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Abstract 

A nucleophilicity scale is established 
nucleophiles to the cyclohexadienyl ring of 

for the addition of ca. 40 different 
the cation [Fe(CO),(l-5-q-C,H,)]+ (I). 

The factors controlling nucleophilicity towards cation I are discussed, and compari- 
sons made with data for reactions of the nucleophiles with other model organic and 
inorganic substrates such as Me1 and trans-[PtCl,py,]. 

Introduction 

Rate constants have been reported for the addition of a range of neutral 
phosphorus, nitrogen and aromatic nucleophiles to the cyclohexadienyl cation 
[Fe(CO),(l-5-+2,H,)1+ (I) [l-5]. Nucleophilicity constants (N,+) were calculated 
[5,6] according to eq. 1, where k, is the rate constant for the reference nucleophile 
P(OBu”),, and k, is the corresponding rate constant for a particular nucleophile at 
the same temperature. 

NFe = log,, ( Wk, 1 (1) 

The limited available data for other [M(r-hydrocarbon)L,]+ electrophiles of 
varying intrinsic reactivity suggest that relative nucleophilicities (at least for P- and 
N-donors) are electrophile independent [5,6]. That is, plots of log k, vs. NFe are 
linear with a slope of near unity for all electrophiles examined to date. Thus, these 
systems may constitute an important departure from the Reactivity-Selectivity 
Principle, and provide a close parallel with the behaviour observed by Ritchie [7] for 
free carbonium ions. 

* For Part XXV see Ref. 6. 
* * Author to whom correspondence should be addressed. 
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In order to test this hypothesis, it is necessary to obtain ,V,, ~alurs for as wide a 
variety of nucleophiles as possible with the standard organometallic substrate (I). 
We report here more accurate k, values for the reference nucleophilr:. P(OBu” );, 
and some other P-nucleophiles whose previouslv reportrd .,V, ~ values \b’erc hased (In 
single kinetic determination:,. An extension is &o made to P(2-C-UC’; I I, )Ph, and 
the highly basic amines l-phenylethylamine and nicotine. C‘ombinatiz~~ with recent 
data [S] for addition of anions to I provides the first comprehrnslk,e nucleophilicit? 
scale for addition to coordinated m-h\-drocarbons. 

Experimental 

The substrate [Fe(CO),( 1 5-q-C,H,7)][BF,] was synthesised ‘tnd purified b> 
established procedures [9]. Acetone was analytical grade. Acetonitrile (BDH) was 
distilled in bulk and stored over molecular sieves (grade ?A). Both ?;c~lvents uerc 
deoxygenated by passing through a stream of nitrogen for 20 nun and soiutionx of 
the appropriate nucleophile prepared under dinitrogen irnmetiintel\ prror II) USC’, 

,411 reactions were studied under psuedo-first-order conditions involx,1ng else of a 

large excess of the nucleophile. 
The reaction of I with P(OPh), was slow enough to follow under dinitrogen by 

the IR sampling technique previously described [I]. The decrease of the rr{CC)) band 
of I at 2120 cm ’ was m<Gtored. and pseudo-first-order rate ;onatants. ii<,,,. 
obtained from the slopes of plots of log .,I, vs. time. There uere linear for ca. the 
half-lives. 

All of the other reaction5 were rapid. and were monitored at 390 nm with a 
thermostatted stopped-flow spectrophotomcter. At this wavelength a large decrease 
in absorbance was observed associated with the disappearance ~>t’ the original 
complex I. Pseudo-first-order rate constants. /c,,~&. were calculated t’rom the slopes 
of plots of log( A, - A, ) bs. time. Such plots were generally linear for nr least ~MX) 
half-lives. Each X,ih, is the average of quadruplicate runs. with an arerage reproduci- 
bility of i_ 5%. 

Results and discussion 

The isolation and characterisation of the products from the addition of the above 
P- and N-nucleophiles to cation I are described elsewhere [-?.lO,l I]. In each case 
e.ro-addition to the cyclohexadienyl ring of 1 was confirmed Ill], gi\,ing 5-suh- 
stituted diene adducts of the type II (eq. 2). 
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Scheme 1 

In the case of 1-phenylethylamine, the initial cationic adduct IIa is deprotonated 
under the kinetic conditions of excess amine to give the neutral adduct 111 (Scheme 

1) WI. 
Kinetic results obtained here for reactions (2) are summarised in Table 1. Each of 

the reactions proceeds to completion under the kinetic conditions employed, and 
obeys the relationship (3). 

k obs = k, [Nut] (3) 
For 1-phenylethylamine, adherence to eq. 3 may be rationalised in terms of the 

two-step mechanism shown in Scheme 1. Assuming a steady-state concentration for 
the intermediate IIa, this Scheme leads to the general expression 4. Provided the 
amine-assisted deprotonation ( k2) is rapid, i.e. k,[RNH,] > k_, , eq. 4 simplifies to 
the observed form (eq. 3). Thus, as with the other nucleophiles studied here, the 
calculated second-order rate constants, k,, in Table 1 are believed to refer to ring 
addition. 

k 
k,k,[RNH,12 

Ohs= k_, + k,[RNH,] 

In no instance was any spectroscopic evidence noted for an intermediate during 
any of the kinetic studies. This negative observation, together with the general 
exo-configuration established [ll] for each of the adducts II, confirms direct 
truns-addition (k,) to the dienyl ring in each case. 

Combination of the results in Table 1 with previous kinetic data [l-5] for other 
nucleophiles with cation I provides the extended nucleophilicity ( NFe) scale in Table 
2, which covers a reactivity range of nine orders of magnitude. Some conclusions 
may be drawn concerning the factors controlling nucleophilicity towards cation I. A 
Briinsted plot of log k, vs. pK, for each of the nucleophiles is a scatter diagram 
(Fig. 1). However, for individual series of nucleophiles such as triarylphosphines, 
pyridines, and anilines good linear correlations are noted (Fig. 1) [l-3]. The 
substantial Briinsted slopes, (Y, of ca. 0.4-0.5 reveal a strong dependence of 
nucleophilicity upon basicity. 
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Table 2 

Relative nucleophilic reactivities towards cation I at 20 o C 

Nucleophile Solvent k, 
(mol-’ dm3 SF’) 

NF, Ref. 

P(2-MeOC,H,), 
PBu,” 
PEt,Ph 
P(4-MeOC,H,), 
H 2 NCH(Me)Ph 
P(4-MeC,H,), 
nicotine 
4-Me aniline 
P(4-MeC,H,)Ph, 
imidazole 
H,NCH(Me)CO,Et 

N3- 

PPh, 
H,NCH(Ph)CO,Et 
pyridine 
PPh,(2-CNC,H,) 
H,NCH(CH,Ph)CO,Me 
aniline 
2-Me-pyridine 
2-Me-aniline 
NCS- 

P(4-FGH,), 
4-Cl-aniline 
4-CHO-pyridine 
3-CO, Me-pyridine 
P(CClC,H,), 
P(2-CNC,H,), 
2-Et-pyridine 
4-CN-pyridine 

WW,,), 

P(OBu”), 

P(OEt) 3 
P(OMe) 3 
2,6-Me,-pyridine 
P(2-MeC,H,), 
pyrrole 
indole 

P(OPh) 3 
4-Me,NC,H,SnMe, 
4-Me,NC,H,SiMe, 

acetone 680,000 
acetone 336,000 
acetone 155,000 
acetone 64,200 
CH,CN 36,200 
acetone 28,500 
CH,CN 20,700 
CH,CN 14,500 
acetone 13,700 
CH,CN 10,800 
CH,CN 9,130 

Hz0 8,630 
acetone 7,490 
CH,CN 6,500 
CH,CN 6,230 
acetone 5,330 
CH,CN 5,000 
CH,CN 2,780 
CH,CN 2,150 
CH,CN 2,110 
CH,CN 1,950 
acetone 1,570 
CH,CN 1,470 
CH,CN 1,090 
CH,CN 980 
acetone 908 
acetone 639 
CH,CN 545 
CH,CN 365 
acetone 174 
acetone 101 
acetone 46 
acetone 30 
CH,CN 28 
acetone 7.1 
CH,NO, 0.16 
CH,NO, 0.14 
CH,CN 0.046 
CH,NO, 0.0093 
CH,CN 0.00075 

3.83 3 
3.52 3 
3.19 3 
2.80 3 
2.55 This work 
2.45 3 
2.31 This work 
2.16 a 2 
2.13 This work 
2.03 5 
1.96 16 
1.93 8 
1.87 3 
1.81 a 16 
1.79 ” 1 
1.72 This work 
1.69 a 16 
1.44 a 2 
1.33 1 
1.32 2 
1.29 8 
1.19 3 
1.16 2 
1.03 17 
0.99 17 
0.95 3 
0.80 This work 
0.73 a 18 
0.56 17 
0.24 3 
0.00 This work 
-0.34 3 
-0.53 3 
-0.55 a 1 
-1.12 3 
- 2.79 19 
- 2.87 19 
- 3.34 This work 
- 4.04 4 
-5.13 4 

a Extrapolated from Arrhenius plot. 

pyridine nucleus causes a lo-fold reduction in rate after allowance is made for 
basicity changes (Table 2) [l]. These steric effects are larger than those found for 
analogous attack on tetrahedral Me1 [13]. This is shown also for the addition of 
phosphorus nucleophiles to cation I. An excellent correlation is found between 
log k, and the Tolman Cx values for thirteen of the P-nucleophiles in Table 2 (Fig. 
2). The Cx values are a measure of the relative u-donor and T-accepting ability of 
the various ligands [13]. The linear correlation (r = 0.98) indicates that, despite 
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Fig. 2. Plot of log h,. vs. Tolman Z;x values for addition of tertiary phosphmes and phoxphltes to 1 ID 
acetone at 20” C, key as in Fig. 1 30. PtZ-MeOC,H,),: 31. P(4-Me<‘,fi,)Ph~: 32. r)Ph.[2-(‘NClt-I,I:: 
33. P(OEt),: 34. PCOMe),. 
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significant changes in cone angles along this series (145-107 “), similar steric 
demands occur in the transition state in each case. However, phosphines with very 
large cone angles do experience severe steric retardation. Thus, P(C,H,,), and 
P(2-MeC,H,), (with cone angles of 179 and 194”, respectively), show large 
negative deviations (A) of ca. 4 log units below the Tolman plot. That is, their rates 
are retarded by a factor of ca. lo4 below that expected on electronic grounds. These 
steric effects are much larger than for analogous attack on EtI, where P(C,H,,), 
shows a deviation (A) of only 0.75 log units below its associated Tolman plot [3]. 

To date, the only anions for which quantitative data are available for attack on I 
are N,- and NCS [8]. Qualitative observations [ll] indicate that N,- is much more 
reactive than CN-, which is similar to the observations of Ritchie [7] for free 
carbonium ions as substrate. Kinetic studies are in progress with a range of other 
anions in reaction 2 to determine whether the behaviour of cation I closely parallels 
free carbonium ions. Recent data [3,5,15] suggest such a close relationship for 
neutral nitrogen and phosphorus nucleophiles. 
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