linear function of u for the similar carboxylato derivatives, PtH(02CC6H4X)- 
(PEt,), [190]. The reason for this-difference is not readily apparent. 

Linear correlations between v(C0) and Hammett’s 0 parameter have been 



observed for the products of reaction (100) and have been used to determine 
their stereochemistry [ 242,243]. The rate of oxidative addition of HSC,H,X 
to IrY(CO)(PPh,), (Y = Cl, Br) also exhibits a good correlation with (J and 
increases with increasing acidity of the incoming thiol [ 2431 which is consis-. 
tent with the notion that the intimate mechanism involves an initial approach 
by the H of the thiol towards the metal center. 

For the complexes [IrHCl(SC,H,X)(PPh,),],, XXXIX, the lack of a correla- 
tion between y(Pt-H) and Hammett’s 0 parameter for X suggests a cis 
arrangement of the hydride and arenethiolate ligands [244]_ 

L 7’ e 7 
\Ir’ ‘I/ 

L 

L’lH’S ’ I ‘L 
Ar Cl 

XXXIX XL 

L = PPh3 L = PPh3 

The electronic effect exerted by various X groups in 2,4- 
(NO,)&H,SSC,H,X 

2[IrY(CO)(PPh,),] + 2 ArSSAr’ + [IrY(SAr)(SAr’)(CO)(PPh,)l, + 2 PPh, 

(102) 

where Y = Cl, Br or I; Ar = C,H,X and Ar = 2,4-(N01)&H3, has been used 
to acquire structural information about the product of reaction as well as 
mechanistic information [246,247]. The linear plot of v(C0) versus (7 for X 
is consistent with the presence of a CO ligand truns to SAr, XL [ 2451. Since 
the rate of reaction is insensitive to the nature of X, the initial step in the 
mechanism of this reaction involves attack at the metal center by the sulfur 
atom which is bonded to the 2,4-dinitrophenyl group [ 2461. 

As noted above, correlations involving the J( 19’Pt-*H) values for H(f), 
H( 2) and H(3) with pK, data for the complexes XXXVIII lead to the conclu- 
sion that there is some n-acidity associated with the sulfur atoms [ 2331. 

The addition of one electron to the tetranuclear cluster complex, [Fe,S,- 
(SC6H,IX),]2- to form [Fe,S,(SC,H,X)J3- has been shown to be sensitive to 
the nature of X; the redox potential, El,* becomes more positive as X 
becomes more electron withdrawing and is linearly correlated with the o para- 
meters of the substituents [247], 

(ii) Biden ta te and polyden ta te ligands 

Ligunds with N donor atoms 
For the complexes, Ni(PEt,),(XC,H,N=NC,H,X), a correlation between 

the shift in the position of the n + 7c* electronic transition of the diazene 
ligand upon coordination versus the Hammett CJ parameter has been ob- 
served. The difference, Ah,,, becomes larger as X becomes more electron 
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Summary of correlations involving polydentate ligands with N-donor atoms 
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Chemical system Correlation Ref. 

Ni(PEt3)z(XC6HqN=NCbHqX) 
x = 4-F, H, 4-CH3, 4-OC2Hs, 4-N& 

Ni(NCBut)(XC6HSN=NCaH_+X’) 
X,X’ = 4-NH2, H; 4-0CH3, 4-OCQ; H,H; 

4-N02, H; 3,5-(CH&, 3,5-(CH&; 4-CH3, 
4-CH3; 4-NOz, 4-NO2 

Cu(P2A-C6H4X)l/[Cu(P2A-C6HJX)I’ 
X = 4-NOz, 4-COCH3, 4CO&Hs, 4-CF3, 4-C& 

4-Br, 4-1,4-F, 4-C4H5, H, 4-CH3, 4-0CH3, 
4-N(CH3)~ 

[FeLj12*lH+, fFeLs ]‘+/OW 

X = 4-CHJ, 4-F, 4-C!, 4-Br, 4-OH, 4-OCHs, 
3-CH3, 3-Cl, 3-OH, 3-0CH3 

X = 4-Cl, 4-F, 3-Cl, H, 4-CH3, 3-CH3, 3,4- 
(CH&, 3-0CH3, 3,5-(CH3fz - ctr~ \/ Opn 

-0 
2 n 

M = Co(H), Ni(II), Cu(II) 
x,x’= H, H; H, Cl; I, I; Br, Br; Cl, Cl; 

OCH3, H 

TiCI.+ - (C~HS)~P(~)~H~~(O)C~H~X 
X = 4-OCH3,4CH3, H, 4-Cl, 4-Br, 2,4- 

(CH3)2, %4,6-W~3)3 

[ Ni(S~~~(C~H~X)*)~ ] + e- + [Ni(SlCt- A&2 a (V)f~o” b 
(CbH4X)2 12 I- (slope = 1.40, CH3CN) 

[Ni(!?qCZ(C6HqX)2)2]- + e- + 
~~~(~~CZ(C~H~X~~ 3 

X = H, 40CH3, Q-CH3, 4-Cl 

Mo(CO)~(XC~H~SC~H~SC~~~~X) + Mo(CO);r- 
(X~~~4SC~H~SC~H~X) + CO 

X = H, 4-CH3, 4-0CH3, 4-N(CH& 

v(CN) (em”)/Ccr 120 

log k/a 

tog k/u 253 

v(M-0) (cm-‘)/crp - o’ 273 

v(C=O) (cm-1 )Icr’ 274 

252 

252, 
254’ 

275 

log( k;y/JzE l/u 
(P = --0,25, n-nonane) 

276 

= A&n = Em(X) - hACfl3)- b or* for the aryl substituents was converted to the aliphatic 
scale by adding 0.60, 
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withdrawing and this has been related to the stability of these complexes in 
solution [ 248f. 

The isocyanide Y(CN) frequencies for the complexes, [Ni(CNBut)*- 
(XC&I,N=NC,HJX’)](X = X or X # X’, see Table IO) 11201 have been corre- 
lated to Hammett’s 0 parameters for the substituents. The slope of the plot 
of Y(CN) versus Ca is smaller than that observed for the analogous complexes 
containing a substituted styrene (see page 136)- 

The Y(CO) frequency increases with increasing value of u for X in the 
series of compIeses, XL1 (X = H, 4-F, 4-Cl, 4-Br, 4-C& or 4-OCI&) which 
contain a substituted aryl tetrazene ligand [ 2491. However, this trend is 
not linear which is probably due to the fact that the IR data were obtained 
in the solid state. 

,N=N 
GJ-LN, / 'NC,H,X 

Oc 
l-If\ 

pph, pph, 
XL1 

The relative rate of the catalytic cis--trans isomerization of the diazenes, 
XC,H,N=NCGHJX’ (X, X’ = Cl, H; Cl, Cl; H, H; CH,, II; OCH,, H or CH,, 
CH3) in the presence of (f75-CjHj)2M~H-r shows a small dependence on the 
nature of X and tends to increase as X becomes more electron withdrawing 
[ 2501. 

Remote substituent effects have also been studied for complexes XLII 
[ 2511 using the Cu(II)/&(I) redox couple as a probe for these effects. A 

plot of El,? (V) versus Taft’s DO substituent parameter is linear with p = 0.076 V 
which is similar to that observed for complexes having a substituted tetra- 
phenylporphyrin ligand (vide infra). It should be noted that the ESR para- 
meters for this particular series of complexes are apparently insensitive to the 
nature of X. 

Burgess and his co-workers have noted several unorthodox Hammett corre- 
lations involving the rate of acid fission of a number of ]Fe(N-( 2-pyridyl- 
methylene)substituted aniline),]2’ [ 2521 and ]Fe(a-( 2_pyridyIbenzylidene)- 
substituted a.niline)3]2’ [ 2531 complexes G well as the rate of base fission of 
[ Fe( N-( 2-pyridylmethylene)substituted aniline),] 2+ [ 2541 complexes. Better 
linear correlations were obtained when log (h,/k,) for a complex having a 
para-substituted ligand was plotted versus orn rather than aP_ The converse 
correlation was observed for the meta-substituted complexes. No satisfactory 
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explanation for these observations is yet available. That there is no satisfac- 
tory Hammett correlation for the rate of reaction of CN- with [ Fe(a-( 2- 
pyridylbenzylidene)substituted aniline),] ‘+ has been ascribed to the fact that 
the cyanide attack occurs at the metal center whereas the u constants are 
related to a property of the ligands [255]. 

Substituted tetraphenylporphyrins 
Hammett correlations involving metalloporphyrin complexes containing 

a substituted tetraphenylporphyrin (XTPP), XLIII, have been obtained using 
equilibrium data [ 256-2631, electrochemical data f 264-2681, kinetic data 
[ 270,271] and electronic spectral data [ 2721. 

Equilibrium constants involving a four, five or six-coordinate substituted 
TPP complex and a base such as piperidine [ 256,257], N-methylimidazole 
[258,259], pyridine [ 257,260,261,262] or molecular oxygen [257,263] have 
been shown to obey the Hammett relation 

(103) 
These particular systems are summarized in Table Il. The p values fall within 
a small range and are usually positive indicating that adduct formation is 
favoured by electron withdrawing substituents which reinforce a positive charge 
at the metal center. However, there appears to be no clear cut systematic trend 
with respect to the sign and magnitude of these reaction con&&s. For 
instance, a negative reaction constant is observed for Fe(Il1) [ 258,260], a 
zero reaction constant for Co(III) 12611 and a positive reaction constant for 
Fe(II) [260,261]. The nature of the solvent also affects the sign of p [ 257, 
2611. The negative reaction constants observed with Oa as incoming ligand 
[257,263] are consistent with the electrophilic character of dioxygen in these 
reactions. 

The effect of substituents in the electrode processes, eqns. (104-(107) 
have been studied where M = VO’+ [264], Fe(H) [264,265,266], CofII) 
[ 257,264,267], Ni(I1) [ 257,268], Cu(I1) 12641, or Zn(I1) 12641 

[M(XTPP)] + e- * [M(XTPP)]- (104) 

[M(XTPP)]- + e- * [M(XTPP)]2- (105) 

[M(XTPP)] * [M(XTPP)]’ + e- (106) 

[M(XTPP)]‘* [M(XTPP)]*+ + es (107) 
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Summary of correlations involving substituted tetraphenylp~rphyrin complexes 

Chemical system Correlation Ref. 

Ni(4-XTPP) + 2 pip * Ni(pip)z(4-XTPP) 
Ni(3-XTPP) + 2 pip * Ni(pip)~(3*XTPP) 
4-X=OCH3, CI-13, H, F, Cl, C02CH3, CN, NO2 
3-X=OCH3, CH3, H, F, Cl, CN, NO? 

log f12/40 p = Cl.33 (toluene) 
log &/4q p = Q-41 (toulene) 

256 

VO(4-XTPP) + pip * VO(pip)( 4-XTPP) 
X = 0CH3, CH3, H, Cl, CN 

256 

F&1(4-XTPP) + 2 N-MeIm = f Fe- 
(N-MeIm)z(4-XTPP) ]+Gl” 

X = OCHs, CH3, H, F, Cl 

log K/40 p = O-1 1 (toiuene) 

log P?_l4ftF p = -6.39 (CHC&) 
p = -0.41 (CHC13) 

258 
259 

Fe(DMF)z(3 or 4-XTPP)‘Cl- + 2 py * 2 DMF + Iog K/40 p = -0.43 (DMF) 260 
Fe(py&(3 or 4-XTPP)+CI- 

X = OCH3, CH3, H, F, Cl 

Fe(DMF):!(S-XTPP)+Cl- + py * Fe(DMF)(py)- log Kf4o p = -0.12 (DMF) 

log K/40 p = -0.45 (DMF) 

260 
(3-XTPP)‘Cl- + DMF 

Fe(DMF)z(4-XTPP)‘Cl- + py + Fe(DMF)(py)- 
(4-XTPP)‘Cl- + DMF 

3-X = 4-X = OCHs, CHs, H, F, Cl 

Fe(DM~)~(3 or 4XTPPf + 2 py * 2 DMF + 
Fe(py)r(3 or 4-XTPP) 

X = 0CH3, CH3, H, F, Cl 

log &f4a p = O-13 (DMF) 260 
p = O-09 (DMSO) 261 

Co(4-XTPP) + py * Co(py)(4-XTPP) log K/40 p = 0.1 (toluene) 257 
X = 0CH3, CH3, H, F, CI, CN, NO:! p = O-16 (DMSO) 261 

Co(+XTPP) + pip * Co(gip)(4-XTPP) 
X = OCH 3, CHT), H, Ci, CN,, NOz 

log K/40 p = O-15 (toluene) 257 

Co(py)(4-XTPP~ i- 02 = Co(py)(~~~(~-XTPP) 
X = OCH3, CHJ, H, F, Cl, CN, NO;! 

[CO(DMSO)~(~-XTPP)]++ py f 
[Co(DMSO)( py)(4-XTPP)] + -+ DMSO 

[CO(DMSO)~(~-XTPP)] + + 2 py = 

log Kf4o p = -0.11 (toluenc) a 257 

log K I/40 p = 0 (DMSO) 261 

log H2/40p = 0 (DMSO) 
[CO(~~)~(~-XTPP)] ++ 2 DMSO 

X = OCII3, CH3, H, Cl, CN 

Mn( py )( 4-XTPP) + Oz + Mn( O2 )( 4-XTPP) + py 
Mnf4-XTPP) + O2 * Mn(02)(4-XTPP) 
X = OCHs, CI-13, II, F, Cl 

log K/4o p = -0-41 (toluene) b 261 
p = 0.08 = 

Zn(3 or 4-XTPP) + py * Zn(py)(3 or 4-XTPP) 
X = OCHs, CH3, F, Cl, H 

log K/40 p = O-19 (benzene) 262 

[M(4-XTPP)] + e- * fM(4-XTPP)]- El/2 (V)f4Q 257. 
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TABLE 11 (Continued) 

Chemical system correlation Ref_ 

[M(4-XTPP)]- + e- * [M(Q-XTPP)]‘- 
[M(4-XTPP)] * [M(4-XTPP)]‘+ e- 
[M(4-XTPP) J’ * [M(4-XTPP)12+ + e- 
M = VO’*, Mn(II), Fe(H), Co(II), Ni(tI), 

Cu(fI), Zn( II) 
X = OCH3, CH3, H, F, Cl, CO~CHJ, CN or NO;! 

IWXTPP)] + + es * [M(XTPP)] 
[M(XTPP)]** + e- * [M(XTPP)l’ 
[M(XTPP)13+ + e- :+ [M(XTPP)12’ 
[M(XTPP)r + e- * [M(XTPP)] 2- 
M = Co(II1); X = 4-OCH3,-4-C!H3, H, 4-F, 4-Cl, 

4-CN, 4-NO2 
M = Fe(I), Fe(H) or Fe(IV); X = 3-CN, Lt-CN, 

4-C02CI-13, 3-Br, 3-Cl, 3-F, 3-OCH&JIs, 
4-Cl, 4-F or H 

Fe(N-MeIm),(4-XTPP) + N-MeIm* * 
Fe( N-MeIm)( N-MeIm*)( 4-XTPP) + 
N-MeIm 

X = Cl, H, CH3, OCI-IJ 

Ru(CO)(t-Bupy)(4XTPP) + t-Bupy* = 
Ru( CO)( t-Bupy*)( 4-XTPP) + t-Bupy 

X = CF3, Ci, H, CH3, i-C3H7,OCH3, 
4-N(C9-I& 

CuC13 + 4-XTPPHz = Cu(4-XTPP) + 2 HCI 

p = 0.07 Vd 264- 
268 

l/r (S-q/4@ 269 

257, 

266 

270 l/7- (s-l)/40 
p = -0-17 (1,1,2,2- 

_tetrachloroethane) 

AG c j40 2’72 
Au (cm-’ ) f/(a’ - CJ) 

a T = 72OC, p = -0.093 at -56.5OC and -0.82 at -38°C. b T = -78OC. c Estimated value 
of p_ d Average value of p in CH2C12. e Taft’s parameter. f Q band (~T-?T* transition) for 
complex - Q band (V-K* transition) for free ligand. 

as well as the electrode processes, eqns. (lo@-(111) where M = Co(III) 
12571, Fe(I), Fe(II1) or Fe(IV) [266] 

[M(XTPP)J’ + e- * [M(XTPP)] (108) 

[M(XTPP)]*’ f e- * [M(XTPP)]’ (109) 

[M(XTPP)13* + e- * [M(XTPP)]” (110) 

[M(XTPP)]- + e- =+ [M(XTPP)]“- (111) 

The Hammett relation, eqn, (103), is obeyed for most of these processes and 
the appropriate reaction constants, p (V) have been calculated in several 
non-aqueous solvents (see Table 11). The reaction constants are normally 
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positive and do not appear to be directly affected by the overall charge on 
the complex or the formal oxidation state of the central metal [264]. In 
general, the E,,, values shift to a more cathodic potential as the substituents 
become more electron donating or in other words, electron substituents 
render oxidation more easy, However, the detailed mechanisms of these elec- 
trode reactions remain to be clarified. 

It is interesting to note that as observed for CLI(P~A-C~H,X)~ complexes 
[ 2511, the ESR parameters for VO(4-XTPP) and V~(pi~~(4-XTPP) compIexes 
[256f are also insensitive to the nature of X. 

Various other types of measurements have been used to correlate substi- 
tuent effects in TPP complexes. These are also summarized in Table Il. The 
rate of axial exchange [ 2691 in a series of complexes of the type FefN- 
MeIm),(4-XTPP)‘Cl- has been correlated with Taft’s (J parameter using ‘H 
NMR wide line spectroscopy, The variation in rate parallels that observed for 
the equilibrium constant data [258] and increases as X becomes more elec- 
tron donating. 

The effect of phenyl ring substituents on the rate of 4-tert-butylpyridine 
exchange with Ru(C~)(t-Bupy)(4-XTP~~ complexes has been studied; the rate 
increases as the substituent becomes more electron donating which is consis- 
tent with the presence of a more basic porphyrin [ 2701. There also is a linear 
correlation between the rate of exchange and Hammett’s CT parameter. How- 
ever, the rate of phenyl ring rotation in these particular complexes as well as 
%iO( 4-XTPP) complexes (X = CFJ, Cl, CH5, i-&H,, 0CH3, OH, N(C,H,),) 
22721 does not show a linear correlation with the o parameter. 

The free energy of activation for the binding of Cu(lI) by various TPP 
ligands, in DMF 

CuCl, + 4-XTPPH: + Cu(4-XTPP) f 2 HCl (11% 

shows a better correlation with o+ than cc [ 2721. A linear correlation was 
also noted between Au and (o*- a)-but not with o or oc separately where 
Av = the Q band of the complex -Q band of the free ligand at 7511 cm-* 
lvhich may be interpreted in terms of mainly an inductive effect due to the 
various X substituenk 

The v(M-0) vibration in the substituted salicylaldehyde derivatives XLIV 
and XLV where ,M = Co(II), Ni(II) or Cu(I1) and L = I-I,0 or py [273] have 
been correlated to Taft’s resonance polar parameter, f~, - u’ [168]_ The 
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dependence of v(M-0) on a resonance rather than an inductive parameter 
suggests that metal-ligand 7~ bonding may play an important role in stabiliz- 
ing these particular complexes. 

The u(C=O) frequencies for a series of complexes, TiCl.+ - (C,H,),P(O) 
CH&(0)C6H4X 12741 have been correlated to the (J+ parameter via 

v(C=O) = 1569 i- 720’ (3.13) 

an d increase as X becomes more electron withdrawing. 
The potentials for the one and two electron reductions 

[ Ni(S,C,(C,,H,X),),] + e- + [Ni(S,CI(C,H,X),),]’ 

[ Ni(S1C2(CoH-1X)I)1]- f e- * [Ni(S2C,(C,H,X)1)2] ‘- (115) 

show a linear correlation with Taft’s inductive parameter, U* [168] with a 
slope equal to 1.40 [ 2751. This suggests that substituent effects are essenti- 
ally inductive in these nickel complexes. 

The Hammett plot of log(kx/?zH) versus 0 for 

Mo(CO),(XC,H,SC,H,SC,,HJX) + Mo(CO),(XC,H,SC,H,SC_HaX) + CO 

(116) 

yields a reaction constant, p = -025 [276] which indicates that electron 
donation to the reaction site promotes chelation. However, no significant 
substituent effect is apparent for the Y(CO) frequencies, Table 10 summarizes 
the correlations involving chelating ligands with 0 or S donor atoms. 

Nitrusoarenes 
Relatively few examples of metal complexes containing a coordinated 

nitrosoarene ligand have been reported_ Hence, few systematic data regard- 
ing the effect of substituents are available. It has been suggested that for 
complexes of the type, [Fe(CO),(4-XC,H,NO)],, n = 1 when (7 for X is nega- 
tive and n = 2 when o for X is positive or equal to zero [ 2771. However, this 
suggestion has been negated by Mossbauer [278] and X-ray diffratition 
studies [279,280] which indicate that all of these complexes are dimeric 
regardless of the nature of the substituent. Otsuka and co-workers have 
noted the absence of any correlation between the v(N0) frequency and the 
nature of X in a series of nickel complexes, [Ni(CNBu’),(4-XC,H,NO)] (X = 
N(CH,),, CHBO, CH3, H, Cl or Br) 12811. However, each of the IR active 
A' and A" modes for v(CN) gave good linear correlations with o which are 
consistent with a cis-configuration of iigands about nickel. Consequently, 
the cis-stretch--stretch interaction, [ v(CN)(A') - v(CN)(A")] dso shows a 
linear correlation with 0. The notion that a considerable amount of electron 
density is transferred from the metal to the isocyanide ligands is supported 
by the fact that ZJ(CN) decreases as X becomes more electron donating. The 
above data are also consistent with the nitrosoarene ligand being bonded to 
the metal in a dihapto manner, XLVI. This particular series of comple?ces 
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has been extended to include the substituents, 4-N(C&H&, 4-CO&H,, 
3,4-C& and 2,3,4,5,6-F5 by Ittel [ 120] who also noted the correlation 
between the A’ mode and CCF. 

N-G,H,X 
MC/ 

0 . 
XLVI 

Cyclic voltammetry in acetonitrife has been used to study the reversible 
one electron reduction 

IRuCl(bipy),(4-XC,H,No)]2’ f e- * [RuCl(bipy),(4-XC,H,No)1’ (117) 

Hammett plots of & ,2 versus OR, cr$ and c$ - o, were linear and a reaction 
constant, p = 1.05 was noted with uR. indicating that the redox potential is 
very sensitive to the nature of X [ZSZ]. Since these correlations involve param- 
eters which measure pure resonance effects, the effect of X is presumably trans- 
mitted to the metal center via the 7Aectron system of the nitroso~ene. 

2khiff bases 
Schiff base complexes are very amenable to the study of the substituent 

effects by virtue of the fact that a substituent or substituents can be intro- 
duced at a phenyl ring associated with either the aldehyde or amine portion 
of the l&and. Correlations involving this sort of complex are summarized in 

_ Table 12 and are discussed below. 
The assignment of the v(Cu-N) frequencies in the N-arylsalicylaldimine 

complexes, XLVII, was confirmed by observing a linear correlation between 
these frequencies and Hammett’s CF parameter [ 2831. The v(Cu-N) frequen- 
cies increase as X becomes more electron with~awing which is in a~eement 
with the expectation that such substituents will promote Cu-N n-bonding 
and thereby increase the Cu-N bond strength 12841. Electronic spectral data 

for a number of bis(N-(~kyl)-substituted s~icyl~diminate)copper(II) com- 
plexes, XLVIII (R = C3H5, i-C3H, or t-&H,; X = H or CH, and X’ = F, Cl, Br, 
I, NOa, CH3 or OCl&) have also been interpreted in terms of additional n-bond- 
ing between the metal and the ligand 12851. The u(M-N) frequencies follow 
the electron releasing capacities of the substituents expressed as up - 0’ [ 1681 
for the complexes XLIX and L 12861 except for the combination, X, X’ = H, 
Cl (see Table 12). 
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TABLE 12 

Summary of correlations involving polydentate Iigands with mixed donor atoms 

Chemical system Correlation FZef_ 

Nitrosoarene complexes 
[Fe(C0)3(4-XC6&NO)j n 
X = OCH3, CH3, H, Cl, C02CH3 

nlo 277- 
280 

Ni(CNBut),(XC6H4NO) v(CN) (A') (cm-‘)/a, Z:a 281, 
X = 4-N(CH3)1, 4-N(CzH&, 4-0CH3, v(CN) (A") (cm-* )/CJ 120 

4-CH3, H, 4-Cl, 4-Br, 4-C07C1H5, [Y(CN) (A')- v(CN)(A")]o 
3,4-C12, 2,3,4,5,6-F5 

IRuCl(bipy)2(4-XCsH,No)l”‘lIRuCl- 
(bipy)z(4-XCbHqNO)]’ 

X = N(CI-Is)z, NHCH3, OH, Br, H, CH3, 
NO, 

5612 Pm% 4L 01, - *rn 
(p = l-05 with (TR, CH&N) 

282 

Schiff base complexes 

cul-2 

X = 4-OCsHs, 4-OCH3, 4-0C2Hs, 4-CH3, 
4-CzH5, 4-CbH5, I-I, 4-F, 4-Cl, 4-Br, 4-1, 

kC&CzHs, 4-COCH3, 4-CN 

CUL, - 
L = x’ ci \ / *- 

-NH 

X, X’ = H, Cl; I, I; Br, Br; Cl, Cl; OCI-13, H 

CuL2 + py = pyCuL, 

v(Cu-N) (cm-’ )/o 

V( Cu-N) (cm-’ )/a,, - 0’ 

log Klo, 

x - 

P \ / *- 
-NC~H~ 

X = OCH3, CH3, H, F, Cl, Br, I, NO:! p = 1.2 

X = 4-CH3, H, 4-Cl, 4-I, 4-CN p = 0.97 

283 

2M 

290 

290 
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TABLE 12 (Continued) 

Chemical system Correlation Ref, 

R = H, X = 5-NO?, 3-Nor!, H, 5-CH3, 
5-C& 3,512, 3,5-Brz, 3,5-Cl2 

CIA’+ + NIL A CuL + Ni2+ log k/u 293 

x x’ 
clw 
H Cl 
HH 
H CH3 
H 0CH3 

0cx-i~ H 

log k/u 

v(Co--N) (em-’ )/up - if’ 

X, X’ = H, H; H, Cl; I, I; Br, Br; Cl, Cl; 
OCHa, H 

V(VO) (cm-t)/a 
W&f a/o 

x, X’ = H, H; Cl, H; Cl, CHI,; CHJ, H 
cub + 64C~(02CCH3)2py ?r 6scu~7_ + 
Cu(%CCH3),py 

1% k&P. m 

X = CH3; X’ = H, 4-Cl, 4-0CH3, ~:-NI$H~)~, p = -1.0, (CH2C12, -2(M”c) 
4-NOz, &NO2 

X = H; X’ 7 H, 3-F’, 3-Cl, 3-CH3, 3-NO*, p = W-32, (CH2C12, -2O.O”C) 
4-F, 4-Cl, 4-R, 4-I, 4-CN, 4-NO:!, 4-CH3 

X = 0CH3, CH3, H, Cl p = 1.52, (CH2C12, +4O_O”C) 

293 

286 

287 

288 

288 
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TABLE 12 (Continued) 

Chemical system Correlation Ref. 

L=X /\ Q 0 - 
7 

>C”/, 
--w-h, 

X = OCH3. CH3, CI, Br, I, NO2 p = -1.3, (CHC13, O.O°C) 289 

Other ligands 
Ni(CNBut)(4-XC6H4N=C(CF3)z) u(CN) (cm-’ )/CT 120 
X = OCH3, CH3, H, Cl 

a IV&, is the coefficient of the d,, A0 in the plane MO which contains the unpaired electron_ 

x 

x’ 0 -0 0, 

LN/CU4 
I 

H 

XLIX 

x 

x’ (--J’ 0, -QI / co,/ 
--I\! 

‘3 

I 
r-CxH7 

t 

The IR Y(V=O) frequency as well as the ESR hyperfine splittings for L 
have been linearly correlated to Hammett’s LT parameter for the various sub- 
stituents [ 2871. The v(V=O) frequency decreases while the hyperfine 
splittings increase as the substituents become more electron withdrawing. 

The rates of isotopic copper exchange in CH,Cl, for LII [284], LIII [288], 
LIV 12881 and LV [289] show good linear correlations with Hammett’s a 
parameter. 
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The variations in the magnitude and sign of the various reaction constants 
(see Table 12) suggest that cleavage of the Cu-0 bond is rate determining in 
the exchange process and that it is probably initiated by attack of residual 
water at the Cu-0 bond [290] _ 

The equilibrium constants for 

CuL2 + py * pyCLlL2 (118) 

can also be correlated to Hammett’s (5 parameter where CuL, = XLVII or 
LV [290]. 

A linear correlation between A?&,~ for the Co2*/Co3+ couple and Co, for 
the ring substituents has been reported for LVI where R = CH, or H (see 
Table 12). This suggests that the electronic effect of the substituents are 
transmitted to the metal via the azomethine group [291] _ 

Plots of log k versus CJ for reaction (119) in DMSO 

Cu’* + NiL + CL.& + Ni’+ (119) 

where L = LVII or LVIII have been interpreted in terms of a dissociative rne- 
chanism for the tridentate ligand and an associative mechanism for the tetra- 
dentate ligand [ 2931. 

x’ 

* 

0 x o- 

-NKd- 
LWI 

Variations in the equilibrium constants for the oxygenation reaction 

CoLpy + 02 = OzCoLpy (120) 

where L = LIX or LX (X = H, 4-CH,, 4-OCH3, 4-Br or 4-Cl) are not readily 
rationalized in terms of Hammett-Taft parameters 12941. 
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N cfl, 0 
XC6HLl C6H4X 

LIX 

N 

C-1, S 
I I 

XC& f&H, x 

LX 

This behaviour is in contrast to that observed when L = a substituted TPP 
ligand [ 25’71 and it has been suggested that this difference may be due to 
more pronounced n-interactions with LIX and LX as ligands [294]. 

Other ligunds with mixed donor atoms 
The isonitrile v(CN) frequencies of the imine complexes, Ni(CNBut),- 

(4-XC,,H,N=C(CF,),) [ 1201 show a Iinear correlation with Hammett’s 0 para- 
meter and are affected by X to about the same extent as the diazene com- 
plexes, Ni( CNBu’)?( XC,H,N=NC,H,) (see page 166). 

The shifts in the v(M-0) and v( M-N) frequencies have been discussed in 
terms of Taft’s inductive parameter, o’ [168] for LX1 12941 where M = Mn(II), 
Co(H), Ni(II), Cu(II), Zn(I1) and X = Cl, Br, I, H, CH3. The v(M-0) frequ- 

LX1 

encies decrease as X becomes more electron withdrawing whereas the v(M-N) 
frequencies increase suggesting that the electronic effects of X stabilize the 
M--O bond at the expense of M-N bonding. 

E. CORRELATIONS INVOLVING STABILITY CONSTANT DATA 

(i) Ligunds with Q C donor atom 

The formation constants for 1 : 1 complexes between a substituted ben- 
zene and Ag(I) decrease as the substituent becomes more electron withdraw- 
ing and a plot of log K versus urn is linear (p = -1.60). If op is used rather than 

a less satisfactory correlation is obtained [295]_ The extended form of the 
$&imett equation (123) has also been applied to the equilibrium, eqn. (121) 

X&H, + Ag+ = (+XC,H,)Ag+ (121) 
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XC6HH,CH=CHZ + Ag+ = ($-XC6HJZH=CH2)Ag+ 

log & = LyUi + @JR + log K(J 

where X = OCH3, COCH,, CO&H5, F, Cl, Br, H or CH3 [296]. 

(122) 

(123) 

A good Hammett correlation for 1 : 1 complexes between Ag(1) and a sub- 
stituted styrene has been reported with p = -0-77 [ 2971. The negative reac- 
tion constants for (121) and (122) are consistent with the electrophilic behav- 
iour of Ag(I) in these processes. 

A theoretical interpretation of these correlations using simple molecular 
orbital theory has also been reported [ 298 J. 

More recently a Hammett-Yukawa relationship has been applied to the 
I : 1 complexes formed on silica gel between Ag(1) and XC,H,CH=CH, where 
X = 4-0CH3, 4-CH3, H, 3-OCH3, 3-Cl or 3-NO? [299] and a p value of --O-8 
was obtained. This compares favourably with the value obtained by direct 
solubility and distribution experiments f297]. 

(ii) Ligands with u N or As donor atom 

For the equilibrium given by 

Ag’ + 2 H?NC,H,X * [Ag(H2NC,,HJX)1]+ (124) 

where X = H, 2-CH3, Z-Br, 2-Cl, 3-NO?, 3-Cl, 3-Br, 3-C&, 4-CH3, 4-Cl, 4-Br or 
4-NO?, the formation constant, determined in 50% aqueous ethanol, increases 
as X becomes more electron releasing [ 3001. 

Thermodynamic arguments making use of stability and ionization constants 
have been used to define a so-called stabilization factor, Sr, which provides a 
measure of the variations in stability of metal complexes formed with a par- 
ticular series of substituted aromatic ligands [ 301]_ A linear correlation 
between Sf and Hammett’s 0 parameter has been reported for the silver-aniline 
complexes, [Ag(H,NC,H,X),]’ which yields a slope equal to 2.2 indicating 
that an electron withdrawing substituent favours the complexation process 
13021, a result which is in marked contrast to that noted previously [300]. 

Stability constants for the Cu(I1) chelates formed with substituted o-phen- 
ylenediamines show a line21 correlation with (CJ, + a,) suggesting that both 
inductive and mesomeric effects are operative in these chelates [ 3031. 

The average stability constants for the Co(I1) chelates with 2,3-dioximes of 
me&-substituted acetanilides, LXLI, are a linear function of the pKb for the 
corresponding free aniline [304]_ However, no linear relationships were ob- 

served when X occupied apart-position on the phenyl ring. It is not readily 
apparent why this difference should be observed. 
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Linear Hammett plots between 0 and the stability constants for [AgL]-, 
[AgHL], and [AgH,L]’ species (L = XC,H,AS(CH,CO,H)~) have been 
reported [305] with approximate p values of -0.8, -1.0, and -0.9 respec- 
tively. These reaction constants are comparable to those obtained for analog- 
ous sulfur and selenium ligands [306,307] suggesting that the substituent 
effect is the same for these different donor atoms- The negative p values 
have also been interpreted in terms of the absence of “back-bonding” from 
Ag to As [305], 

(iii) Ligands with an 0, S, or Se dmor atom 

The stability constants for [ Cu(O,CC&X)]* are linearly correlated to 
Hammett’s G constant with p = 0.58 [308]. The quantity Sf [301,302] also 

shows a linear correlation with o for both [Cu(OzCCsH4X)]+ and [Cu- 
(OzCC6H1X)J with p = 1.5 and 1.2 respectively [302]. These correlations 
were initially taken to imply the presence of metal-ligand r-bonding 
[307,308] but this interpretation has been challenged [309] with the sugges- 
tion that polynuclear species in solution must also be considered. 

More recently, Hepler and co-workers’ treatment of the Hammett equa- 
tion [310-3121 has been used to predict free energy changes for the forma- 
tion of [ Cu(02CCcjH_,X)] + in solution where X = 3-Cl, 3-Br or 3-I and [Fe- 
(OC,H,X)]” where X = 4-Cl, 4-NO,, 3-NO,, 4-Br, 3-Cl, 3-Br [313]. 

The stability constants for CuL, complexes, where L = 2-hydroxy-4- or 
5-substituted acetophenone, increase as the substituent becomes more elec- 
tron releasing and a plot of log /3 versus p,K, of the ligand is linear [ 314]_ 
Also, the difference in the free energy change, AAG, is a linear function of 
Hammett’s 0 parameter where AAG = AG for a substituted acetophenone - 
AG for the unsubstituted acetophenone. 

A plot of the stability constants for 1 : 1 complexes of Zn’” with a (?)-a-di- 
(ca.rboxymethyl)amino-a-substituted phenylacetic acid, 4-XC,H,CH- 
(COzH)N(CH,C02H)z, versus o is linear with p = -0.65 [315]. A slope of the 
same magnitude but opposite sign is obtained from the plot of log K versus 
pK3 of the free ligand. A series of general equations have been developed to 
assist in the rationalization of these particular data as well as other related 
linear free energy relationships (LFER) involving metal compleses in solution 
[316]. 

Variations in log K, for [CuL] + complexes where L = LXIII have also 
been discussed in terms of the linear relationship, eqn. (125) [317,318] 

logK, =apK + 6 

which has been shown to be an oversimplification. 

(125) 

Plots of log K1, log K2 or log K,, versus the pK, (or pKb) for the ligand 
have been reported for LXIV coordinated to Ni(I1) 13191, LXV coordinated 
to Co(U) [304,320], Ni(II) [320], Cu(I1) [320,321,322] and Zn(II) [304], 
LXVI coordinated to Cu(I1) [323], and LXVII coordinated to Cu(I1) [321]. 
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H H 
OH H3C C6H,X *3= NHC6H,X 

X 
CHO 0 0 0 0 

H Y 

w NHC,H,.X Cd% NHC6H,X 

0 0 0 0 
LXVI y =CI LSlX 
LXVII Y = et- 
LSVIII y = I 

Since correlations involving a stability constant and the pK, (or pKb) of the 
ligand and Hammett’s o parameter are intrinsically the same [ 3161, it is not 
surprising that plots of log K1 or log K2 versus u are also linear for LXV 
13241, LXVIII [325] and LXIX 13261 coordinated to Cu(I1). For LX1 the 
stabilization factor, Sf, also shows-a linear correlation with 0 [ 3261. 

Linear Hammett plots have been reported for [AgL], (AgHL] +, and 
[AgL,]- where L = XC,H,SCH,CO,H [306] or XC,H,SeCH,CO,H [307]. 
Since the p values from these plots are essentially the same whether S or Se 
is the donor atom (see Table 13), it has been concluded that there is very 
little, if any, “back-bonding” from Ag to the ligand in these complexes [ 3071. 
The observed trends in AG, AE& and AS as a function of X also lend support 
to the notion that the Ag-L bond in these complexes is essentially a u-bond 
[327]_ 

For a series of related complexes, [AgL] where L = an alkyl-substituted 
benzoic acid, 4-RC,HJCOZH, log KA,,, is a linear function of Taft’s inductive 
parameter, a”, with a slope equal to -0.2 suggesting that there is no n-bond- 
ing between the metal and the ligand in these complexes 13283, 

F. CONCLUDING REMARKS 

From the above, it is quite apparent that Harnmett-type correlations have 
been applied to a diverse number of organometallic systems although the 
number of such correlatiovs is significantly less than those reported for 
organic chemical systems. Very often the correlations for the organometallic 
systems do not involve equilibrium or kinetic data upon which the Hammett 
equation and its extensions are based. In fact, the correlations reported to 
date are about equally distributed between those which are based on kinetic 
or equilibrium data and those which are not. 

The majority of those correlations involving kinetic or equilibrium data 
have been interpreted in an analogous manner to that employed for similar 
organic chemical systems. The presence of a metal center normally diminishes 
the observed substituent effect. Unfortunately however, the presence of a 
metal center and/or other factors such as the lack of precise data, the improper 
choice of substituent parameter, or the lack of sufficiently different substitu- 
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TABLE 13 

Summary of correlations involving stability constant data 

Chemical system Correlation Ref. 

Ligands with a C donor atom 
X&H5 + Ag’ = I(~6-XGJ-b)A~1+ log K/u,,, p = -1.6 (H20) 295 
X = OCH3, COCIHg, COzC1?Hg, F, Cl, log K/(01, OR) 296 

Br, I, NO:!, 1,4-Cl?, 1,4-BQ, 1,4-Iz, H, 
CH3. OH 

XCaH+CH=CHI + Ag + = [(+C6HJCH= log K/o p = 0.77 (Hz(?) 297 
CHz)Ag]+ 

X = 4-CH3, 4-0CH3, H, &Cl, 3-NO?, 3-Cl, 
3-OCH3, 3-CH3 

Ligands with a N or As donor atom 
Ag+ + 2 H2NC6HJX + [Ag(HzNCbHJX)2]+ Sflo p’ = 2-2 (H?O) 
X = 3-CH3, 4-CH3,3-NO,, 4-NO?, 3-Cl, 

4-Cl, 4-I 

Cu3+ + 2 o-(H,N),CbHJX * 
[CU(O-(H~N)&H~X)~ ]‘+ 

~dw(~,, + up) 

X = 4-OCHJ, 4-CH3, H, 4-CO?H, 4-CI 

302 

303 

Co(II)I3-XC6HJNHCOC( NOH)C(NOH)CH3 log K,/pK, 
X = 0CH3, 3-Cl, 3-CH3 

304 

Ag’+ L’- = [AgL]’ log K&a p = -0.8 (HzO) 305 
Ag+ + HL- + [AgHLj+ 
Ag+ + I-IxzL = [AgL]+ 

log K&$&J p = -1.0 (H,O) 305 

log KA&L,a p = -0.9 (H20) ’ 305 
H2L = XC6H14As(C02H)2; X = 4-0CH3, 

4-CH3, H, 3-0CH3, 3-CH3, 4-Cl 

Ligands with an 0. S, or Se donor atom 
(lul+ + XC6H~COj = [Cu(OzCCoH~X)]+ 
X = H, 3-F, 3-Cl, 3-Br, 3-1, 4-F, 4-CI, 

4-Br, 4-1, 4-t-CqHg, 3-t-C,tHg, 4-OH, 
3-OH, 3-NO,, 4-NO,, 4-CH3, 4-OCH3 

log K 1 /Ku = op p = -9.58 (aq. 
dioxane) 

Sf/O p’ = 1.5 

cu2* + 2 XC6H.JCO~ =+ [Cu(02CC6H~x)*] q/a p’ = 1.2 

cLl’* -4- 2L = CuL* 

OH 

& 

COC&J, 

t=X 

log fl/pK, (aq. dioxane) 

WY -AGO = 2.303 RTpo, 

X = 4-OCH3,4-CH3, H, 4-CI, 4-Br, 4-NO?,, 
50CH3, 5-CH’, 5-Cl, 5-Br, 5-NOz 

Zn(II)/4-XCbH~CH(COzH)N(CH2COIH)1 tog K tlo p = 0.65 ( H20) 
X = CI, CH3, 0CH3, H 1% KlIPK3 

308 

312 

312 

314 

315 
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TABLE 13 (Continued) 

Chemical system Correlation Ref. 

X = H, 3-CI, 5-C& 3-0CH3, 5-Ocx-i3, 
4-N@, 3,5X.&, 3,5-12, 4-C%, 5-Cl, 
5-CH3, 4-QCH3, 3-NQz, S-NO?, 
3,5-Brl, 3,5-(NO>)2 

0 0 

X = $-0CH3, 4-CH3, H, 4-F, 4-CI, 4-Br, 
4-I, d-NO2 

X = H, 2-CH3, 2-0CH3, 2-C& 2,5-C& 
x = w, 4-OCH3, 3-0CH3, 2-0CH3, 2-CH3, 

3-CH3,4-CHx, 2-Cl, 3-Cl, 4-Cl, 3-NO?, 
4-NO: 

X = H, 4-OCH3,4-CH3,4-F, &Cl, 4-Br, 
4-1, 4-CO;!C2Hg, 4-NO*, 4-CN 

X = 4-NO1_, 3-N02, 3421, 3-0CH3, 3-CH3, 
4-CH3 

Cl 
NHC6HcX 

X = 4-OCH3,4-CH3, 3-CH3, 4X1, 3-Cl, H 

X = 4-OCH3, 4-CH3, 4-Cl, 3-CI, H 

I 
Nl+,H,X 

X = Ii, 2-CH3, 3-C&, 4-C&, 2-C], 3-C& 
4-Cl, 2,5-Cl 7, 2-0CH3 

fog KI =UpK+b 317, 
318 

log KI , log K2lP& 319 

32.0 
304, 
321 

322 
324 

log (KJKo) = pa p = 0.80 (HzO) 

log &, log K2, log &r/P& b 323 

bz Ki t Iog K2, log &J&j b 

~4% = 7-20 - 1.44 CI 
Sf/O pt = -2.1 (aq. EtOH) 

321 

325 

326 

X = 4-0CH3, 4-CH3, 3-CH3, H, 3-UCH3, 
4-Cl, 3-Cl, 3-Br, 4-C02C3H5 
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TABLE 13 (Continued) 

Chemical system Correlation Ref. 

Ag’ + L- = AgL 
Ag++ HI,=+ [AgHL]’ 
Ag’ + 2 L- * [AgL-, ]- 
HL = XC6H~SCH1C07H; X = H, 2-CH3, 

4-CHJ, 2-OCH,, 3-OCH3, 4-OCH3, 
2-Cl, 3-Cl, 4-Cl, Z-CO,H, 3-CO?H, 
4-COLH, 2-NO?, 4-NO?, 3-CF3, 4-CN, 
4-Br, 4-NHZ, 2-SCHJ, 4-SCHx 

log I&&J p = -0.86 (HzO) 306 
log KAgHLb p = -0.67 (H?O) 
log K*gL-r/0 p = -0.6 (HZO) 

Ag’ + L- = AgL log KAgLIO P = -0.82 (H,O) 
Ag’ + HL = [AgHL]’ 
Ag+ -+ 2 L- + [AgL?]- 

log KAgHLlo P = -0-68 (HIO) 
Iog KAgL21~ p = -0.6 (H,O) 

HL = XC&~eCL12C02H; X = H, 2-CH3, 
3-CHx, 4-CH3, 2-Cl, 3-C1,4-Cl, 2-0CH3, 
3-0CH3, 4-OCH3, 2-NO?, 3-N02, 4-NOz, 
2-Br, 4-Br, 2-0C2H5, 4-OCZHg, 2-SCH3, 
4-SCH3, 4-C02H 

307 

Ag’ + L- = AgL log KAY L/O* 328 
L = +RC,H,COzH; R = q-&H,>, rj-C3H7, 

CzH5, CH3, CHz=CHCHI, CHzC6H5 

ents may make a rational interpretation of a particular correlation very diffi- 
cult- Under these circumstances, the validity and usefulness of the correlation 
is questionable. 

The principal usefulness of the numerous correlations involving non-equili- 
brium or non-kinetic data appears to be that of providing support for other 
experimental data concerned with the elucidation of a particular structural 
or reactivity pattern. Undoubtedly more correlations of this sort will be ob- ’ 

served which will further illustrate the ability of a metal center to absorb and 
transmit the electronic effect of a substituent or substituents associated with 
a phenyl ring which is directly or indirectly ligated to the metal center. 

G_ ACKNOWLEDGEMENTS 

Financial support for the author’s contributions referred to in this review 
from the Natural Sciences and Engineering Research Council of Canada and 
Imperial Oil Limited is gratefully acknowledged. The author wishes to thank 
Professors F. Bonati and R_ Ugo for helpful discussions. 

REFERENCES 

1 L-P. Hammett, J. Am. Chem. Sot., 59 (1937) 96. 
2 H.H. Jaffe, Chem- Rev., 53 (1953) 191. 



184 

3 
4 
5 
6 

7 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

19 
20 
21 
22 

23 
24 
25 
26 
27 
28 
29 

30 
31 
32 
33 
34 

35 

P.R. Wells, Chem. Rev., 63 (1963) 171. 
P.R. Wells, Linear Free Energy Relationships, Academic Press, New York, 1968. 
CR. Johnson, J. Am. Chem. Sot., 95 (1973) 270. 
A.J. Hoefnagel, M.A. Hoefnagel and B.M. Wepster, J. Org. Chem., 43 (1978) 4720 and 
references therein. 
Ad. Hoefnagel, MA. Hoefnagel and B.M. Wepster, J- Am. Chem- Sec., 95 (1973) 5357 
and references therein. 
D.W. Slocum and C.R. Ernst, Adv. Organomet. Chem., 10 (1972) 79. 
J.R. Chipperfield, in N.B. Chapman and J. Shorter (Eds.), Advances in Linear Free 
Energy Relationships, Plenum Press, New York, 1972, Chap. 7, p. 321. 
R.D. Fischer, Chem. Ber-, 93 (1970) 165. 
G. Klopman and K. Noack, Inorg. Chem., 7 (1968) 579. 
J. Miiller, J. Organomet. Chem,, 18 (1969) 32. 
L.S. Levitt and B.W. Levitt, J_ Inorg. Nucl. Chem.. 38 (1976) 1907. 
J.R. Gilbert, W.P. Leach and J.R. Miller, J. Organomet. Chem., 49 (1973) 219. 
J.M. Fletcher and M.J. i%Glinchey, Can. J. Chem-, 53 (19T5) 1525_ 
A. Wu, E.R. Biehl and P.C. Reeves, J. Organomet. Chem., 33 (1971) 53, 
E.W. Neuse, J. Organomet. Chem,, 99 (1975) 287. 
F. van Mews, J.M.A. Bass and H. van Bekkum, J. Organomet. Chem., 113 (1976) 
353. 

36 
3’7 

F. van Meurs, J.M.A. Baas and H. van Bekkum, 3. Organomet. Chem., 129 (1977) 347. 
F.A. Cotton and C.S. KraihanzeI, J. .4m. Chem. Sot., 84 (1962) 4432. 
L.G. Swain and E.C. Lupton, J. Am_ Chem. Sot., 90 (1968) 4328_ 
H. van Bekkum, P-E_ Verkade and B-M. Wepster, Rec.. Trav. Chim. Pay-Bas, 78 
(1959) 815. 
F. van Meurs and H-van Bekkum, J. Organomet, Chem., 138 (1977) 121. 
N-J- Gogan and C-K_ Chu, J_ ~r~anomet. Chem., 132 (1977) 103. 
A. Mangini and F. Taddei, Inorg. Chim. Acta, 2 (1968) 8. 
R.V. Emanuel and E.W. Randell, J. Chem. Sot. A, (1969) 3002. 
G.M. Bodner and L-J_ Todd, Inorg. Chem., 13 (1974) 360. 
H-P- Fritz and C-G. Kreiter, J. Grganomet. Chem., 7 (1967) 427. 
BP. Roques, C. Segard, S. Combrisson and F. Wehrli, J. Organomet. Chem., 73 
(1974) 327. 
D. Cozak, IS. Butler, J.P. Hickey and L.J. Todd, J. Magn. Reson., 33 (1979) 149. 
L.K. DyaIl, Aust. J. Chem., 17 (1964) 419. 
B.M. Lynch, B.C. MacDonald and J.G.K. Webb, Tetrahedron, 24 (1968) 3595. 
T.B. Brill and A.J. Kotlar, Inorg, Chem., 13 (1374) 470. 
G.A. Ruzuvaev, V.A. Kuznetsov, A.N. Egorochkin, A.A. Klimov, A.N. Artemctv and 
NJ. Sirotkin, J. Organomet. Chem., 128 (1977) 213. 
A-N. Egorochkin, V.A. Kuznetsov, A.N_ Artemov, N.I. Sirotkin, Y.G. Kirilicheva and 
G-A- Razuvaev, Dokl. Akad. Nauk SSSR, 227 (1976) 878. 
A_ Wu, E-R. Biehl and P.C. Reeves, J. Chem_ Sot. Perkin Trans. 2, (1972) 449. 
F. van Meurs, A.J. Hoefnagel, B.M. Wepster and H. van Bekkum, J_ Organomet, Chem., 
142 (1977) 299. 

38 
39 
40 
41 
42 
43 
44 
45 

W.S. Trahanovsky and D.K. Wells, J. Am. Chem. Sot., 91 (1969) 5870. 
A. Ceccon, A. Gobbo and A. Venzo, J. Organomet. Chem., 162 (1978) 311. 
D-K. Wells and W.S. Trahanovsky, J. Am. Chem. Sot., 91 (1969) 5871. 
W. Strohmeir and R_ Miiller, 2. Phys. Chem. (Frankfurt am Main), 40 (1964) 85. 
J-R. Gilbert, W.P. Leach and J.R. Miller, J. Organomet. Chem., 42 (1972) C51. 
G. Klopman and F. Calderazzo, Inorg. Chem., 6 (1967) 977. 
A. Ceccon and S. Sartori, J. Organomet. Chem., 50 (1973) 161. 
R-S. Bly, R-C- Strickland, R-T. Swindell and R.L_ Vcazey, J. Am. Chem. Sot., 92 
(1970) 3772. 

46 P-J. Dosser, C. Eaborn and D&M. Walton, J. Organomet. Chem., 71 (1974) 207. 



185 

47 A. Pidcock, J-D. Smith and B-W- Taylor, J. Chem. Sot. A, (1969) 1604. 

48 M. Hexberhold and C-R- Jablonski, Inorg. Chim, Acta, 7 (1973) 241. 
49 M- Herberhold, K. Leonhard and C-G_ Kreiter, Chem. Ber., 107 (1974) 3222. 

56 M. Herberhold, K- Leonhard and A. Geier, Chem. Ber_, 110 (1977) 3279. 
51 A-N. Nesmeyanov, I.F. Leschova, Y.A. Wstynyuk, Y-1. Sirotkina, 1-N. Bolesova, L.S. 

Isayeva and N.A. Vol’kenau, J. Organomet. Chem., 22 (1970) 689. 
52 A.N. Nesmeyanov, L-1. Denisovich, S.P. Gubin, N-1. Vol’kenau, E-1. Sirotkina and 1-N. 

Belesova, J. Organomet. Chem., 20 (1969) 169. 

53 K.E. Klabunde, Ann. N_Y_ Acad. Sci., 295 (1977) 83. 
54 S. Valcher, G. Casalbore and M_ Mastragostino, J. Electroanal. Chem. Interfacial Elec- 

trochem., 51 (1974) 226. 

55 A. Ceccon, A.M. Romanin and M- Gentiloni, Gazz. Chim. Ital., 106 (1976) 291. 
56 A- Ceccon, M. Gentiloni, A. Romanin and A. Venzo, J. Organoinet. Chem., 127 

(1977) 315. 

57 N. Hat0 and M.J. McGlinchey, J. Organomet. Chem., 161 (19’78) 381. 
58 H-C- Beachell and S.A. Butter, Inorg. Chem., 4 (1965) I1 33. 

59 K- Matsuzaki and T- Yasukawa, J. Organomet. Chem., 10 (1968) P9. 
60 A-N- Nesmeyanov, Y.A. Chapovskii, L.I. Denisovich, B.V. Loshkin and E-V. 

Polovyanyuk, Dokl. Akad. Nauk SSSR, 174 (1967) 1342. 
61 ES. Bolton, G.R. Knox and C.G. Robertson, J. Chem. Sot. Chem. Commun., (1969) 

664. 

62 L.J. Dizikes and A. Wojcicki, J. Am. Chem. Sot., 99 (1977) 5295. 

63 S.E. Jacobson and A. Wojcicki, J. Am. Chem. SOC., 95 (1973) 6962. 
64 R.P. Stewart and P.M. Treichel, J. _4m_ Chem. SOC., 92 (1970) 2’710. 
65 R. Breslow, Organic Reaction Mechanisms, W.A. Benjamin, New York, 1965, Chap. 5. 
66 A.N. Nesmeyanov, 1-F. Lescheva, 1-V. Polovanyuk, Y-A. Ustynyuk and L-G. 

Markarova, J. Organomet. Chem., 37 (1972) 159. 

67 P. Abley, E-R, Dockal and J. Halpern, J. Am. Chem- Sac-, 95 (1973) 3166. 
68 H.L. Chum, E.R. Dockal and T. Rabockai, J. Electroanal. Chem. Interfacial Electro- 

them., 63 (197 5) 197. 
69 H.A.O. Hill, K.G. Morallee and G. PeIlizer, J. Chem. Sot. A, (1969) 2096. 
70 W.D. Hempill and D.G. Brown, Inorg. Chem-, 16 (1977) 766. 
71 P. Fitton and E-A. Rick, J. Organomet. Chem., 28 (1971) 287. 
72 M- FOP and L. Cassar, J. Chem. Sot. Dalton Trans., (1975) 2572. 
T3 L. Cassar and M. Fos, J. Organomet. Chem-, 51 (1973) 381. 
74 M- Hidai, T. Kashiwagi, T_ Ikeuchi and Y. Uchida, J. Organomet. Chem., 30 (1971) 

279. 
75 F. Basolo, J. Chatt, H.B. Gray, R.G. Pearson and B.L. Shaw, J. Chem. Sot_, (1961) 

2207. 

76 R. Romeo, D. Minniti, S. Lanza, P. Uguagliati and U. Belluco, lnorg. Chim. Acta, 19 
(1976) L55. 

77 R- Romeo, D. Minniti, S. Lanza, P. Uguagliati and U. Belluco, Inorg. Chem., 17 
(1978) 2813. 

78 P-E. Garrou and R_F. Heck, J. Am. Chem. Sot., 98 (1976) 4115. 
79 N. Sugita, J-V. Minkiewicz and R.F. Heck, Inorg. Chem., 17 (1978) 2809. 
SO R- Seeber, G.A. IMazzocchin, D. Minniti, R. Romeo, P- Uguagliati and U. Belluco, J. 

Organomet. Chem., 157 (1978) 69. 
81 R. Romeo, D. Minniti and S. Lanza, J. Organomet. Chem., 165 (1979) C36- 
82 C. Eaborn, K-J. Ode11 and A. Pidcock, J_ Chem. Sot. DaIton Trans., (1978) 357. 

83 H.C. Clark and CR. Milne, Can. J. Chem., 57 (1979) 958. 
84 J.D. Kennedy, W. McFarlane, R.J. Puddephatt and P-J. Thompson, J. Chem. Sot. 

Dalton Trans_, (1976) 874. 
85 0. Exner, in N_B . Chapman and J. Shorter (Eds.), Advances in Linear Free Energy 

Relationships, Plenum Press, London, New York, 1972, pp. 28-29, 32. 



186 

86 2. Dawoodi-, C. Eaborn and A. Pidcock, J. Organomet. Chem., 170 (1979) 95. 
87 M. Chadhury and R.J. Puddephatt, J- Organomet. Chem., 84 (1975) 105. 
88 J.K. Jawad and R.J. Puddephatt, J. Chem. Sot. Dalton mans., (1977) 1466. 
89 D-R. Cuulson, J. Am. Chem. Sue., 98 (1976) 3111. 
90 T.G. Appfeton, H.C. Clark and L.E. Manzer, Coord. Chem. Rev., 10 (1973) 335. 
91 J.K. StiIIe and M.T. Regan, J. Am. Chem. Sot., 96 (1974) 1508. 
92 A. Pidcock, R.E. Richards and L.M. Venanzi, J. Chem. Sot- A, (1966) 1907. 
93 R.D. Brown, A.S. Buchanan and A.A. Humffray, Aust. J. Chem., 18 (1966) 1507. 
94 1-P. Betetskaya, A.L. Kurts and 0-A. Reutov, Zh, Org. Khim., 4 (1968) 352. 
95 R-E. Dessy and J.Y. Kim, J. Am. Chem- Sot., 82 (X960) 686. 
96 R-E. Dessy and Y.K. Lee, J. Am. Chem. Sot., 82 (1960) 689. 
97 D.R. Pollard and J.V. Westwood, J. Am. Chem. Sot., 88 (1966) 1404. 
98 K-P. Butin, I.!?. Gun’kin, I.P. Betetskaya and 0-A. Reutov, Zh. Org. Khim., 11 (1975) 

2478. 
99 El. ~~yfe~t~, J.Y.P. Mui and R. ~~mr~~, J. Am. Chem. Sot., 90 (1368) 6182. 

100 A-B. Cilchrest and D. Sutton, J. Chem. See, Dalton Trans., (1977) 677. 
101 G. Guanti, M. Novi, C. Del’Erba and G. Leandri, J- Chem. Sot. Perkin Trans. 2, 

(1975) l-490. 
102 L. Cassar, S. Ferrara and _M. F&, Adv. Chem. Ser., 132 (1974) 252. 
103 J.C. Chang and J.H. Espenson, J. Chem. Sot. Chem. Commun., (1974) 233, 
104 J.P. Leslie and J.H. Espenson, 3. Am. Chem- Sot., 98 (1976) 4839. 
105 J. Halpern, Ann. N.Y. -4cad. Sci., 239 (1974) 2. 
106 J. Halpern, M.S. Ghan, T.S. Roche and G.M. Torn, Acta Chem, Stand., Part A, 33 

(1979) 141. 
107 O-A. Reutov, T.A. Smolina and V.A. Kalyavin, Dokr. Akad. Nauk SSSR, 139 (1961) 

. 389, 
108 J. Halpern and P.F. Phelan, J- Am. Chem- Sac., 94 (1972) lS81. 
109 R. Ugo, A. Pasini, A- Fusi and S- Cenini, J. Am. Chem- Sot., 94 (1972) 7364. 
110 J. Hafpern and P.B_ Chock, Proc, X Int. Conf. Coord. Chem., (1967) 135. 
IfI R. Cramer and D.R. Coulson, J. Org. Chem., 40 (1975) 2267. 
112 S. Dincturk, R.A. Jackson and M, Townsen, J. Chem, Sot. Chem. Commun., (1979) 

172. 
113 H- Brunner and M- Langer, J. Organomet. Chem., 87 (1975) 223. 
114 i%l- Kubota, D-M. Blake and S.A. Smith, fnurg- Chem., 10 (1971) 1430. 
115 J-M. Landsburg and L. Katz, J. Organomet. Chem.. 35 (1972) 327. 
116 G. Gardaci and G. Bel~achioma, Inotg. Chem., 16 (1977) 3099. 
117 G. BeIIachioma and G. Cardaci, J. Chem. Sot. Dalton Trans., (1977) 2181. 
118 G. Cardaci and G. Bellachioma, Inorg. Chem., 16 (1977) 3099. 
119 G. Reichenbacher, G. Cardaci and G.G. Aloisi, J. Organomet, Chem., 134 (1977) 47. 
120 S.D. It&f, Inorg. Chem., 16 (1977) 2589. 
121 G. Mue~~er~~agen and W. Pritzkow, J. Prakt. Chem-, 311(1969) 874. 
122 F. Freeman and N.J. Yamachika, J. Am. Chem. Sot., 92 (1970) 3730. 
123 S-1. Murahashi, M. Yamamura and N. Mita, J. Org. Chem., 42 (1977) 28’70. 
124 K.B. ~~ibergand R.D. Geer, J. Am. Chem. Sot., 88 (1966) 5827- 
125 R. Lai and E. Ucciani, J. Mol. Catal., 4 (19’78) 401. 
126 J.R. Roy and M. @chin, J. Am. Chem- Sot., 81f1959) 305. 
127 S-1. Shupack and M. Orchin, J. Am. Chem. Sot., 86 (1964) 586. 
128 K. Konya, J. Fujita, H. Kido and K. Saito, Bull. Chem. Sot. Jpn-, 45 (1972) 2161. 
129 M.X. Get’fman, N.M. Karpinskaya and V.V. R~umovski~, Zh. Neorg- Khim-, 15 

(1970) 3153. 
230 T. Kinugasa, N- Nakamura and N. Yamada, Inorg- Chem., 7 (1968) 2649. 
131 D.G. Cooper, G.K. Hamer, J, PowelI and W-F. Reynolds, J. Chem. Sot. Chem. 

Commun., (1973) 449. 
132 D.G. Cooper and J. Powell, Inorg. Chem., 15 (2976) 1959. 



187 

133 E, Ban, RlP. Hughes and J. Powell, J- Chem. Sot. Chem. Commun., (1973) 591. 
134 E. Ban, R-P. Hughes and J. Powell, J. Organomet. Chem., 69 (1974) 455. 
135 S.C. Nyberg, K. Simpson and W-W-Na, J. Chem. Sot. Dalton Trans., (1976) 1865. 
136 R.E. Dessy and J-Y. Kim, J. Am. Chem. Sot., 83 (1961) 1167. 
137 A.D. Allen and C.D. Cook, Can. J. Chem., 41 (1963) 1235. 

138 A-D. Allen and C.D. Cook, Can. J. Chem., 42 (1964) 1063. 
139 A-Z. Rubezhov and S.P. Gubin, Adv. Organomet. Chem., 10 (1972) 347. 
140 C.D. Cook and K.Y. Wan, Inorg. Chem., 10 (1971) 2696. 
141 J. Halpern and T-A. Weil, J- Chem. Sot. Chem. Commun., (1973) 631. 
142 G.J. .Essenmacher and P.M. Treichel, Inorg. Chem., 16 (1977) 800. 
143 P.M. Treichel and H.J. Much, Inorg. Chem., 16 (19'77) 1167. 
144 J. Chatt, C.M. Elson, A.J.L. Pombiero, R.L. Richards and G.H.D. Roy&on, J. Chem. 

Sot. Dalton Trans., (1978) 165. 
145 B.E. Burstein and R.F. Fenske, Inorg. Chem., 16 (1977) 963. 

146 H.C. Clark and L.E. Manzer, Inorg. Chem., 11 (1972) 503. 

147 H.C. Clark rnd L-E- Manzer, Enorg. Chem., 10 (1971) 2699. 
138 B. Crociani and R-L. Richards, J. Organomet. Chem., 144 (1978) 85. 
l-19 B. Crociani, T. Boschi, M. Nicolini and U. Belluco, Inorg. Chem., 11 (1972) 1292. 
150 Y. Yamamoto and H. Yamazaki, Inorg. Chem., 17 (1978) 3111. 

151 H.C. Clark, J.&H. Ward and K. Yasufuku, Can. J. Chem., 53 (1975) 186. 

152 J. Miiller and J-A. Connor, Chem. Ber., 102 (1969) 1148. 

153 E-0. Fischer and H.J. Kollmeir, Chem. Ber., 104 (1971) 1339. 
154 E-O. Fischer, I-I-J. Kollmeir, C.G. Kreiter, J. Miiller and R.D. Fischer, J_ Organomet. 

Chem., 22 (1970) C39. 
155 E-0. Fischer, C.G. Kreiter, H.J. Kollmeier, J. Miiller and R.D. Fischer, J. Organomet. 

Chem., 28 (1971) 237. 

156 J-A. Connor and E-0. Fischer, J. Chem. Sot. A, (1969) 5’7s. 
157 C-T. Lam, J.E.H. Ward and C.V. Senoff, J. Organomet. Chem., 51 (1974) 273. 
158 C.V. Senoff and J-E-H- Ward, Inorg. Chem., 14 (1975) 278. 
159 H. Fischer, J. Organomet. Chem., 170 (1979) 309_ 
160 S-A. Butter and H.C. Beachell, Inorg. Chem., 5 (1966) 1820. 
161 J-G. Mason and M. Rosenblum, J- Am. Chem. Sot., 82 (1960) 4206. 
162 G-L-K. Ho, W.E. McEwen and J. Kteinberg, J. Am. Chem. Sot., (1961) 3949. 
163 W-F. Little, C-N. Reille::, J-D- Johnson, K.N. Lynn and A-P_ Sanders, J. Am. Chem. 

Sot., 86 (1974) 1376. 
164 W-C. Little, C-N. Reilley, ; D. Johnson and A-P. Sanders, J. Am. Chem. Sot., 86 

(1974) 1382. 
165 H.A. Brune and G. Horlbeck, 2. Naturforsch. B, 28 (1973) 656. 
166 Y. Takahashi, H. Akahori, S. Sakai and Y. Ishu, Bull. Chem. Sot. Jpn., 44 (1971) 

2703. 

167 I-P. Beletskaya, G.A. Astamkina and 0-A. Reutov, Isv. Akad. Nauk SSSR, Ser. Khim., 
(1974) 1737. 

168 R.W. Taft, Jr., in MS. Newman (Ed.), Steric Effects in Organic Chemistry, J. IViley, 
New York, 1956. 

169 B.A. Bovykin, Zh. Neorg. Khim., 19 (1974) 2464. 
170 A.R. Boate and D.R. Eaton, Can. J. Chem., 54 (1976) 3895. 

171 J-W. Rakshys Jr., Inorg. Chem., 9 (1970) 1521. 
172 D-R. Eaton, H-O. Ohorodnyk and L. Seville, Can. J. Chem., 49 (1974) 1219. 
173 S.S. Hupp and G. Dahlgren, Inorg. Chem., 15 (1976) 2349. 
174 F. Basolo and R.G. Pearson, Inorganic Reaction Mechanisms, Wiley, New York, 1967, 

p. 351. 
175 W-L. Bowden, W.F. Little and T.J. Meyer, J. Am. Chem. Sot., 99 (1977) 4340. 
176 J. Chatt, J.R. Dilworth and R.L. Richards, Chem. Rev-, 78 (1978) 589. 
177 S. Cenini, R. Ugo and G. LaMonica, J. Chem. Sot. A, (1971) 3441. 



188 

178 D-T. Clark, IS.-Woolsey, S.D. Robinson, K.R. Laing and J-N. WingfieId, Lnorg. Chem., 
16 (1977) 1201, 

179 J-V. McArdle, A-J, Schultz, B.J. Corden and R. Eisenberg, Inorg. Chem., 12 (1973) 
1676. 

180 G.W. Rayner-Canham and D. Sutton, Can. j. Chem., 49 (1971) 3994. 

181 L. Toniofo, Chem, Ind. (London), (1976) 30. 
182 F-J. Lalor and P-L, Pauson, J. Organomet. Chem., 25 (1970) C51. 
lS3 M, Herberhold and IV_ Bernhager, Z_ Naturforsch. B, 29 (19741-801. 
184 E-0. Bishop, G_ 3utler, J. Chatt, J.R. Dilworth, G_ Leigh, D. Orchard and M-W. 

Bishop, J. Chem. Sot. Dalton Trans., (1978) 1654. 
185 G. Butler, 3. Chatt,G.J. Leigh and C.J. Pick&t, J. Chem. SOC. Dalton Trans., (1979) 

113. 
186 A.N. Nesmeyanov, E.I. Fedin, A.S. Peregudov, L-A. Fedorov, D-N. Kravtsov, E.i- 

Borisov and F.Yu, Kiryazev, J_ Organomet. Chem., 169 (1979) 1. 
187 M.T. Tribble and L.G. Traynham, J. Am. Chem. Sot., 91 (1969) 379. 
I.88 111. Charton, J. Am. Chem. Sot., 97 (1972) 1552. 
189 L. Toniolo and G. Cavinato, Inorg. Chim. Acta, 26 (1978) L5_ 
190 P.W. Atkins, J.C_ Green and M.L.H. Green, J. Chem. Sot. A, (1968) 2275. 
191 A.E. Keskinen and C.V. Senoff, J. Organomet. Chem., 37 (1972) 201, 
192 A.D. Pomogailo and I.D. Leonov, Dokl. Akad. Nauk SSSR, 205 (1972) 1083. 
193 M. Herberhold and H. Brabetz, Chem. Ber., 103 (1970) 3909, 
194 H-C. Clark and K.J. Reimer, Inorg. Chem., 14 (1975) 2135. 
195 T. Tatsumi, M. Hidai and Y. Uchida, Inorg. Chem., 14 (1975) 2530- 
196 R. Ugo, F. Bonati and M. Fiore, Inorg. Chim. Acta, 2 (1968) 463. 
197 Y_ Becker and J-K. Stille, J, Am. Chem. Sot., 100 (1978) 845. 
198 D. Pinnell, G.B. Wright and R.B. Jordan, J. Am. Chem. Sot., 94 (19T2) 6104. 
199 K.B. Wiberg, J. Am. Chem. Sot., 77 (1955) 2519. 
200 L.A. Cohen and W.M. Jones, J. Am. Chem. Sot., 84 (1962) 1626. 
201 R-J. Balahura, G.B_ Wright and R.B. Jordan, J_ Am_ Chem. Sot., 95 (1973) 1137. 
202 R-J. Balahura, P. Cock and W.L. Purcell, J. Am_ Chem_ Sot., 96 (1974) 2’739. 
203 F- Hohmann and H.T. Dieck, J. Organomet, Chem_, 122 (1976) 197_ 

204 R.E. Clarke and P.C. Ford, Inorg. Chem., 9 (1970) 227. 
205 M. Fukui, K. Hoh and Y. lshii, Bull. Chem. Sot. Jpn,, 48 (1975) 2044. 
206 V.A. Kogan, A.S. Egorov and O.A. Osipov, Zh. Neorg. Khim., 45 (1975) 24’78. 
207 A.S. Egorov, V.A. Kogan, V.A. Bren and O.A. Osipov, Zh. Obshch- Khim., 45 

(1975) 2478. 
208 C-A. ToIman, J. Am, Chem. Sot., 92 (1970) 2953_ 

209 F-T- Delbeke, G.P. van der Kelen and 2. Eckhout, J. Organomet. Chem., 64 (1974) 
265. 

210 M-1. Kabachnik, Dokl_ Akad. Nauk SSSR, 110 f1956f 303. 

211 M.I. Kabachnik, Dokl. Akad. Nauk SSSR, 110 (1956) 393, 
212 F-T. Delbeke and G.P. van der Kelen, J. Organomet. Chem., 6-I (1974) 239. 
213 C-A. Tolman, J. Am. Chem+ Sot., 92 (1970) 2956. 
214 W. Brunner and J. Acfasis, J. Organomet. Chem., 104 (1976) 347. 
215 J.E. Fergusson and P.F. Heveldt, J. Inorg, Nucl. Chem,, 39 (1977) 825. 
216 S. Komiya and J_ Kochi, J_ Am, Chem. Sot., 99(1977) 3695. 
217 M-A. Haga, K. Kawakami and T. Tanaka, Inorg. Chem., 15 (1976) 1946. 
218 P-13. Bartlett and J.S_ McKennis, J. Am. Chem. Sot_, 99 (197’7) 5334. 
219 L. Vaska and L-S. Chen, J. Chem. Sot. Chem. Commun., (1971) 1080. 
220 E-E- Mercer, W.M. Peterson and B.F. Jordan, J_ Inorg. Nucl. Chem., 34 (1972) 3290. 
221 R.J. Murenik, M. Weitzberg and J. Blum, Inorg. Chem_, 18 (1979) 915, 
222 W-H. Thompson and C.T. Sears, Jr., Inorg. Chem.,l6 (1977) 769. 
223 R. Bradley, B.R. Flynn, G.L. Geoffroy, H.B. Gray, J. Peane, Jr, and L. Vaska, Inorg. 

Chem., 15 (1976) 3-485. 



189 

224 A.W. Verstuyft and J.H. Nelson, Inorg. Chem., 14 (1975) 1501. 
225 L.M. Knight and J-H. Nelson, Inorg. Chem., 16 (1977) 1317. 
226 L. Abis, A. Sen and J. Halpern, J. Am. Chem. Sot., 100 (1975) 2915. 
227 R.L. Augustine and Rd. Pellet, J. Chem. Sot. Dalton Trans., (1979) 832. 
228 M.B. Welch, R.S. Stephens and R-0. Ragsdale, Inorg. Chim. Acta. 2 (1968) 367. 
229 A.W. Chester, J. Inorg. Nucl. Chem., 32 (1970) 3398. 
230 A.C. Dash and B. Moharty, J. Inorg. Nuci. Chem., 40 (1978) 309. 
231 A-C. Dash and B. Moharty, J. Inorg. Nucl. Chem., 39 (1977) 1179. 
232 R.W. Kluiber and S. Kopycinski, J. Inorg. Nucl. Chem., 30 (196s) 1891. 
233 M-K. Cooper and D.W. Yanuik, J. Organomet. Chem., 164 (1978) 211. 
234 A.A. Shvets, O.A. Osipov, E.G. Amarskii and 0-A. Moiseeva, Zh. Obshch. Khim., 42 

(1972) 829. 
235 E. Amarskii, AS. Shvets and O.A. Osipov, Zh. Obshch. Khim., 45 (1975) 898. 
236 G.P. Rossetti and B.P. Suz, Helv. Chim. Acta, 47 (1964) 299. 
237 J-R. Gaylor and C.V. Senoff, Can. J. Chem., 49 (1971) 2390. 
238 U. Beliuco, L. Cattalini, F. Basolo, R.G. Pears\on and A. Turco, J. Am. Chem. Sot., 

87 (1965) 241. 
239 G. Guanti, M. Novi, C. Del’Erba and G. Leandri, J. Chem. Sot. Perkin Trans. 2, 

(1975) 1490. * 
240 M. Sato and T. Yoshida, J. Organomet. Chem., 39 (1972) 389. 
241 M. Sato and T. Yoshida, J. Organomet. Chem., 51 (1973) 231. 
242 C.V. Senoff, Can. J. Chem., 48 (1978) 2444. 
243 J-R- Gaylor and C.V. Senoff, Can. J. Chem., 50 (1972) 1868. 
244 J-L. Herdi and C.V. Senoff, Can. J. Chem., 51 (1973) 1016. 
245 C.T. Lam and C.V. Senoff, J. Organomet. Chem., 5T (1973) 207. 
246 C.T. Lam and C-V. Senoff, Can. J. Chem., 51 (1973) 3790. 
247 B.V. DePamphilis, B.A. Averill, T. Herskovitz, L. Que, Jr. and R.H. Holm, J. Am. 

Chem. Sot., 96 (19’14) 4159. 
248 S-D. Ittel and J.A. Ibers, Inorg. Chem., 14 (1975) 1183. 
249 A.B. Gilchrest and D. Sutton, Can. J. Chem., 52 (1976) 3387. 
250 A. Nakamura, K. Doi, K. Tatsumi and S. Otsuka, J. MoI. Catal., 1 (10’76) :117_ 
251 A.W. Addison and J.H. Stenhouse, Inorg. Chem., 17 (1978) 2161. 
252 J. Burgess and R.H. Prince, J. Chem. Sot. A, (1967) 434. 
253 J. Burgess, J. Chem. Sot. A, (1968) 497. 
254 J. Burgess, J. Chem. Sot. A, (1967) 955. 
255 J. Burgess, G-E. Ellis, D-J. Evans, A. Porter, R. Wane and R.D. Wyvill, J. Chem. Sot. 

A, (1971) 44. 
256 F-A. Walker, E. Hui and J.M. Walker, J. Am. Chem. Sot., 97 (1975) 2390. 
257 F.A. Walker, D. Berioz and K-M. Kadish, J. Am. Chem. Sot., 98 (1976) 3484. 
258 F.A. Walker, M-W. Lo and M.T. Ree, J. Am. Chem. Sot., 98 (1976) 5552. 
259 J-D. Satterlee, G-N. LaMar and J-S. Frye, J. Am. Chem. Sot_, 9s (1976) 7275. 
260 K.M. Kadish and L.A. Bottomley, J. Am. Chem. Sot., 99 (19i7) 2330. 
261 K.M. Kadish, L-A. Bottomley and D. Berioz, Inorg. Chem., 17 (19778) 1124. 
262 G.C. Vogel and B.A. Beckmann, Inorg. Chem., 15 (1976) 483. 
263 R.D. Jones, D.A. Summerville and F. Basolo, J, Am. Chem. Sot., 100 (1958) 4416. 
264 K-M. Kadish and M.M. Morrison, Bioinorg. Chem., 5 (1977) 107. 
265 S. Ni, L. Dickens, J. Tappan and L. Constant, Inorg. Chem., 17 (1978) 228. 
266 K.M. Kadish, M.M. Mortison, L.A. Constant, L. Dickens and D.G. Davis, J. Am. 

Chem. Sot., 98 (1976) 8387. 
267 M. Tezuka, Y. Ohkatsu and T. Osa, Bull. Chem. Sot. Jpn., 49 (1976) 1435. 
268 K-M. Kadish and M.M. Morrison, Inorg. Chem., 16 (1975) 980. 
269 J-D. Sattetlee, G.N. LaMar and T.J. Bold, J. Am. Chem. Sot., 99 (197’7) 1088. 
270 S.S. Eaton and G.R. Eaton, Inorg. Chem., 16 (1977) 72. 
271 S-S. Eaton and G-R. Eaton, J. Am,Chem. Sot., 99 (1977) 6594. 



190 

2’72 M. Meot-Ner and A-D. Adler, j. Am. Chem. Sot., 94 (1972) 4763. 
273 C- Percy and D.A. Thornton, J. Inorg. Nucl. Chem., 35 (1973) 2719. 
274 A.A. Shvets, O.A. Osipov, O.A. Moiseeva and E.L. Korol, Zh. Obsch. Khim., 45 

(1975) 1274. 
275 D.C. Olson, V.P. Mayweg and G.N. Schrauzer, J. Am. Chem. Sot., 88 (1966) 4876. 
276 J-A. Connor and CA. Hudson, J, Chem. Sec. Dalton Trans., (1975) 1025, 
277 E. Koerner von Gustof, MC. Henry, R. Sacher and C. DiPietro, 2. Naturforsch. B, 

21(1966) 1152. 
278 E. Frank and D_St.P. Bunbury, J. Organomet. Chem., 23 (1970) 229. 
279 J-M. Barrow and OS. Mills, Angew. Chem., Int. Ed. Engl., 8 (1969) 879. 
280 J.M. Barrow and OS_ Mills, J_ Chem. SOC. A, (19’71) 864 
281 S, Otsuka, Y_ Aotani, Y. Tatsumo and T. Yoshida, Inorg. Chem., 16 (1976) 656. 
282 W.L. Bowden, W.F. Little, T.J. Meyers and D. Salmon, J. Am. Chem. Sot., 97 

(1975) 6897. 
283 G-C. Percy and D.A. Thornton, Inorg. Nucl. Chem. Lett., 7 (1971) 599- 
284 G-C. Percy and D.A. Thornton, J. Inorg. Nucl. Chem., 34 (1972) 3357. 
285 H. Voss, K-J. Wannowius and H_ Elias, J. Inorg. Nucl, Chem., 37 (19’75) 79. 
286 G.C. Percy and D.A. Thornton, J. Inorg. NucI. Chem-, 34 (1972) 3369. 

287 H.A. Kuska and P.H. Yang, Inorg. Chem., I6 (1977) 1938. 
288 H. Winkler, K-J. Wannowius and H. Elias, Z. Phys. Chem. (Frankfurt am Main), 107 

(1977) 57. 
289 K-J_ Wannowius, H. Voss and H. Elias, Chem- Ber-, 109 (1976) 3292. 
290 A. Ewert, K-J. Wannowius and H. Elias, Inorg. Chem-, 17 (1978) 1691. 
291 H.P. Fritz and L-W-G. Vite, 2. Anorg. Allg. Chem., 392 (1972) 271. 
292 W.W. Fee, J.D. Pulsford and P.D. Vow&, Aust. J. Chem., 26 (1973) 1459. 
293 L.S. Chen, M.E_ Koehler and B.C. Pestel, J. Am. Chem. Sot., 100 (1978) 7243. 
294 G.S. Shepard and D.A. Thornton, J. Mel, Struct., 16 (1973) 321 
295 L-J. Andrews and R-M. Keefer, J. Am. Chem. Sot., 72 (1950) 3113. 

296 M. Charton, J. Org_ Chem., 31 (1966) 2991. 
297 T. Fueno, T_ Okuyama, T_ Deguchi and J. Furukawa, J- Am. Chem- Sot., 87 (1965) 

170. 
298 T. Fueno, T. Okuyama and J_ Furukawa, Bull. Chem. SOC. Jpn., 39 (1966) 2094. 
299 A.P.G. Kieboom, N. DeKruyf and H. van Bekkum, J. Chromatogr., 95 (1974) 175. 
300 ‘W.S. Fyfe, J. Chem. Sot., (1952) 2018. 
301 H. Irving and J.J.F.R. de Silva, Proc. Chem. Sot., London, (1962) 250. 
302 J-J-F-R- da Silva and J-G. Calado, J. Inorg. Nucl. Chem., 28 (1966) 12.5. 
303 K. Kina and K. Toei, Bull. Chem. Sot. Jpn., 44 (1971) 1289. 

304 A. Kettrup and K. Strieger, Can. J. Chem., 52 (1972) 661_ 
305 L-D- Pettit and A. Royston, J. Chem. Sot. A, (1969) 1576. 

306 L.D. Pettit, A. Royston and R.J. WhewelI, J. Chem. Sot. A, (1968) 2009. 
307 L-D. Pettit, C- Sherrington Bnd R.J. WheweIl, J. Chem. Sot. A, (1968) 2204. 
308 W-R. May and M-M. Jones, J. Inorg. Nucl. Chem., 24 (1962) 511_ 
309 A. Yingst and D-H. McDaniel, J. Inorg. Nucl. Chem., 28 (1966) 2919. 
310 J-W. Larson and L-G. Hepler, J_ Org. Chem., 33 (1968) 3361. 
311 P-D. Barton and L-G. Hepler, Quart. Rev. (London), 25 (1971) 521. 
312 L-G. Hepler, Can. J- Chem., 49 (1971) 2803. 
313 A-K. Chattopadhyay, A. Bhattacharya and SC. Lahiri, 2. Phys. Chem- (Frankfurt 

am Main), 102 (1976) 151. 
314 M. Haruta, Z. Yoshida and H. Ogoshi, Bull. Chem. Sot. Jpn., 47 (1974) 2039. 
315 H.M.N.H. Irving and M.G. Miles, J. Chem. Sot. A, (1966) 727. 
316 E. Nieboer and W.A.E. McBryde, Can. J. Chem., 48 (1970) 2549. 
317 J-G. Jones, J.B- Poole, J.C. Tomkinson and R-J. Williams, J. Chem. Sot., (3958) 

2001. 
318 K. Clarke, R-H. Cowen, G.W. Gray and E.H. Osborn, J. Chem. Sot., (1974) 2219. 



191 

319 H-T. Daniel, H-J- Harries and J- Burgess, J. Chem. Sot, Dalton Trans., (1974) 2219. 
320 H.J. Harries, S- Savage, G. Wright and N. Logan, J. Inorg, Nucl. Chem., 31 (1969) 

2477_ 
321 A. Kettrup and J- Abshagen, 2. Naturforsch. B, 25 (1970) 1382. 
322 H-J- Harries- R-K- Hughes and T- Smith, J. Inorg. Nucl. Chem., 34 (1972) 1609. 
323 A. Kettrup and J. Abshagen, 2. Naturforsch- B, 25 (1970) 1386. 
324 G. Stockeimann, A- Kettrup and H_ Specker, Z. Anorg. Allg. Chem., 372 (1970) 134. 
325 A- Kettrup and J. Abshagen, Mona&oh- Chem., 106 (1975) 55. 
326 AS. Shawali, A-E_ El-Hilaly and MS. El-Ezaby, Bull- Chem_ Sot. Jpn-, 49 (1976) 

1032. 
327 D. Barnes, P.G. Laye and L-D. Pettit, J. Chem- Sot- A, (1969) 2073. 

328 L.D. Pettit and C. Sherrington, J. Chem- Sot. A, (1968) 3078. 


