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Figure 1. Plots of -V2p in the E-M-L plane of the assumed transition 
states in the Ta(CO)6 + CO (a) and W(CO)6 + CO (b) carbonyl ex
change reactions, p is the valence-electron density. 

and similar preexponential factors. 
In Figure 1, we plot the Laplacian of the valence-electron 

density, i.e., -V2p," on the yz plane (i.e., E-M-L plane) from 
the ab initio calculations on these assumed transition states (1). 
In these plots solid lines show regions of local electron concen
trations, while dotted lines show regions of local electron depletions. 
A significant difference in the valence-electron -V2p plots is seen 
clearly in Figure 1. Two concentrations in the +y and -y di
rections, 180° apart, are observed for the 19-electron system 
(Ta(CO)7, Figure la), while the 20-electron system (W(CO)7, 
Figure lb) gives four concentrations with an angle of about 109.5° 
between the two concentrations in the +z direction (toward the 
entering/leaving ligands). 

Although this difference seems large, its qualitative origin is 
easily understood through a simple scheme, where for a C21, ML7 
(1) complex we consider the orbital interaction between a 
square-pyramidal ML5 fragment and the two entering/leaving 
ligand a orbitals in the yz plane. The d„ orbital of the "t2g" set 
of the ML5 fragment is antibonding and the d ^ orbital is slightly 
antibonding. The electron density contributed by the d^ and d ^ 
orbitals is of primary importance in comparing the two systems 
(Ta(CO)7 and W(CO)7) since for a 19-electron ML7 system the 
d^ orbital is singly occupied (Scheme Ia), while for a 20-electron 
ML7 system it is doubly occupied (Scheme Ib). Scheme I il
lustrates how the single electron difference leads to a significant 
difference in the electron density between 19-electron and 20-
electron systems. 

In summary, the significant difference in the substitution re
action rates of 17-electron and 18-electron transition-metal car
bonyl complexes is reflected in the significant difference in the 
valence-electron distributions of their transition states. This large 
difference was unanticipated through traditional valence-bond or 
molecular orbital concepts. In the substitution reaction of an 
18-electron metal carbonyl complex, where the transition state 
corresponds to a 20-electron system, the valence-electron charge 
concentrations are located along the directions of metal-en
tering/leaving ligand bonds in the transition state. For a 19-
electron system, the two maxima in the charge concentration are 
not directed toward the entering/leaving ligands. Therefore, a 
more stable transition state is observed for the substitution reaction 
of a 17-electron transition-metal complex. 
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Nucleophilic acyl-transfer reactions most often occur by way 
of a two-step mechanism with a tetrahedral intermediate, described 
in the IUPAC system1 as A N + DN . Acyl halides can react 
through an acylium ion intermediate by an S N I (D N + A N ) 
mechanism.2 There has been interest in the question of whether 
ester acyl transfers can proceed by a concerted SN2 (A N D N ) 
pathway.3 On the basis of structure-reactivity studies, Williams 
et al. proposed that the reaction of phenoxide anions with p-
nitrophenyl acetate proceeds by such a concerted pathway,43 and 
they proposed a theory predicting when ester acyl transfers will 
be concerted and when they will go by the limiting stepwise 
mechanisms.5 These conclusions have been challenged.6 Re
cently, theoretical arguments have been presented in support of 
a concerted mechanism in reactions of aryl acetates with phenoxide 
anions.7 

We have shown that in displacement reactions where p-nitro-
phenol is the leaving group the degree of transition-state bond 
cleavage is reflected in a measurable 15N isotope effect.8 The 
isotope effect arises from bonding changes that occur in the nitro 
group as a result of the derealization of charge arising from partial 
cleavage of the bond to p-nitrophenol in the transition state. 
Because the 15N isotope effect is a secondary one and reaction 
coordinate motion does not make a contribution, it is a better 
measurement of transition-state bond cleavage than the primary 
phenolic oxygen isotope effect. The utility of this method for 
examining transition-state structure was demonstrated in a study 
of the hydrolysis reactions of phosphate esters of p-nitrophenol.8 

This technique offers a direct means for distinguishing a con
certed mechanism from a tetrahedral one for acyl-transfer re
actions with p-nitrophenyl acetate. In the tetrahedral mechanism 
shown here, where the p£a of the nucleophile is higher than that 
of the leaving group, nucleophilic attack will be rate-limiting and 
the intermediate will partition completely forward to products. 
Only the first step of this process can show isotope effects since 
it is rate-limiting, and no 15N isotope effect is expected in this 
step since the bond to the leaving group is scarcely affected. 
Therefore, this mechanism predicts no significant 15N isotope 
effect. A concerted mechanism on the other hand will exhibit 
an isotope effect corresponding to the degree of transition-state 
cleavage of the bond to the p-nitrophenol leaving group. 
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Table I, Isotope Effect Results 

reaction l*k/i5k 

acyl transfer to hydroxide0 1.0002 ± 0.000 V 
acyl transfer to phenolate4 1.0010 ± 0.0002 

"2 mM p-nitrophenyl acetate, 100 mM CHES buffer (pH 9.0), 23 
0C; r,/2 » 2.5 h. The rate of reaction was independent of buffer con
centration, and this pH is well within the range where solvolysis is 
known to be solely catalyzed by hydroxide." b 1.5 mM p-nitrophenyl 
acetate, 15 mM phenol, 50 mM CHES buffer (pH 9.5), 5 0C; r l /2 « 8 
min. This reaction was approximately 25-fold faster than that with 
hydroxide at the same pH and temperature, and the rate varied in a 
linear fashion with added phenol. c Errors reported are the standard 
errors. 

Prior experimental evidence in favor of the concerted process 
comes from reactions of aryl esters with phenoxide nucleophiles.4 

Recent theoretical arguments concur and also conclude that the 
reaction of hydroxide with aryl acetates should have no inter
mediate of significant lifetime.7 The 15N isotope effects have been 
measured for the acyl-transfer reactions of p-nitrophenyl acetate 
with hydroxide and with phenolate under the conditions given in 
Table I. The pAfa values of both these nucleophiles satisfy the 
requirement that nucleophilic attack, coupled or not with leaving 
group displacement, occurs at the rate-limiting step. 

The small and possibly insignificant isotope effect on the hy
droxide reaction is consistent with a tetrahedral mechanism, but 
it cannot rule out a concerted process where bond cleavage to the 
leaving group is only slightly advanced in the transition state. Due 
to the small magnitude of the 15N isotope effects, this method is 
not sensitive enough to measure changes in bond order smaller 
than about 15%. 

The isotope effect for the phenolate reaction indicates that the 
bond to the leaving group cleaves in the rate-limiting step, which 
is not consistent with a tetrahedral mechanism and favors the 
contention that this reaction follows a concerted A N D N dis
placement. This isotope effect is within the range of those found 
for the phosphoryl-transfer reactions of phosphate diesters and 
triesters of p-nitrophenol,8 reactions known to occur by concerted 
nucleophilic displacement at phosphorus. Using the value of 
1.0028 to represent a fully broken bond,8 the acyl-transfer reaction 
with phenolate has a transition state with about 35% bond cleavage 
to the leaving group. 

Comparison of the present data with those from studies of 
phosphoryl-transfer reactions indicates that, in terms of leaving 
group departure at the transition state, the reaction of p-nitro
phenyl acetate with phenoxide most resembles phosphoryl-transfer 
reactions with neutral phosphate esters of p-nitrophenol. For these 
substrates (a triester or a protonated diester), transition-state bond 
cleavage was about 25-32%, whereas for anionic phosphodiesters 
of p-nitrophenol, transition-state bond cleavage was higher, about 
55%.8-9 

Further isotope effect studies are under way to better char
acterize the present reactions, particularly that with hydroxide, 
and to examine the nature of this acyl-transfer reaction with 
different nucleophiles. It will be of interest to determine whether 
the apparent concertedness of acyl-transfer reactions between 
phenoxides arises from their p£a values or is due to some other 
characteristic specific to phenoxides. 

Determination of Isotope Effects. Aqueous solutions of p-
nitrophenyl acetate were made by prolonged stirring. The isotope 
effect reactions were run on lOO-jtmol samples of p-nitrophenyl 
acetate and allowed to run to about 50% completion. The p-
nitrophenol product was separated from the residual starting 
material, and each was assayed to determine the exact fraction 
of reaction. The nitrogen from both was separately converted to 
N2, and the isotopic composition was determined by an isotope 
ratio mass spectrometer, as previously described.9 The isotopic 
composition of unreacted starting material was separately de
termined. Isotope effects were calculated from the isotope ratios 
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of the unreacted starting material and the residual starting material 
after partial reaction ana, independently, from those of the un
reacted starting material and product.10 Six separate isotope effect 
experiments were run, giving 12 independent measurements of 
each isotope effect. 
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The pioneering application of nanosecond laser flash photolysis 
(LFP) to "real time" studies of ferf-butoxyl chemistry by Small 
and Scaiano3 in 1978 opened an exciting new era in free radical 
kinetics. Because the terf-butoxyl radical had no absorption band 
in the visible and showed only a weak "tail-end" absorption in the 
near UV4 (see Figure IA), Small and Scaiano developed a com
petitive kinetic "probe" technique to monitor the evolution in time 
of the terf-butoxyl concentration as this radical reacted with 
different substrates following the laser flash.3'5 The probe chosen 
was a compound that, on reaction with /ert-butoxyl, yielded a 
radical with a strong and characteristic absorption in the visible, 
e.g., diphenylmethanol which yields (C6H5)2COH, Xmax = 545 
nm.6'7 In subsequent LFP kinetic studies on other alkoxyls,8"10 

including benzyloxyl9 and cumyloxyl,10 it appears to have been 
implicitly assumed that these radicals have the same UV-visible 
spectral characteristics as fevf-butoxyl. This assumption is in
correct. Benzyloxyl, cumyloxyl, and p-methoxycumyloxyl exhibit 
strong, broad absorptions in the visible with X1113x = 460, 485, and 
590 nm, respectively (see Figure 1). 

Cumyloxyl radicals were generated at room temperature by 
direct 308-nm and (where solvent permitted) 266-nm LFP of 
dicumyl peroxide11 and by direct 266-nm LFP and xanthone triplet 
(E1 = 74.1 kcal/mol, Xn̂ x = 630 nm) photosensitized 355-nm LFP 
of dicumyl hyponitrite.11 The visible and UV absorptions were 
observed to grow-in "instantaneously" in CCl4, CH3CN, CH3C-
O2H, (CH3)3COH, C-C6H12, C6H6, and C6H5Cl, with no signif
icant shift in the visible absorption maximum from 485 nm over 
this range of solvents. Of course, the rates of cumyloxyl radical 
decay do depend on the solvent. However, in all cases, the rates 
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