
Multiple files are bound together in this PDF Package.

Adobe recommends using Adobe Reader or Adobe Acrobat version 8 or later to work with 
documents contained within a PDF Package. By updating to the latest version, you’ll enjoy 
the following benefits:  

•  Efficient, integrated PDF viewing 

•  Easy printing 

•  Quick searches 

Don’t have the latest version of Adobe Reader?  

Click here to download the latest version of Adobe Reader

If you already have Adobe Reader 8, 
click a file in this PDF Package to view it.

http://www.adobe.com/products/acrobat/readstep2.html




JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 2,323-330 (1989) 


LASER FLASH PHOTOLYSIS OF A CHROMIUM CARBENE 
COMPLEX: PENTACARBONYL( 1,3-DIMETHYL-4- 


IMIDAZOLIN-2-YLIDENE)CHROMIUM(O) 


SHIGERO OISHICt AND KATSUMI TOKUMARU 
Deportment of Chemistry, University of Tsukuba, Tsukuba, Ibaraki 305, Japan 


ABSTRACT 


Photoreactions of Cr(CO),(Im) (Im = 1,3-dimethyl-4-imidazolin-2-ylidene) have been investigated by 
laser flash and continuous photolysis. Quantum yields for the disappearance of Cr(CO),(Im) in benzene 
under Ar or CO were very low, although transients observed by laser flash photolysis reacted rapidly 
with CO. This suggests that photodissociation of the carbene ligand is very minor. The laser flash 
photolysis at 337nm in benzene (B) gave a transient (I.,,,= = 630nm), which converted to the second 
transient (Lax = 455 nm) within -100 ns. The kinetic studies of these transients revealed that the first 
one is a 'free' coordinatively unsaturated species (Cr(C0)4(Im)) and the second one carries a solvent 
molecule as a ligand (Cr(CO).,(Im)(B)). From the comparison of Cr(CO)&n) and Cr(CO),, apparently 
lower reactivity of Cr(CO)5 was found to be due to the strong coordination of a solvent molecule. The Im 
ligand neutralizes the deficit of electron density on Cr. A simple synthesis of Cr(CO),(Im) was also 
described. 


INTRODUCTION 


It is well established that the photoreactions of metal carbonyls start with 
photodecarbonylation.' In the case of group 6 metal carbonyls, the coordinatively unsaturated 
species so generated captures a solvent molecule immediately, and other reactions such as the 
substitution of the solvent molecule follow.24 Although carbene ligands have formal 
similarities to carbonyl in the sense that there are only six valence electrons on carbon, there 
have been few studies concerning the photoreactions of metal carbene complexes. Ofele and 
Herberhold have reported the photoreactions of a Fischer-type carbene complex: the 
irradiation of pentacarbonyl(l,3-diethyl-4-imidazolin-2-ylidene)c~omium(O) (Cr(CO),(Irn)) 
in THF gave Cr(CO),(Im), in 8% yield.5 Free carbene Im seems to be suggested as an 
intermediate of the dismutation. 
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Considering its rigorous conditions, namely, 4 h of irradiation with a 450 W high-pressure 
mercury lamp at the boiling temperature of THF, the primary photoreactions can hardly be 
deduced from this synthetic study. We have investigated the photoreactions of Cr(CO)s(Im) 
by means of laser flash photolysis, intending to look at whether the free carbene (Im) can be 
generated by photolysis, equation (la), and what effect the Im ligand will produce in the 
behavior of Cr(CO),(Im) if decarbonylation is the primary process, equation (lb). 


( 1 4  


or Cr(CO),(Im) + CO (Ib) 


hv Cr(CO)5(Im) - Cr(CO)s + Im 


EXPERIMENTAL 


Materials 


Cr(C0)6 was purchased from Aldrich Chemical Co. and was used without further purification. 
Pyridine (Aldrich, Gold label) was distilled and dried with molecular sieves of 4A. Benzene 
(Fischer Scientific, Spectranalyzed grade) was purified with usual sulfuric acid treatments, 
distillation, and an alumina column, and stored on molecular sieves of 4A. THF (American 
Burdick & Jackson) was purified just before the experiments by distillation under Ar from the 
benzophenone ketyl solution. Acetonitrile (Aldrich, Spectrophotometric grade) was purified 
with distillation from P20s. Acetone (Fischer, Spectranalyzed grade) was distilled and dried 
on molecular sieves of 4A. 


Synthesis of Cr(CO)s(Im) 


Cr(C0)6 (4-4 g, 20 mmole) and 1,3-dimethylimidazolium iodide (4.5 g, 20mmole) were 
dissolved with acetone (l00ml) in a 250ml flask. The solution was deaerated by bubbling 
argon, aqueous NaOH (2.5 g, 62.5 mmole, in 3-5 ml of water) was added, and the solution was 
kept overnight at 50°C. After the evaporation of acetone and water under vacuum, the flask 
was heated to 120°C for 30 min. Some part of the product sublimated to the reflux condenser. 
The sublimate and the residue in the flask were charged on a silica gel column and eluted with 
benzene. The pale yellow product was further purified with sublimation at 80°C under high 
vacuum Yield: 2.4g, 42%. Found: C, 41.69; H, 2.82; N, 9.89%. Calcd. for CloHsCrNzOs: C, 
41-68; H, 2.80; N, 9.72%. M.p., MS, UV, IR, and NMR were in good agreement with those 
reported in the literature.6 


Laser flash photolysis 


A Molectron UV-400 nitrogen laser was used for excitation (337 nm, 3 mJ/pulse, 8 ns of pulse 
width). A right-angle optical system using a 10-mm cell was employed for the 
excitation-analyzing set-up. All measurements were carried out at ambient temperature (24 f 
1 "C) and were the results of averages of at least four laser pulses. The estimated uncertainties 
in the rate constants obtained are f20%. Details of the kinetic spectrophotometer and data 
collection system are described Samples were degassed by several freeze-pump- 
thaw cycles and stirred for 20 min under a given pressure of CO (Linde, Research grade) to be 
equilibrated. Concentrations of CO in benzene were calculated from the value ( 7 . 5 4 m ~  at 
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1 atm and 25°C) in the literature." For the experiments using pyridine as a ligand, samples 
were deaerated by bubbling argon (Linde, Ultra high purity grade) for 20min and pyridine 
was added with a micro-syringe. 


Continuous photolysis 


An optical train for irradiation consisted of 500 W high-pressure mercury arc lamp installed in 
an Oriel lamp housing (#66060), a secondary focusing lens (f = 250 mm), 12cm of aqueous 
CuS04 (0.2 M) filter, a monochromator (Bausch & Lomb), and a vacuum photodiode detector 
(Oriel, #7052) which was calibrated by ferrioxalate actinometry.'' Benzene solutions of 
Cr(CO)=,(Im) (0.49 mM) were deaerated by bubbling Ar or CO and irradiated by the 366 nm 
line (-6.3 x lo-' einstein s-l) with stirring. The decrease in absorption at 351 nm was used 
for calculating quantum yields. 


RESULTS AND DISCUSSION 


Benzene solutions of Cr(CO),(Im) (1.6 m ~ )  were deaerated by several freeze-pump-thaw 
cycles and equilibrated with 1 atm of CO, then subjected to laser flash photolysis at 337 nm. 
Figure l a  shows typical decay and growth traces observed at 630 and 455 nm, respectively. A 
differential spectrum at a given time can be composed by the collection of corresponding 


(a )  
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Figure 1. Laser flash photolysis of Cr(CO),(Irn) ( 1 . 6 m ~ )  in benzene under CO (1 atrn). (a) Typical decay (630nrn) 
and growth (455nm) traces. Solid circles were sampled for spectra. (b) Time-resolved differential spectra. A, B, C, 


and D correspond to 0, 9.3, 23 and 109 ns after the pulse, respectively 
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Figure 2. (a) The decay trace of the peak D at 455 nm, following to Figure 1 .  Solid circles were sampled for spectra. 
(b) Time-resolved differential spectra. D, E, F, and G correspond to 0.1, 1-2, 3.9, and 2 3 . 4 ~  after the pulse, 


respectively 


points from traces observed for various wavelengths. Figure l b  shows time-resolved 
differential spectra up to -100 ns after the laser pulse. Spectrum A immediately after the pulse 
had an absorption peak at 630 nm and converted to Spectrum D (h,,, = 455 nm), obeying 
first-order reaction kinetics. Spectrum D, in turn, disappeared within -15 ps (Figure 2). 
First-order reaction kinetics can be applied also to this disappearance. 


The spectral change under vacuum was similar to the above observation, except that 
Spectrum A decayed more slowly and Spectrum D was larger in absorption intensity. This 
indicates that the reaction of species 1 (Spectrum A) with CO competes with the conversion to 
the transient 2 (Spectrum D). The species 2 disappeared more slowly under vacuum and 
obeyed second-order reaction kinetics (t; = -25 ps), suggesting that the species 2 also reacts 
with CO. Under a CO atmosphere, pseudo-first-order reaction kinetics was realized because 
of the presence of excess CO. On the other hand, under vacuum, the presence of the same 
amount of CO as 2 made the reaction second-order. 


In the case of laser flash photolysis of Cr(C0)6 under the same conditions as Figure 1 and 2, 
free Cr(CO)s was not observed. Instead, the spectrum even just after the pulse was due to the 
species coordinated by benzene (Cr(CO)5(B)), 1, = 460 nm).” Cr(CO)S(B) shows almost 
no decay in the time range of Figure 2. If the Im ligand photodissociates from Cr(CO),(Im), 
Cr(C0)5(B) must be observed. Because both 1 and 2 reacted rapidly with CO, neither of these 
can be Cr(CO)s(B). Indeed, quantum yields for the disappearance of Cr(CO),(Im) were 
measured as low as 0-004 and 0-006 under Ar and CO, respectively. 


Laser flash photolysis of Cr(C0)5(Im) in coordinating solvents such as THF, acetone, and 
acetonitrile gave similar spectra to 2 (A,,,= = 450,430, and 400 nm, respectively) even just after 
the pulse, and these spectra did not change up to -700~. The spectrum corresponding to 1 
was not observed. 


These observations stated above can be most rationally explained by the idea that 1 is a free 
coordinatively unsaturated species (Cr(CO),(Im)), and 2 carries a benzene molecule as a 
ligand (Cr(CO)&m)(B)). The coordination of THF, acetone, or acetonitrile to 1 is so fast that 
this reaction is completed within the duration of the laser pulse. 


The second-order rate constant for the reaction of 1 with CO (kco) was determined in 
benzene as 8.0 X l O 9 M - l  s-’ from the plots of pseudo-first-order decay rates of 1 vs. the 
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concentrations of CO. The value implies that this reaction is almost diffusion-controlled and is 
of reasonable magnitude for a free coordinatively unsaturated species.2 


cr(co),(Im) + co cr(co),(Irn) kco = 8-0 x 109 M-1 s-1 (2) 
1 


From the number of photons measured by referring to the concentration of benzophenone 
triplet, the concentration of CO formed by the pulse can be estimated as less than 1.7 X 
1 0 - 4 ~ .  So, using the value of kco obtained above, the value of k,,[CO] amounts to less than 
1.4 x 106s-', which is smaller than the decay of 1 under vacuum (1.3 x lo's-') by one order 
of magnitude. Therefore, the decay of 1 under vacuum is attributable almost completely to 
solvent coordination (kB[B]). The kB value is calculated as 1.2 X lo6 M - ~  s-' by using 11.2 M as 
[BI * 


Cr(CO),(Im) + B Cr(CO)4(Im)(B) (3) 
1 2 


The pseudo-first-order decay rate of 2 in benzene in the presence of excess CO did not 
correlate linearly with the concentration of CO; saturation was observed at higher [CO]. Thus, 
a direct substitution mechanism, equation (4), should be excluded. 


Cr@C3)4@m)(B) + CO ,+> Cr(CO),(lm) + B (4) 
2 


The dissociative mechanism as invstrated in Scheme 1 can explain the kinetic behavior of 2. 


Scheme 1 


In Scheme 1, most of 1, generated by the photodecarbonylation, converts swiftly to 2 by the 
coordination of benzene (kB[B]) in the time range of Figure 1. 2, in turn, supplies a small 
amount of 1 according to the equilibrium (k-Bl(ke[B]) and the supplied 1 reacts with CO to 
disappear in the time range of Figure 2. For the disappearance of 2, the steady state 
approximation (d[l]ldt = 0) can be applied because of low concentration of 1, and equation (5) 
is obtained. 







328 S .  OISHI A N D  K. TOKUMARU 


If kB[B] >> k&] holds, equation (5) can be simplified to equation (6). 


-= 
dt 


where 


(7) 
k-B 


kapp = - kL 
kBIBl 


7le  second-order rate constant (kapp), obtained from the plots of pseudo-first-order rate 
constants (k,) vs. [L], contains the term of the solvent coordination equilibrium, even if a 
linear part of the plots is used (kB[B] >> kL[L]).2,'27'3 In this study, kapp and k-B were 
obtained from the plots of llk, vs. 1/[L] based on equation (9), as shown in Figure 3. 


-0 20 40 


Figure 3. (a) Typical pseudo-first-order kinetic plots for the decay of 2 under various concentrations of CO. (b) Plots 
of Ilk, vs. ll[L] based on equation (9) 


Since the concentration of CO could not be increased, the reaction of Cr(CO),(B) with CO 
was too slow to measure its rate. In order to compare the kinetic behavior of Cr(CO)5 and 







LASER FLASH PHOTOLYSIS 329 


Table 1. Comparison of kinetic behavior of Cr(CO)5 and Cr(CO)4(Im) 


~~ ~ _ _ _ _ _  


a Estimated from the fact that Cr(CO)5(B) does not decay up to -1ms under latm of CO, namely, 
l/(k,,[CO]) >> lO-'s. 
b*'Determined from the plots based on equation (9) for py and CO as L, respectively. 
d.CEstimated from the fact that the generation of Cr(CO)S(B) is complete within the laser pulse duration, 
namely l/(k,[B]) << 8 x 10-9s. 


Cr(CO),(Im), the values of kapp and k-B determined by using pyridine as a ligand are shown in 
Table 1. 
By substituting the values of kapp, k-B,  and kB in equation (7), kco for the system of 


Cr(CO),(Im) and CO can be calculated as 7-5 X 1 0 9 ~ - 1  s-l ,  in good agreement with the value 
obtained above (8.0 X l O 9 ~ - '  s-') from the dependence of the decay of 1 upon [CO], 
suggesting the appropriateness of Scheme 1. 


The value of kapp for Cr(CO),(Im) is larger than that for Cr(CO)S by lo3 times. As can be 
seen from the value of k--B/(kB[B]), this is not due to kL but to the term of solvent 
coordination equilibrium. Because of the extreme reactivity of Cr(CO)S, it captures a solvent 
molecule immediately. The Cr(CO)S(B) so generated is very favorable in the solvent 
coordination equilibrium, In the case of Cr(CO),(Im), because of decreased reactivity due to 
the Im ligand, free Cr(CO),(Im) could be observed as a transient. Cr(CO),(Im)(B) is also 
favorable in the equilibrium, but not to such an extent as the case of Cr(CO)5(B). The 
apparent rate constants for substitution (kapp) reflect stability of the solvent coordinated 
transients rather than true reactivity of the free species (kL).  


If the coordination of Im to Cr is considered by the following resonance structures, where 
(b) and (a) correspond to a donating and back-donating bond formation respectively, the 
donating bond formation is stabilized by the delocalization of electrons represented as (c) and 
(d). The formally empty p orbital of C2 carbon is stabilized more efficiently by nitrogen 2p 
orbitals than metal 3d orbitals lying in higher energy 1 e ~ e l s . l ~  


Consequently, the Im ligand is not so electron-withdrawing as CO. The extreme reactivity of 
Cr(CO)5 is due to the significant deficit in electron density on Cr caused by five carbonyls. 
Substitution of one carbonyl by Im neutralizes the electron-deficiency on Cr and decreases the 
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reactivity: free Cr(CO),(Im), 1, could be observed in benzene. Stabilization brought about by 
the coordination of benzene to Cr(C0)5, is, of course, greater than that due to the 
coordination of benzene to Cr(C0)4(Im), because an electron-donating benzene ligand 
compensates the more significant electron-deficiency of Cr(C0)5. This explanation is 
consistent with the observed equilibrium. 


The expected generation of free carbene Im in the primary photolytic process of 
Cr(CO),(Im) has been revealed to be very minor. In the synthetic work done by Ofele and 
Herberhold, Cr(CO),(Im), may be formed via thermal reactions of Cr(CO),(Im) (Solvent), 
accumulated in the solution with removal of photogenerated CO by boiling, Indeed, they 
reported later that the thermal reaction of Cr(CO),(Im) in the presence of tricyclohexylphos- 
phine gave the same p r o d ~ c t . ' ~  


The synthesis of Cr(CO),(Im) described here is based on the nucleophilic attack of a 
hydroxide ion on a carbonyl carbon,16 being easier than the reduction process of Cr(C0)6 by 
pyrophoric C8K. Although the reaction conditions were not optimized, yields were rather 
satisfactory, considering the simple procedure. 
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ABSTRACT 


The kinetics of the aromatic nucleophilic substitution (SNAr) reactions of 1,2-dinitrobenzene (1,2-DNB) 
with butylamine (BA) and piperidine (PIP) were investigated as a function of the amine concentration 
and temperature, in chloroform, ethyl acetate, tetrahydrofuran (THF), acetonitrile (ACN), 
dimethylformamide (DMF), dimethyl sulphoxide (DMSO), benzene, toluene, chlorobenzene and 
diisopropyl ether. 


In the set of solvents consisting of ethyl acetate, THF,  ACN, DMF and Dh4S0, neither reaction is 
catalysed (kA = k l  ). The sequence and range of reactivity for BA and PIP are similar in these solvents. 
These results indicate that reactions in which nitro in the leaving group behave differently from SNAr 
reactions with other leaving groups, such as halogens or alkoxy groups, since an intramolecular hydrogen 
bond may be expected between the leaving nitro group and the ammonium H of the nucleophiles. The 
correlations of the rate coefficients obtained with Taft and Kamlet's solvatochrornic method support these 
conclusions. 


On the other hand, these reactions show mild acceleration with relatively nonpolar  solvents such as 
thc aromatics and diisopropyl ether. The donor properties of these solvents and experiments with solvent 
mixtures suggest the formation of electron donor-acceptor complexes between them and 1,2-DNB. Hence 
the preferential solvation of 1,2-DNB by the donor solvent accounts for the mechanism observed. 


INTRODUCTION 


Our previous studies have shown that the reactions between 1,2-dinitrobenzene (1,2-DNB) 
and primary or secondary aliphatic amines follow the generally accepted mechanism for 
aromatic nucleophilic substitution (SxAr) given in equation ( l ) ,  where B is the nucleophile or 
any base added to the reaction medium and R'  represents H and alkyl groups for primary and 
secondary amines, respectively. 


NRR' 
I 


NO2 
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Application of the steady-state hypothesis to this mechanism gives equation (2), where k~ is 
the observed second-order rate constant. 


k~=(kik2+kikB3[B])/(k-i + k z + k $ [ B I )  (2) 


It is widely recognized that when k-1 Q (k2 + k?[B] ) or, more precisely, k-1 4 k2,5 the 
formation of the intermediate I is rate limiting and consequently kA = kl .  On the other hand, 
if k -  % k2 + k! [ B] , the decomposition of the intermediate is rate limiting and base catalysis 
may be expected. A linear response to base concentration such as depicted in equation (3) is 
characteristic of most of base-catalysed reactions. 


kA = ko + k" [ B]  (3) 


If equation (2) cannot be simplified, a curvilinear concave downward dependence of kq is 
found5 and the decomposition of the intermediate is also rate determining. 


Although SNAr reactions between nitro-activated aromatic compounds, with a variety of 
leaving groups and amines as nucleophiles, have been extensively studied, 5 - 1 0  and the influence 
of the solvent has been recognized, there has been little systematic study of the way in which 
solvents may affect reaction rates. 


More recently, several studies, in which different solvent properties allow an explanation of 
the differences observed in the catalysed steps when primary or secondary amines are used as 
nucleophiles, have been reported. "-I4 Systematic studies have also been performed using the 
reactions between amines and l-halo-2,4-dinitrobenzenes, as model compounds, - l 7  in protic 
and aprotic solvents to  identify and assess the relative importance of the various solvent effects 
observed. 


The study of solvent effects on reactivity can give relevant information about the reaction 
mechanisms and the nature of the transition state in the rate-limiting step. In previous work, 
using 1,2-DNB as substrate, we found some unexpected solvent effects. Thus, the reaction 
between 1,2-DNB with several primary aliphatic amines3 and with piperidine (PIP)2 in hexane 
is wholly base catalysed. However, the same reaction for primary amines in benzene4 gives only 
mild acceleration7 even though this solvent is usually considered to be a typical non-polar 
solvent in SNAr reactions. The difference in reactivity observed in hexane compared with 
benzene was explained by the specific solvent effect exerted by benzene, which solvates 1,2-DNB 
preferentially in view of its electron-donor properties. 


In this work we have extended these studies in a series of aprotic solvents in order to obtain 
a deeper insight into the solvent effects exerted on amino denitration reactions by using 
1,2-DNB as substrate. In order to identify the possible differences in reactivity between primary 
and secondary amines, butylamine BA and PIP were used as nucleophiles. 


RESULTS AND DISCUSSION 


The reactions of 1,2-DNB with PIP and BA in all the solvents studied proceed 
straightforwardly to  give N-(2-nitrophenyl)piperidine and N-butyl-2-nitroaniline respectively, 
in quantitative yields as shown by thin-layer chromatographic and UV-visible spectroscopic 
analysis of the reaction mixtures. 


The kinetics of the reactions were studied in the presence of various excess of amounts of 
nucleophile under pseudo-first-order conditions. The reactions proved to be first order in the 
substrate and on division of the pseudo-first-order coefficients, k+, by the appropriate 
concentration of amine, the second-order rate coefficient, kA, was calculated. Tables 1 and 2 
summarize the data for the title reactions in chloroform, ethyl acetate, tetrahydrofuran (THF), 
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acetonitrile (ACN), dimethylformamide (DMF), dimethyl sulphoxide (DMSO), benzene, 
toluene, chlorobenzene and diisopropyl ether, at several nucleophile concentrations and 
temperatures. 


As can be observed two situations are clearly defined for both reaction systems: (i) for the 
set of solvents consisting of ethyl acetate, THF, ACN, DMF and DMSO, the k~ values are 
insensitive to  the nucleophile concentration; (ii) in the other set of solvents, benzene, toluene, 
chlorobenzene and diisopropyl ether, kA increases linearly with the amine concentration 
according to equation (3). 


On the other hand, in the case of chloroform, the 1,2-DNB-PIP system behaves as the 
solvent set (i) whereas for the system 1,2-DNB-BA, a curvilinear downward dependence with 
a definite intercept is obtained for k~ vs nucleophile concentration. 


The calculated values of kl ,  ko and k“ for the corresponding reactions in all the solvents, 
including previous data obtained in hexane and benzene, are shown in Table 3, where the 
solvent parameters used in this study are also included. 


For the purposes of discussion, the set of solvents which give situation (i) will henceforth be 
called set A and those which give situation (ii) will be called set B. 


Reactions in solvent set A 


In these solvents the reaction of 1,2-DNB with either PIP or BA is not base catalysed ( k ~  = k l )  
and the formation of intermediate I is rate determining. When the amine reactivity is compared 
within this set of solvents, it is observed that in DMSO, DMF and ACN, PIP is slightly more 
reactive than BA, whereas in THF and ethyl acetate, the latter is more reactive than PIP. This 
is unexpected, considering that from the order of the overall rate constants observed for SNAr 
reactions, in which the formation of the a-adduct intermediate is rate determining, BA is 
usually an order of magnitude less reactive than PIP. The superior reactivity of secondary 
over primary amines has been adduced to  be due to favorable ion-induced dipole interactions 
in the transition state between partially positive charged amine nitrogen and the polarizable 
alkyl moieties attached to it.’9 


On the other hand, if  we analyse the general solvent effect on kl using the dielectric constant 
( E ) ’ ~  as a parameter of polarity, we observe that kl decreases from the more polar to the less 
polar solvent in a more or less regular fashion. The fastest reactions are in DMSO and DMF, 
as expected. It is well recognized 12,21 that when amines are the nucleophiles, the transition state 
for SNAr reactions is a strong hydrogen-bond donor strongly solvated by basic solvents such 
as DMSO and DMF. 


In addition, the sequences and ranges of reactivity in DMSO, DMF and ACN for PIP 
(5-93:2-08:  1) and BA ( 8 . 5 8 : 3 - 7 8 :  1) are very similar. 


In typical uncatalysed SNAr reactions such as those of l-chloro-2,4-dinitrobenzene with BA 
and secondary amines, although the order of reactivity for these solvents is similar, their range 
is much higher for primary amines. l 3  In all these cases, the substrate contains an o-nitro group, 
‘built in’ s ~ l v a t i o n ~ ~ ’ ~ ~  is involved and, since primary amines have two hydrogen atoms and 
secondary amines only one, the solvent leveling effect is expected to  be higher for the secondary 
amine.13 It is evident that no such effect is found for the reactions studied here. 


This observation, added to the finding already discussed with respect to the apparent similar 
reactivity of PIP and BA, indicates that these reactions in which nitro is the leaving group 
behave differently from SNAr reactions with other types of leaving groups, such as halogens 
or alkoxy. l 2 , l 3  


As stated before, ‘built-in’ solvation is a recognized feature of substrates with o-nitro groups 
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(Ia). However, in the case of 1,2-DNB (or the other substrates where nitro is the nucleofuge), 
another intramolecular hydrogen bond may be postulated for the intermediate I ,  such as 
depicted in Ib. 


Ia Ib 


To a first approximation, molecular models and distances calculated by standard molecular 
geometry with the GELCA program24 on structure Ib show that such a bond is possible, given 
a minimum distance between H-1 and 0 - 2  of 2-07A.  If the structure Ib makes a major 
contribution to the stability of the transition state, the usual reactivity and solvent effects found 
for other nucleofuges with these amines will not be the same as in our case. In fact, a structure 
such as Ib has been proposed for rationalizing the unexpected fast expulsion of the nitro group 
from the intermediate 125 in the reactions of 1,2-DNB and 1,2,4-trinitrobenzene with PIP in 
benzene. 


The next problem is to find which of the currently available parameters best reflect the 
experimentally observed solvent effects on the present reactions. This means obtaining the best 
measure of the solvent dipolarity 26 distinct from other possible specific effects. 


The activation parameters calculated for these reactions (Table 4) show that the variation in 
rates due to a change of solvent cannot be attributed to a corresponding change in either the 
enthalpy or entropy of activation but rather to a random combination of both. Hence, solvent 
interactions are believed to be complex in nature. 


By coosidering that, statistically, the multi-parametric equations are less significant than the 
single-parameter correlations, unless a sufficient number of data are available, we first 
performed single-parameter linear free-energy correlations with Dimroth and Reichardt’s 
E~(30),” Gutman’s DN28 and the ?r* values from Taft and co-workers’ solvatochromic 
method. 26v29-31 


Table 4. Activation parameters for the reactions of 1,2-DNB with BA and PIP in solvent set at 25 “C 


PIP BA 


AH* AS* AH* A S *  
Solvent (kJmol-’) (J K - ’  mol-’) (kJmol-I) (J K-  ’ mol- ) 


Chloroform 45 f 4 - 160 2 3 
Ethyl acetate 41 f 2  - 167 2 1 42 f 1 - 195 f 1 
THF 39 f 1 - 171 f 5 41 2 2  - 191 2 8 
AcN 37 2 2 - 170 2 4 30 2 3 - 198 f 4 
DMF 37 f 3 - 164 2 2 3 8 2  1 - 184 f 2 
DMSO 3 4 +  1 - 165 2 2 37 2 4 - 198 f 







1,2-DINITROBENZENE WITH BUTYLAMINE AND PIPERIDINE 639 


The correlation of log k~ vs E ~ ( 3 0 )  with solvent set A gives the results shown in equations 
(4) and (5): 


log kp“ = - 6.87 + 0*08E~(30)  r=0.60;  n = 5  (4) 
log kY4 = - 5.34 + 0*05E~(30)  r = 0.45; n = 5 ( 5 )  


where r is the correlation coefficient and n is the number of solvents. Chloroform was excluded 
from both correlations because, as was noticed before, it gives a different kinetic behaviour to 
the other solvents in the set with the 1,2-DNB-BA system (see below). 


As can be observed, almost no correlation is found with this parameter. If ACN is excluded 
[equations (6) and (7)] the correlation is improved. However, we believe that still it is not 
satisfactory, particularly because there is no reason to exclude ACN as an anomalous solvent. 


log kf”’ = - 9.44 + 0*15E~(30)  (6) 
log k y A =  -7 .52+0*10E~(30)  r=0*935;  n = 4  (7) 


r = 0.953; n = 4 


E ~ ( 3 0 )  has been considered l5 - I 7  as the single parameter that allows correlation with the rate 
when it is applied to the uncatalysed reaction between l-chloro-2,4-dinitrobenzene and PIP in 
aprotic solvents. Further, it was expected to be similar for all SNAr where no complications are 
present. Since such complications are not observed in the reactions studied, the failure of 
these correlations may be attributed to the special characteristic of the nitro leaving group and 
its potential capability to  form intermediate Ib. 


Correlations of log k l  with the DN parameter28 were not satisfactory, as could be expected 
since this parameter accounts preferentially for the ability of the solvent to serve as an electron 
donor only for oxygen bases. 29 


The correlation between log kl and R* gave the following results: 


log kp” = -5.36 + 2*70n* 
log k r A  = -4.77 + 1.91s* 


n = 5; r = 0.9880 
n = 5;  r = 0-8812 


As can be observed, the correlation for the 1,2-DNP-PIP system is much better than for the 
DNB-BA system. It should be pointed out that if chloroform is included in equation ( 8 ) ,  
similar results are obtained. 


Although these correlations are more satisfactory than that with E ~ ( 3 0 ) ,  they still do not fully 
account for the solvent effects observed, particularly for the 1,2-DNB-BA system. 


It has been shown that a set of ‘select’ solvents can be chosen26 for which the effects are well 
accounted for by x* when solvent-solute hydrogen bonding interactions are absent. In fact, 
our set A (excluding chloroform) corresponds to this ‘select’ set. The rationale for the failure 
of correlations with R* may be the hydrogen bonding ability of the transition state for the 
formation of intermediate I ,  which in the denitration reactions appears to be important. In 
order to account more quantitatively for these interactions, Taft and co-workers’ 0 parameter, 
which measures the solvent hydrogen acceptor capability, was included in the correlations. 


The results obtained are shown in equations (10) and (1 l), where F, F1 and F 2  measure the 
whole and partial confidence levels. 


(10) 


(1 1) 


log kf” = - 5.47 + 2*42a* + 0-57p 


log kFA= -4.89-t 1*07a*+ 1.390 


r = 0.9897; n = 6 


r =  0.9923; n = 5 
F=71*81 ;  F i =  137.421; F2=6*38  


F =  63.83; FI = 100.67; F2 = 26.98 
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In the correlation in equation (10) we have included chloroform since for this system this 
solvent does not present kinetic complications. As can be observed, for the I,2-DNB-PIP 
system, the inclusion of the parameter /3 does not have statistical significance. However, it 
becomes significant for the 1,2-DNB-BA system, as expected, owing to the ‘extra’ hydrogen 
on the amino group, which may be available for solvent interactions other than the 
intramolecular interactions with the nitro groups. 


Reactions in solvent set B 


In this solvent set, both reactions give, as stated before, a linear relationship between k~ and 
nucleophile concentration according to equation (3). However, the ratio k”/ko (Table 3), which 
can be taken as a measure of the extent of base catalysis, is too small to indicate true base 
catalysis and is in the range of Bunnett and Garst’s’ ‘mild acceleration of unclear origin.’ 


Another fact that should be noted is that the reactions between I,2-DNB and BA in this 
solvent set are slower than in hexane (Tables 2 and 3) for the same nucleophile concentration. 
However, for the system 1,2-DNB-PlP the reaction is faster in the aromatic solvents but slower 
in diisopropyl ether than in hexane. It becomes very difficult to rationalize this behavior in 
terms of solvent effects as we did with set A, and a more complex situation is immediately 
inferred. 


These solvents have as common characteristic a low dielectric constant ( E  < 6), and some of 
them, such as benzene, as considered typical non-polar solvents for SNAr reactions. Another 
characteristic that seems to be important for our systems is that the aromatic solvents can act 
as T electron donors toward ?r electron acceptors such as 1,2-DNBS4 Diisopropl ether could also 
act as an n electron donor.32 A previous study on the kinetics of the 1,ZDNB-BA system4 in 
hexane-benzene solvent mixtures revealed that the reaction can be partially inhibited by 
electron donor-acceptor (EDA) complex formation between 1,2-DNB and benzene. This study 
was acomplished by following the treatment proposed by Nagy and c o - ~ o r k e r s ~ ~ - ~ ~  and 
allowed us to  evaluate quantitatively the effect of solute-solvent interactions on the reaction 
kinetics. 


Thus we propose that for the reaction in a solvent mixture in which a complexing agent is 
present (i.e. benzene), the substrate may undergo two parallel reactions, the first proceeding 
from the free substrate and the second from the complexed substrate. The situation is depicted 
in Scheme 1, where k, and k, represent the pseudo-first-order rate coefficients for the free 
substrate (uncomplexed) and the complexed substrate, respectively, and D represents the 
complexing soIvent. Moreover, it is assumed that 1,ZDNB forms a 1 : 1 EDA complex with the 
solvent D, and also that neither the products nor the amine are significantly associated with it. 


Products 


1,2-DNB + Amine 
+ 
D 


Scheme 1 
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Accordingly, k+ can be expressed by 


If k, < k,, the reaction is partially inhibited by complexation of the substrate by solvent D in 
the solvent mixture, and the plot of k+ vs [D] will be non-linear (downward c ~ r v a t u r e ) . ~ ~  
Equation (12) can be linearized to  obtain 


(k$ - k,)/ [Dl  = k,KD - KDk+ (13) 
When data are processed using equation (13), a value of KD for 


1,2-DNB-benzene = 0.60 mol-' dm3 is ~ b t a i n e d , ~  which is the expected value for this type of 
complex32 in hexane. Hence it can be assumed that a stronger donor, such as mesitylene, will 
produce greater inhibition. 4333 ,35  


Therefore, in order to obtain more evidence for the proposed mechanism, we studied the 
1,2-DNB-BA system in mesitylene-hexane solvent mixtures. As can be observed in Figure 1, 
mesitylene exerts greater inhibition than benzene. From equation (1 3), the calculated value of 
KD for 1,2-DNB-mesitylene = 0.90 mol-' dm3 seems reasonable. 


Taking this evidence into account, it is believed that for the 1,2-DNB-BA system, 1,2-DNB 
will also be preferentially solvated for the other solvents in the set such as toluene, 
chlorobenzene and diisopropyl ether, through EDA complexation. Moreover, the inhibition 
exerted by these solvents in comparison with hexane should be correlated with the I, of solvent 
D.36 This is actually observed, since k$ (at the same nucleophile concentration) decreases as the 
I,, of D decreases. 


The effects of the donor solvents on the 1.2-DNB-PIP system hitherto observed seem to be 
different from those on 1,2-DNB-BA since the aromatic solvents do not inhibit the reaction 
compared with hexane and only in diisopropyl ether does the reaction appears to  be slower than 
in hexane. 


In order to test the application of a reaction mechanism such as that in Scheme 1, the 
1 ,ZDNB-PIP system was studied in benzene-hexane, diisopropyl ether-hexane and 
mesitylene-hexane. The results are shown in Figure 2. As can be inferred, only in the 
benzene-hexane mixture do the reaction rates increase with addition of the donor solvent. 


At this point, it should be recalled that K, for the 1,2-DNB-PIP EDA complex in hexane' 
(i.e. K, = 0.55 ? 0-05 dm3mol- ')  is higher than that for the complexes between 1,2-DNB and 


I 
0 0.2 0.4 0 .8  0.8 


XD 


Figure I .  Plots of k~ against molar fraction ( X D )  of the donor solvent for the reaction of 1,2-DNB with BA in 
hexane-donor solvent mixtures. ( 0 )  Benzene; ( A  ) mesitylene. Temperature, 27'C; [BA] =0.4 M 
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0.35 c A 


0.25 


e-. .... ~ . . .  - - .  .... - *--. . 
0.2 0.4 0.6 0.8 0.15 


XD 


Figure2. Plots of k i  against molar fraction ( X D )  of donor solvent for the reaction of 1,2-DNB with PIP in 
hexane-donor solvent mixtures. ( A ) Benzene; ( A ) mesitylene; ( 0 )  diisopropyl ether. Solid line, mathematical fit by 


equation (14). Temperature, 27 'C; [PIP] = 0.4  M 


primary aliphatic amines. Since this equilibrium is important for PIP, unlike that for the 
primary amines, a competition between the nucleophile and the donor solvent may be 
established in the solvent mixtures, as depicted in Scheme 2. 


K 1,2-DNB + PIP 4 [ 
+ 
D 


Scheme 2 


The expression of kd for such a scheme is given by 


A satisfactory mathematical fit, shown by the full line in Figure 2, was obtained for the data 
for mesitylene-hexane mixtures with the values of K, and KO previously calculated in other 
systems. 2 7 4  


We believe that these results are in good agreement with the proposal of the effect of donor 
solvents in systems where KO is greater than K, .  


Hence, in the 1,2-DNB-PIP system the inhibition effects will be observed only if K D  > K,. 
Since this condition is not fulfilled for solvents such as benzene, toluene and chlorobenzene, 
the normal dipolarity solvent effect predominates. 


Reaction of 1,Z-DNB-BA in chloroform 


The curvilinear dependence (downward curvature) of k~ with the nucleophile concentration for 
the 1,2-DNB-BA system in chloroform (Table 1) was adjusted by a non-linear regression 
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analysis and equation (15) was obtained. 


(0.552 x + (8.59 x 10-6)[BA] ka = 
1 +2*62[BA] 


The interpretation of equation (15) in terms of kinetic parameters is difficult. A possible 
explanation can be obtained by rearranging equation (2) to  


kn = (ki/k- I + k2) + (kik!/k- I + k2) [ BA] 
1 + (kilk- 1 + kz) [ BA] 


which actually implies that k- = (k2 + k! [ BA] ). However, considering the results obtained 
for this system in solvents of similar polarity (Table 2), this seems improbable. 


A possible alternative is that chloroform exerts a special solvent effect due to its known 
hydrogen-bond donor ability. 37 Thus an association between the solvent and the nucleophile 
can be postulated as a side-reaction to the SNAr reaction. 


Associations of chloroform with amines are known38939 and, for example, the association 
constant with triethylamine in cyclohexane is 0.58-0.59 mol-' dm3. 39 Association constants 
of the reactants of this order can produce downward curvature in the plots of kA vs [ amine] 
as for the 1,2-DNB-PIP system in hexane.2 


Hence the assumption of a partial association between BA and chloroform as the cause of 
the curvature in these plots seems plausible. 


CONCLUSIONS 


When the solvent effects on the reaction of 1,2-DNB-BA and 1,2-DNB-PIP are compared in 
all the aprotic solvents studied, a similar reactivity in the kinetic behavior of the primary and 
the secondary amine is clearly observed. Both reactions are wholly base catalysed in hexane 
whereas a mild acceleration is observed in donor solvents. Neither reaction is catalysed at all 
in dipolar solvents of relatively high dipolarity (a* > 0.55) .  


The base-catalysed calculation in hexane can be clearly justified on the basis of its high non- 
polar character (a * = - 0.08) and its consequently nonexistent ionizing power. However, the 
lack of apparent catalysis in solvents such as benzene and other aromatics is not as easily 
justifiable. Nevertheless, the preferential solvation exerted by these donor solvents through 
EDA complex formation with the substrate may provide evidence to explain why only a mild 
acceleration can be observed. 


The fact that the substrate and even the intermediates may be solvated could mask the basic 
properties of the catalyst. In addition, the higher polarizability of these solvents with respect 
to hexane and through its hydrogen bond acceptor properties could better assist the 
spontaneous decomposition of the intermediate to products. In any case, the behavior of these 
reactions is not commonly observed when the substrate has a halogen as leaving group. 


This leads us to  propose that, when nitro is the leaving group, the possibility of a 
intramolecular hydrogen bond in the intermediate (Ib) may play an important role in the 
observed behaviour. This conclusion is supported by the evidence obtained when the reactions 
are performed in the solvent set A, where the spontaneous uncatalysed decomposition of this 
intermediate is best rationalized by this proposal. This may also explain the usually accepted 
high nucleofugacity of the nitro group. 
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EXPERIMENTAL 


Reagents and solvents 


1,2-DNB (Fluka), PIP (Carl Erba), BA (Aldrich) and benzene (Carlo Erba) were purified as 
described p r e v i ~ u s l y ~ - ~  and ACN4' (Carlo Erba) and DMS041 (Merck) by reported 
procedures. THF (Merck) was dried for 2 days over calcium sulphate, then fractionally 
redistilled over sodium under a nitrogen atmosphere and used immediately. Ethyl acetate 
(Merck) was dried over calcium sulphate for several days and then distilled. The middle fraction 
of the distillate was distilled over P 2 0 5  prior to use. DMF (BDH) was first dried over calcium 
sulphate and then over potasium hydroxide pellets; finally it was distilled over sodium before 
use. Chlorobenzene (Merck) was refluxed over PZOS and then fractionally distilled. Toluene 
was purified by the same procedure as for b e n ~ e n e . ~  Diisopropyl ether (Fluka), free from 
peroxides, was dried over calcium chloride overnight, then treated with PzO5 for 1 h. After 
filtration it was distilled over sodium in a nitrogen atmosphere. Chloroform (Cicarelli) was 
purified by washing with concentrated sulphuric acid, then with dilute sodium hydroxide 
solution and finally with distilled water. It was dried over anhydrous potassium carbonate and 
stored in a dark flask until its use. 


Kinetic procedures 


The kinetics of the reaction were followed spectrometrically as described previously. 2 ,3  
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ABSTRACT 


Using a series of equations connecting experimental and theoretical values, it is possible to discuss the 
origin of the N-methylation effect in azoles dissolved in water and dimethyl sulphoxide. The existence in 
the azoles studied of a linear relationship between the gas + solution transfer enthalpies and the charge 
on  the pyrrole hydrogen atom demonstrated the fundamental importance of the loss of an active centre 
for solvation. For the imidazole-N-methylimidazole pair, the complete thermochemical cycle has been 
determined, allowing the apparent lack of an effect of N-methylation on the basicity in solution to be 
discussed. 


INTRODUCTION 


The effect of N-methylation on the acid-base properties of azoles in aqueous solution has been 
the subject of many studies. Moreover, N-methylazoles are commonly used as models to 
study the annular tautomerism of azoles. However, there is still much work to  be done to 
understand completely the origin and importance of the N-methylation effect. 
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In water, the replacement of an aromatic CH (benzene) by a methyl group (toluene), i.e. the 
C-methylation effect, has been studied calorimetrically by Gill et al. * The results obtained at 
298.15 K for AHP'H'o (-7.59 -t 0.01 and -8 .69  -+ 0.01 kcalmol-', respectively) show 
that the phenomenon is more exothermic for toluene by - 1 . 1  kcal mol- '. 


A similar behaviour is observed for pyridines when 4-methylpyridine (AH:  + Hro = 
- 13.2 kcalmol-')9 and pyridine (AHf!'HLo = - 11.9 kcalmol-')9 are compared. In this 
case, the C-methylation effect is slightly larger ( -  1 3 kcal mol- ' ), partly owing to an increase 
in the basicity of the nitrogen centre produced by the methyl substituent, which, in turn, 
increases the energy of the N:..-H20 bond. 


In dimethyl sulphoxide (DMSO), the benzene-toluene pair behaves in a similar way as in 
water. Thus, the gas --$ DMSO transfer is more exothermic for toluene ( -  8 17 kcal mol- 1) l o  


than for benzene ( - 7-34 kcal mol-I); lo  hence SAHf + DMSo = - 0.83 kcal mol-I. 
TO summarize, all the available information shows that for aromatic and heteroaromatics 


compounds, both in water and in DMSO, the C-methylation effect amounts to ca 1 kcal mol-'. 


EXPERIMENTAL 


Materials 


Pyrrole was obtained from Aldrich. Imidazole and pyrazole were kindly supplied as pure 
samples by Dr Turrion. The samples were identical with those described in Ref. 11. N- 
Methylpyrrole, A'-methylimidazole and N-methylpyrazole were prepared and purified 
according to literature procedures. l2 Their purity was determined by gel permeation and high- 
performance liquid chromatography. In all cases, the purity was higher than 99.8%. DMSO 
(Merck) was used without further purification, but before the experiment it was dried over 4 A 
molecular sieves. Carbon dioxide-free water was produced with a Milli-Q filtration system 
(Millipore). 


Calorimetric dissolution measurements 


The enthalpy of solution of N-methylpyrrole in water was obtained by use of a vessel which 
fits a Thermometrics thermal activity monitor. l 3  A spiral-wound thin-walled gold tube is 
suspended in the water-filled sample cup of an insertion vessel of the type described in Ref. 13. 
The sample is injected into the gold spiral through which water was pumped at a rate of 
11 mm3 s-'. Calibrations were performed electrically and by dissolution of propan-1-01 in 
water at 298.15 K. 


The enthalpies of solution of pyrrole, N-methylimidazole and N-methylpyrazole in water 
and DMSO were determined by using an LKB batch microcalorimeter equipped with a titration 
unit. The instrument was calibrated electrically and by means of neutralization of HCl with 
NaOH. The experiments were carried out by addition of 5.20 111 of sample to the reaction vessel 
which contained 6 ml of water or DMSO; 10-15 measurements were normally performed for 
each compound. 


The enthalpies of solution of imidazole and pyrazole in water and DMSO were determined 
using an isoperibol calorimeter similar to  that described previously. l4 


Calorimetric vaporization measurements 


For methylpyrrole and methylimidazole, the enthalpy of vaporization measurements were 
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performed by use of a calorimeter of the type described in Ref. 15, Six measurements were 
made for each compound. 


Uncertainties in values reported in this paper are twice the overall standard deviation of the 
mean. 


RESULTS 


The data used in the following discussion are those in Table 1. First, we shall examine the 
validity of the model chosen to  discuss the N-methylation effect, i.e. the comparison between 
an azole and its N-methyl derivative in the simplest case, that of pyrrole. 


a,4 
I 
H 


c,I 
I 
CH3 


Pyr role N -mcthylpyrrole 


Considering the AH: + H20 values for these compounds, it can be seen that the introduction 
of a methyl group on the nitrogen produces a decrease in exothermicity. This loss amounts to  
+0 .71  kcalmol-' for the gas +water transfer and + 3 . 4 7  kcalmol-' for the gas DMSO 
transfer. These values are very different from those reported in Ref. 8 for the benzene-toluene 
pair ( -  1.1 and -0-83 kcalmol-', respectively). As we shall discuss in detail later, the 
explanation lies in the fact that an azole NH group (pyrrole hydrogen atom) is much more 
acidic than an aromatic CH group. Hence the replacement of a hydrogen with a methyl group 
results, in the case of azoles, in a loss of an active centre for solvation with a concomitant loss 
of enthalpy of solvation. 


From AHYO, values for pyrrole and N-methylpyrrole in pyridineI6 and the corresponding 
AH$,  values in Table 1, values of - 12.81 and -9.53 kcalmol-' are obtained for AH:o~v in 
pyridine for pyrrole and N-methylpyrrole, respectively. 


The comparision of these values with those corresponding to the gas +water transfer 
(Table 1) shows that with N-methylpyrrole the effect of the solvent on the basicity increase is 
almost negligible, whereas with pyrrole the overstabilization in pyridine reaches 2.3 kcal mol- ' . 


To summarize, for pyrrole the N-methylation effect is 0.71 kcalmol-' in water, 
2.3 kcal mol-' in pyridine and 3-47 kcal mol- ' in DMSO. These parallel the hydrogen-bond 
basicities of the solvents as measured by their 6 values, viz. 0.18, 0.64 and 0.76, respectively. '' 
Table 1 .  Enthalpies of solution, enthalpies of vaporization of sublimation, AN$sub, and 


enthabies of solvation, A H k '  ''I, for some azoles at 298- 15 K (values in kcal mol-') 


Compound AH:~,(H~O) AH:~,(DMSO)  AH^, AH: + HzO AH: + DMSO 


Pyrrole 0.65 f 0.04 -2.23 2 0.06 10.84 2 0.02" - 10-19 f 0.06 - 13.07 f 0.08 


Imidazole 3.09 t 0 ~ 0 1 ~  2-58 2 0.02 19.86 f 0.05' - 16.77 f 0.06 - 17-28 5 0.07 


Pyrazole 3.73 f 0.04 2.08 t 0.02 17.68 f 0.05' - 13.95 f 0.09 - 15-60 f 0.07 


1-Methylpyrrole 0.25 f 0.03 0.13 t 0.04 9-73 t 0.07 -9.48 t 0-10 -9 -60?  0.11 


1-Methylimidazole -2.33 ? 0.3 - 0 . 0 4 f  0.03 13-06 t 0.11 - 15-39 f 0.14 - 13-10 2 0.14 


1-Methylpyrazole - 1-47 t 0-06 -0- 16 k 0.07 10*00 t (1.04~ - 11 -47 2 0.10 - 10.16 2 0.11 


The values given for 
agree well with the values in Ref. 19 for AH&! in water and  DMSO for irnidazole and methylimidazole. 
a see Ref. 20. 


see Ref. 24. 
see Ref. 11 .  


in water for pyrrole and methylimidaLole are in good agreement with those in Ref. 16, and 


* see From the relationship existing between AHy and Tbp in ternary amines and N-methylazoles (see Figure 1). 
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Figure 1. Relationship between A* and Tbp. 1 = Trimethylamine; 2 = triethylamine; 3 = N-methylpyrrole; 4 = N- 
ethylpyrrole; 5 = tripropylamine; 6 = N,N-dimethylaniline; 7 = N-methylimidazole. AH! values for compounds 1 , 2 , 5  


(Ref. 21), 4 (Ref. 23) and 6 (Ref. 22) are from literature. 


Along these lines, we shall now analyse the remaining data in Table 1. The N-methylation 
effect in water and DMSO amounts to, in addition to  0.71 and 3-47 kcalmol-' for pyrrole, 
1.38 and 4.18 kcalmol-' for imidazole and 2.48 and 5.44 kcalmol-' for pyrazole, 
respectively. Hence the effect is very sensitive to  the nature of the azole and clearly more intense 
in DMSO than in water. 


Hydrogen-bond interactions between the NH of the azole and the solvent together with 
hydrophobic and solvophobic interactions of the methyl group are mainly responsible for this 
effect. The latter should be constant in each solvent. Since for each azole-methylazole pair the 
differences in their dipolar moments and molar volumes are negligible, the interactions due to 
the polarity or the cavity effect are cancelled when considering the 6A*+"' term in the 
equation. 


&AH! - = A@ - '"(N-Me-azole) - AH! + so'(azole) (1) 


We should expect these transfer enthalpies differences, &AH: '"I, to be higher when the azoles 
have a more positive charge, 1 - q H ,  on their pyrrole hydrogen. The values of 1 - for 
pyrrole, imidazole and pyrazole and the transfer enthalpy differences for each azole in water 
and DMSO are given in Table 2. 


In Figure 2, values of &AH! are plotted against the net charge on the pyrrolic hydrogen 
(1 - q ~ ) ,  calculated at the 6-31 G//6-31 G level." A linear relationship is obtained for the 


Table 2. Pyrrolic hydrogen net positive charge (1 - q H )  calculated at the 6-31 G / /  6-31 G level, and loss 
of exothermicity in water and DMSO due to the N-methylation effect, 13Af f f '~ 'O and SAHP'DMSo 


 AH: + DMSO 
Compound 1 - q H  (kcal mol-') (kcal mol-') 


I ~ A  ~ , p  - "zO 


Pyrrole 
Imidazole 
P yrazole 


0.380 
0.392 
0 405 


0.71 
1-38 
2.48 


3.47 
4.18 
5.44 
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Figure 2. 6AHY in water (m)  and in DMSO ( +  ) plotted against the net positive charge (1 - q H ) .  1 = Pyrrole; 
2 = imidazole; 3 = pyrazole 


three azoles. The behaviour in the two solvents (water and DMSO) is parallel, the effect of N- 
methylation being more intense in DMSO than in water, which was to be expected as the 
hydrogen-bond basicity of DMSO (0 = 0.76)'' is higher than that of water (0 = 0.18). l 7  


that N-methylation does not appreciably affect the aqueous 
basicity of an azole (see Table 3) can now be verified. This is possible since all the necessary 
data are known for the imidazole-N-methylimidazole pair: gas-phase basicities, AHp,,,,, 
(Table 3) and AH,,, or AHsub (Table 1). From these data and using a thermochemical cycle, 
it is possible to calculate the gas -, solution transfer enthalpies of neutral and protonated 
forms: 


The usually accepted 


AHprot.g 
Be, + H& - BH& 


AHf's"l(B) AHf""'(H') A H :  '"'(BH') I 
where (g) means gas and (s) solution. The knowledge of all these quantities enables us to  discuss 
in detail the effect of N-methylation on the basicity of imidazole. 


Table 3. pK, and A H  of protonation of imidazole and N-methylimidazole, in water 
and DMSO at 25 OC 


Parameter Imidazole N-Methylimidazole 


a Ref. 6 .  
Ref. 19. 
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Examination of the results in Table 4 leads to  the following conclusions: 
i. The similarity of imidazole and N-methylimidazole with regard to solution basicity is a 


consequence of the cancellation in the thermochemical cycle of terms that are completely 
different in nature [see equation (2) and Table 41. 


(2) 
The first term, AHprot,g, refers to  the intrinsic basicity, i.e. the gas-phase basicity. We have 
previously shown6 that the idea that N-methylation does not affect the basicity is not correct, 
e.g. N-methylimidazole is 3 . 4  kcalmol-’ more basic than imidazole. 


In aqueous solution, the AH! - Hzo(B) term also increases comparatively the basicity of N- 
methylimidazole by 1.43 kcal mol-’ whereas the AHf‘Hzo(BHt ) term is responsible for the 
cancellation of the aforementioned contributions. 


In DMSO solution, again the AHf‘DMSo(B) term favours the basicity of the N-methyl 
derivative, but in this solvent to an even greater extent (4.18 kcalmol-’). Since the 
A HFj DMso(BH+) term also undergoes a considerable increase (Table 4), the three effects are 
cancelled. 


Accordingly, both in water and in DMSO, the relative insensitivity of the imidazole pKa value 
to N-methylation (Table 3) hides the fact that two effects have increased (intrinsic basicity and 
solvation of the neutral form) but a third (solvation of the conjugated acid) has decreased, 
overcompensating the balance (see AHpro,,s, Table 3). 


Direct comparision between pKa values (related to AG) and AHvalues is justified in this case 
because there is a linear relationship between AG:,,t and for azoles, both in aqueous 
solution’ and in DMSO. l9 


ii. Since imidazole and N-methylimidazole have similar polarities, the analysis of the 
solvation effects (in water and in DMSO) casts new light on the nature of the N-methylation 
effect. To a large extent, the discriminating action of the solvent lies in the number of active 
acid centres for solvation, the sAHf”(BH+) differences being larger in the case of the most 
basic solvent (DMSO). 


AH,,,,,, = AH,,,,,, + AHf‘’O1(BH+) - AHf’Sol(B) - AHF4’01(H+) 


H \  


”/ 
act ive center 


57 
active center 


Table 4. Values of the thermochemical cycle [Eqn (2)] for irnidazole and N-methyl- 
imidazole (values in kcal mol-’) 


Parameter Imidazole N-Meth ylimidazole 


-227.0 
- 66.47 
- 15.39 
- 270.0 
-71.47 
- 13.10 
- 276.1 


a Ref. 6 .  
Table 1. 
Ref. 25. 







652 J .  CATALAN ET AL.  


Table 4 supports this assumption: - 71 a99 kcal mole4 more exothermic than 
-66.47 kcalmol-1 (water) and -79.91 kcalmol-' more exothermic than -71.47 kcalmol-' 
(DMSO). The differences are also ordered correctly: -71 *47 + 79.91 = 8.44 kcalmol-' and 
- 6 6 . 4 7 + 7 1 . 9 9 =  5.52  kcalmol-'. 


Hence all the available evidence points towards the explanation that the origin of the N- 
methylation effect in azoles is the loss of an active centre for solvation both in neutral molecules 
and in conjugated acids. The case with imidazoles can be represented in the following manner: 
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ABSTRACT 
The difference in reactivity of small [nlcyclophanes towards CF3C02H is discussed in terms of charge 
densities, strain energies and proton affinities. These data are calculated with MNDO and MINDOI3 for 
para-, metu- and ortho-cyclophanes and for their ipso-protonation products; an attempt is made to 
transform gas phase AH"f values into liquid phase AH"f values. Experimental evidence is presented that 
the acid catalyzed rearrangement of [S]paracyclophane to its ortho-isomer proceeds via two consecutive 
1 ,Zcarbon shifts without deprotonation; intermediate adducts were identified by NMR-spectroscopy. 
Thus, a gradual shift in reaction pattern in the series [4]-, [5]- and [6]paracyclophane is observed 
experimentally, in line with the calculational results. 


INTRODUCTION 


Small [nlcyclophanes continue to receive a considerable amount of interest. This class of 
compounds gives insight into the behavior of aromaticity in heavily distorted bridged aromatic 
systems.' [6]Paracyclophane turned out to be reasonably stable at room temperature: but the 
next lower homologue [5]paracyclophane decomposes above 0 oC;.fa only a limited increase of 
stabilization could be achieved by electron-withdrawing groups at the aromatic ring.3bd The 
thermal stability further decreases on going to [4]paracyclophane which decomposes already at 
-60 0C.4 The [n]metacyclophane series shows a similar trend. [6]Metacyclophane5" and 
[5Jrnetacy~lophane~~ are stable at room temperature whereas [4]metacyclophane could be 
established only indirectly as an intermediate in a characteristic dimerization reaction.6 This 
dramatically increased reactivity compared to ordinary (flat) benzene derivatives is evidently 
caused by strain and increases as the bridge becomes shorter. The strain energies in 
[nlparacyclophanes have been calculated to be 88-4,62.9 and 44.4 kcal mol-' for n = 4 to 6, 
respectively, while in the [nlmetacyclophane series the strain energies are 71.9, 46.1 and 
31.9 kcal mol-* for n = 4 to 6, re~pectively;~ throughout this paper 1 kcal = 4.184 kJ. 


One of the characteristic reactions of small cyclophanes is protonation. The resulting 
benzenonium ions can rearrange to less strained isomers by 1 ,Zcarbon shifts or can be trapped 
by nucleophiles. A general reaction scheme is outlined in Scheme 1. 


'Author for correspondence. 
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a : n = 4  
b : n = 5  
c : n = 6  


2 


I n = 5 , 6  


n = 4 , 5  
+ 
n = 5  


7 :X i :  OM0 
8 : X = 02CCF3 
9 : X = O-(CH>)4-02CCF, 


I n = 5 , 6  


6 5 


Scheme 1 


On treatment with trifluoroacetic acid, [6]paracyclophane (lc) has been reported to give 
[6]metacyclophane (3c) and 5,6,7,8,9,10-hexahydrobenzocyclooctene (5c) in a ratio of 1 : 3, 
while 3c did not rearrange under these conditions to its ortho-isomer 5c; this implies that 5c 
was formed via two consecutive 1 ,ZC-shifts without deprotonation and reprotonation.8a 
Treatment of l c  with CF3C02H in MeOH did not yield addition products such as 7 c - 8 ~ ~ ~ ~  In 
sharp contrast, [4]paracyclophane (la), photochemically generated from its 1,4- 
tetramethylene Dewar benzene precursor in the presence of trifluoroacetic acid, did not 
furnish, as expected, tetralin (5a), but 8a and 9a; 4a apparently, instead of being rearranged by 
acid catalysis to its ortho-isomer Sa, l a  underwent addition reactions. Photochemical 
generation of la  in acidic methanol solution yielded 7a as the major p r o d ~ c t . ~  
[S]Paracyclophane (lb) shows an intermediate behavior, as will be shown later in this paper. 
In the rnetu-series, [5]metacyclophane (3b) gave 6,7,8,9-tetrahydro-5H-benzocycloheptene 
(Sb) upon treatment with CF3C02H in chlor~form,~ and [rl]metacyclophane (3a) generated by 
thermolysis of its precursor tetramethylene Dewar benzene, gave its ortho-isomer 5a in the 
presence of a small amount (2 mole %) of p-toluenesulfonic acid.6 


In this paper, proton affinities (PA), strain energies (SE), and enthalpies of formation 
( A P f )  have been obtained by MNDO and MIND0/3 calculations on the species presented in 
Scheme 2. It is shown that a qualitative reasoning in terms of PA, SE or A@, explains the 
observed differences in chemical behavior. The calculated gas phase data are corrected for the 
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1 a-c 


5a-c 


12  


10 6a-c 


14 13 


11 


15 


a : n = 4  
b : n = 5  
c : n = 6  


16 


Scheme 2 


liquid phase in order to obtain a better basis for correlation of the calculated and experimental 
data, especially for a direct comparison between neutral species and ions. Finally, the 
experimental gap concerning the behavior of l b  has been closed. 


CALCULATIONS 


As starting geometries, those obtained by MM-2 calculations were used. The input data were 
generated graphically and care was taken that all following calculations were performed on the 
lowest energy conformer. All compounds were calculated with standard MNDO" and 
MTND013" programs from MOPAC;'* the calculations were run on a VAX 111785. All 
structures were fully optimized for all geometrical variables with the standard DFP algorithm. 
Since it is well known that MNDO performs better on ground state neutrals and MIND013 
gives better results for ground state ions,I3 both methods were applied for all species 
calculated (Table 1). The gas phase proton affinities were calculated according to equation (1) 
(B = benzene derivative). 


PA = A p f ( B )  + Ap,(H') - A@,(HB') (1) 
The experimental value of APt(H') was used (367.2 k~almol- ' ) '~  because both MNDO 


and MIND0/3 predict ApXH') to be too high. Strain energies for the neutral compounds 
were calculated by equation (2). 


SE = A P d B )  - A P L B ' )  (2) 
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Table 1. Calculated heats of formation of 1-6 and 10-15 (A#,; kcal mol-l) 


Cornpd AHO, AHOW= 
MNDO MINDOD MNDO MINDOI3 


la 
lb 
lc 
2a 
2b 
2€ 
3a 
3b 
3c 
4a 
4b 
4c 
5a 
5b 
sc 
6s 
6b 
6c 
10 
11 
12 
13 
14 
15 


93.0b 
62-5b 
39.1b 


226.9 


202.2 
76.5" 
45.6b 
2 6 ~ 6 ~  


228.6 
210.7 
204-2 


1 a 5  
1.9 
2.4 


195-9 
195-0 
200.3 


5-6 
194-4 


5.9 
196.8 


8.4 
197-7 


102.6 
74.3 
49.4 


221.7 
206.4 
193.4 
88.7 
55.0 
32.5 


2253 
205-8 
195.6 
12-9 
10-3 
7-8 


187-5 
184.1 
187.2 
16.2 


€894 
16-4 


193-2 
19.6 


193.3 


82.0 
51.5 
28.1 
38.4 
23.8 
13-7 
66.1 
34-6 
15.6 
40.1 
22.2 
15.7 


-9-5 
-9.1 
-8.6 


7.4 
6.5 


11.8 
-4.2 


5.9 
-3.1 


8.3 
-1.6 


9.2 


91.6 
63.3 
38.4 
48.4 
33.1 
20- 1 
77.7 
44.0 
21.5 
52-0 
32.5 
22.3 


1-9 
-0.7 
-3.2 
14.2 
10.8 
13-9 
6-4 


16.5 
7.4 


19-9 
9.6 


20.0 


"According to equation (6) 
bFrom Reference 7 
'From Reference 34 


where APAB') is the value obtained from Benson's standard group increments15 without 
incorporation of ring strain contributions. For the charged species, an extra correction was 
necessary for the calculation of their SE's (equation (3)). 


SE = APf(BH') - APAB') - [APAxylene H f )  - APf(xylene)] (3) 
The last term in this equation accounts for the electrostatic contribution, the substitution 
pattern and the enthalpy of formation of the additional C-H bond. The SE of the cyclophane 
derivatives 2, 4 and 6 was calculated using the xylene derivatives 11, 13 and 15, respectively. 
Table 2 shows that the SE's for the neutral ortho-isomers (5a-c) do not differ significantly from 
those of the corresponding simple cy~loalkenes'~ (IASEl = 3.1 and 6.4 kcalmol-' for MNDO 
and MIND0/3, respectively). In the case of the protonated ortho-isomers (6a-c), the mean 
absolute differences compared to those of the corresponding - cycloalkanes (chosen as 
reasonable models for the cycloalkyl cations)15 ([ASEl = 2.7 and 7.4 for MNDO and 
MIND0/3 respectively) are of the same magnitude. This suggests that the computation of SE's 
for protonated compounds via equation (3) gives reasonable values. 


The largest objection against such analyses of reaction behavior is the comparison of gas 
phase data (calculations) with liquid phase experimental results. As can be seen from Table 1, 
the positively charged compounds have a high A@, caused by an electrostatic contribution 


- 
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Table 2. Strain energies (SE) and proton affinities (PA) of 1-6 and 10-15 (kcal mol-l) 


Compd SE" PAb pKBc 
MNDO MIND0/3 MNDO MIND013 MNDO MIND0/3 


la 88-4d 98.0 233-3 248.1 -37.7 -37.0 
lb  62-Sd 74-6 217-5 235-1 -24-0 -26.1 
lc 44.4d 54.7 204-1 223.2 - 12.5 -15.8 
2a 33.5 43.5 
2b 23.7 33.1 
2c 18-7 25-5 
3a 7 1 ~ 9 ~  84.1 215.7 230.6 -22.5 -22-2 
3b 46-ld 55.3 202.2 216.4 - 10.7 -9-9 
3c 31*Sd 37.8 194.5 204.1 -4-2 -0.7 
4a 33.1 43-9 
4b 20.1 29.3 
4e 18.6 24.1 
5a -3.1 8.3 172.8 192.6 14.6 10.6 
5b 2-3 10.7 174-1 193-4 13.5 9.9 
5c 7.7 13-1 169.3 187-8 17.6 14.8 
6a 1.6 9-2 
6b 6.5 10.7 
6c 16.3 18.8 
10 178.4 183.0 8.7 8.7 
11 
12 176.3 179.9 9.9 10.8 
13 
14 175.5 179.9 9.3 8-8 
15 


"According to equations (2) and (3) 
bA@f(H') = 367.2kcal mol-', see equation (1) 
'According to equation (9c) 
"Taken from Reference 7 
'Calculated from Reference 34 


which would be much smaller in solution due to polarization and solvation. This makes direct 
comparison with experimental results difficult. It is known that MNDO and MIND0/3 predict 
PA's well for many compounds.'"*'6 The only experimental liquid phase results on PA's are 
those of Mackor et ~ 1 . ' ~  They measured the enthalpy of reaction AH(', for the protonation 
reaction of benzene derivatives (B) in HF (equation (4)), 


B H F  + HFHF + BH+HF + F-HF 


A@, = - A@,-(BHF) - Afio,-(HFHF) + AH('@-HF) + A@f(BH+HF) 


(4) 


(5)  


which leads to equation (5): 


With the known values of the terms in equation (5)17 and estimated enthalpies of transfer 
(Aptransf) for these species from HF to THF, this equation can be used to estimate the 
enthalpy of transfer for the charged compounds from the gas phase to a solution 
state in THF; as derived in Appendix 1, this leads to equation (6),  


AH"dBH+) + Aptransf = Afiof(BH+mF) (6) 
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with Apt rans f  = -188-5 kcalmol-' for MNDO and Beransf  = -173.3kcalmol-' for 
MIND0/3 (Appendix 1). 


For the neutral compounds, the calculated gas phase values need to be corrected by the 
enthalpies of vaporization (AH"") and enthalpies of solution ( A p , ,  see Appendix 1) 
according to equation (7). 


A@,-(BTH~) = APr(B)  - AH", + A P ,  (7) 


A compilation of AHOf,THF is given in Table 1. The values of AHOf,THF can now be used to 
calculate pKB values with the aid of equations (8) and (9). 


AGO = -RT In& (8) 


which leads to equation (9a) 


A G ' ( B H + ~ ~ ~ )  - A G O ( B ~ ~ ~ >  - A C ' ( H + ~ ~ ~ )  
(9a) 


2-3RT 
pKB = 


This reduces to equation (9b) because of the convention that AG"(H+THF) = 0 (see 
Appendix 1). 


A G ' ( B H + ~ ~ ~ )  - AG'(BTHF) 
PKB = 


2.3RT 


If we assume that the entropy contributions A$'(BH+THF) and Ap(BTHF) do not differ 
much between the species in the series considered here, the unknown A A P  is approximately 
constant. Thus, the available A@~,THF can be used as an approximation, and equation (9b) is 
transformed to equation (9c) which gives a relative pKB scale (see Table 2). 


(9c) 
A@(BH+THF) - A@(BTHF) 


2.3RT 
PKB = 


The reliability of these pKB values can be estimated as follows. Possible errors in the 
calculations stem from the estimated values for the enthalpies of transfer from HF to THF and 
particularly from the uncertainty of the MNDO and MIND0/3 calculational results for AH''f; 
they are estimated to be in the order of approximately 5-10 kcal mol-'. l6 Calibration for 10 of 
the experimental value (pKR(1OHF) = 5.7)'' with the calculated one (pKB(l&-HF) = 8-7) for 
MNDO and MIND0/3 shows that both values agree reasonably within the uncertainty limits 
of the calculations. It should be pointed out, that the uncertainty in the calculations within a 
series of compounds is much smaller. 


EXPERIMENTAL INVESTIGATION OF [SIPARACYCLOPHANE (lb) 


In order to broaden the experimental base for checking the calculational results, it was decided 
to investigate the 'missing link', i.e. the behavior of l b  towards acid under carefully controlled 
conditions. Addition of trifluoroacetic acid during the irridiation of the Dewar isomer 16b 
(Scheme 3) ([D,]THF, 254nm, -20°C) leads to an increase in the benzocycloheptene Sb, but 
when the reaction was monitored by low temperature 'H-NMR, the formation of intermediate 
addition products 8b and 9b was observed; after 5 hours, the product mixture contained 
16b : 8b : 9b : 5b in the ratio 30 : 20 : 15 : 35. The products 8b and 9b showed a characteristic AB 
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&-[a CH,), .,I c w  :@H2)5 


16b l b  5b 
8b : X = CF3CO0 
9 b : X = CF3COO(CHJ,O 


Scheme 3 


pattern in the olefinic region (8b:6, = 6-03, BB = 6.10, JAB = 10Hz; 9b:aA = 5.74, = 
5.81, JAB = lOHz), similar to that of the isolable compounds 8a and 9a'4 (8a: SA = 6.03, aB = 
6-11, JAB = 10Hz; 9a:SA = 5.86, = 6-05, JAB = 10Hz). Compounds 8b and 9b were 
unstable above 0°C and reacted to give 5b, so that they could not be isolated. 


During the irradiation of 16b, 8b was formed faster than 9b; their final ratio was 60 : 40 (see 
Experimental Section). This means that under our conditions, trifluoracetic acid and/or its 
anion reacts faster than the more abundant, but weaker nucleophile THF (cf. Scheme 1). 
Warming the solution to 0°C caused 8b to decompose to 5b faster than 9b did. This is a 
consequence of the better leaving group of 8b (X = 02CCF3) compared to that of 9b (X = 
O(CH2)402CCF3). When Dewar benzene 16b was photolyzed at 0°C in methanol, the major 
product formed was the methanol adduct 7b (88%) besides some 5b (12%) (Scheme 4), in line 
with the superior basicity of methanol. 


Details of the mechanism for the rearrangement of l b  to 5b by acid were revealed by 
subjecting 16b in [D,]THF to photolysis at -20°C in the presence of CF$O*D, followed by 
warming to 0 "C (Scheme 5). We obtained quantitatively 5b' which was deuterated exclusively 
at the P-position as was established by 2H-NMR spectroscopy; the detection limit for 
a-deuteration is about 5%. The chemical shifts of 'H or 2H at the LX or f3 position of 5b' are 
identical, but the 2H-NMR spectrum showed a characteristic triplet pattern for a b-deuterated 
compound (3J(HD) = 1-1 Hz). Deuteration of lb  at the ipso-position leads to 2b' (Scheme 5 )  
which rearranges to 4b'. If in the ensuing step, 4b' would deprotonate and subsequently again 
add a deuteron, two deuteriums would have been incorporated; eventually, a doubly 
deuterated 5b would result which is easily recognized by its characteristic 'H-NMR spectrum. 
This was not observed. If, on the other hand, 2b' rearranges to 5b' via two consecutive 


H 


CF,CO,H, hv 


MeOH, -20% 


Me0 


a : n = 4  
b :  n = 5  


Scheme 4 
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t 8b' : X = O,CCF, 
9b' : X = O-(CH2),-02CCF, I 


J H 
2 b' 4 b' 6 b' 


Scheme 5 


1 ,Zcarbon shifts without intermediate deprotonation, only one deuterium is incorporated into 
the fJ-position in agreement with experiment. Therefore, our result reveals the same two-step 
mechanism for Ib as already found for Ic (see Introduction), the difference being that for 
reasons of higher strain, 4b is completely converted to 6b (and hence yields 5b), while the 
rearrangement of 4c to 6c is apparently slower and competes with deprotonation to 3c8" 


In order to confirm the structure of 5b', we performed an independent synthesis, which is 
shown in Scheme 6; this sequence was performed only once and was not optimized. Nitration 
of a-benzosuberone (17) at -10°C yielded predominantly the p-isomer 18 (35%)18 which was 
separated by crystallization and reduced by iron in glacial acetic acid to the amino compound 
19. l9 Clemmensen reduction" of 19 gave two products 20 and 21 which, without separation, 
were hydrogenated over Pd/C to 20 in low yield (9%). After diazotizationZ1 and bromination, 
the P-bromobenzocycloheptene (22) was isolated by preparative GLC (14%). All 
intermediates (18, 19, 20, and 22) were shown to be the p-isomers by 'H-NMR spectroscopy 
(one ortho and one meta coupling was observed, see Experimental). By means of 13C-NMR 
spectroscopy it could also be established that in 18 and 19 the substitutent was attached to the 


17 18 19 


Zn/Hg/HCI 1 
5b' 22 20 I 21 


HdPd 


Scheme 6 
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3-position, and thus in 20 and 22 to the 2-position (1-1 p d 1 ppm, as contrasted by 1-1 3 
3 ppm, in comparison with shifts calculated from increments22). Finally, lithiation of 23 with 
n-butyllithium followed by quenching with D 2 0  gave 5b' (80% yield, 86% D incorporation). 
'H- and 13C-NMR spectra were identical with those of 5b' obtained from the photolysis 
experiments. 


DISCUSSION 


Formation and rearrangement of protonated paracyclophanes 2 


The key step in the acid catalyzed rearrangement of the [nlparacyclophanes la-c is the first 
protonation at an ipso-position to yield 2a-c (Scheme 1). This reaction is accompanied by a 
considerable decrease in SE (Table 2); it varies from 54.9 kcalmol-' (2a) via 39.2 kcalmol-' 
(2b) to 25.7 kcalmol-' (2c) (MNDO). Also, the highly negative values of pKB (Table 2: -37.0 
(la), -26.1 (lb), -15.8 (lc) MIND013 are remarkable. Even keeping the large uncertainty 
limits in mind, they tell us that the small paracyclophanes are extremely strong bases, or put 
the other way round, their conjugate acids 2 are extremely weak acids: pKA = +37 for 2a, a 
protonated benzenoid aromatic. This acidity is intermediate between that of (neutral !) 
diphenylmethane and toluene or, switching back to the basicity scale, l a  is a stronger base 
than the diphenylmethyl anion !! Of course, this high basicity does not so much originate from 
electronic properties, but is due to energy gain by release of strain and, for that matter, holds 
only for protonation at one of the ipso-carbons. 


Protonation at an ortho-position is unfavorable for two reasons. In the first place, it does not 
release as much strain.23a The relation between SE and the basicity constant pKB is clearly 
seen from Table 2. The release of strain energy from 1 -+ 2 decreases with increasing bridge 
length (a + c); this makes the protonation reaction less exothermic in this sequence: the pKB 
values show a dramatic decrease of 25 pKB units from a -+ c. The reactivity towards acid is also 
shown by the Aflf ,THF values, equations (6,7), which show that the reaction 1 + 2 is highly 
exothermic (Table 1; A@,,TH~ = -43.6 or -43.2kcalmol-' for la  to = -14-4 or 
-18.3kcalmol-' for l c  in MNDO and MIND0/3, respectively, see Appendix 1). Secondly, 
ortho-protonation does not lead to a chemical reaction because a 1,2-shift of the bridge cannot 
take place directly. The order of reactivity (la > l b  > lc) can thus be explained in terms of 
SE, PKB or A@f,mF. This reactivity scale can even be extended to [8]paracyclophane, a 
molecule which is less strained than lc, and therefore reacts only under relatively severe 
conditions (AlC13/HC1) to give [8]metacyclophane and octahydrobenzocyclodecene in the 
ratio 4 : 1 .24 


In terms of qualitative resonance theory, 2 may be described as a mesomeric hybrid 
composed of the valence bond structures 23*-23*** (Scheme 7). It is clear from both bond 
orders and charge densities (Table 3, Appendix 2) that structure 23** is more important in 2a 
(q2,6 = 0495, q4 = 0.340) whereas the two equivalent structures 23* and 23*** make a 
relatively larger contribution in 2b (q2,6 = 0.119, q4 = 0-298) and 2c (q2,6 = 0.129, q4 = 0.276), 
because their 'unti-Bredt' character is less unfavorable due to the bridges being larger. 
Compound 2c resembles protonated p-xylene (11) in terms of charges and bond orders (Table 
6, Appendix 2) (q2,6 = 0-142, q4 = 0.244). 


Once formed, 2 has the option of either adding a nucleophile or rearranging to 4. The 
difference in reaction mode between 2a-c cannot be ascribed to thermodynamic factors, as for 
all compounds there is hardly any change in stability on going from 2 to 4. Therefore the 
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Scheme 7 


differences must have a kinetic reason. An important factor may be the charge distribution in 
2. For the Wagner-Meerwein 1,2-shift in 2 to occur, it is necessary to have a positive charge at  
the ortho-position (C-2 or C-6). In the sequence 2a, 2b, 2c, 11, the charge at the ortho-position 
increases by 37% (MNDO) or 33% (MIND0/3), while at the para-position a decrease of 19% 
(MNDO) or 14% (MIND0/3) is calculated. We believe that in 2a, the relatively low positive 
charge at C-2 slows down the rate of the Wagner-Meerwein shift, while at the same time, the 
higher positive charge at C-4 increases the reactivity towards nucleophiles at that position. 
Both factors combine to prevent the usual 1,2-rearrangement. In 2c with its ‘normal’ charge 
distribution, the rearrangement to 4c occurs in the expected fashion. Ion 2b takes an 
intermediate position with regard to charge distribution and, as a consequence, shows both 
reaction modes: in THF, it gives a mixture of 5b and 8b/9b. 


Another factor which one feels intuitively might influence the propensity to 1,2-carbon 
migration is a geometrical one, i.e. the dihedral angle between the emptyp-orbital in 23* and 
the migrating carbon-carbon bond: if large, it would decrease the reaction rate. A good 
approximation of the direction of the empty p-orbital at the ortho-position is that it makes 
equal angles with all three neighboring bonds. The dihedral angle between the orginal 
carbon-carbon bond and the p-orbital has thus been calculated. This angle does not vary 
much, but it increases slightly from 2a + 2b + 2c (MNDO : 5; 5; 17 degrees, MIND0/3 : 1; 11; 
20 degrees, respectively). From this analysis, one would predict a decreasing rate for the 
Wagner-Meerwein shift in the series 2a + 2c, while experimentally we observe that the yield 
of Wagner-Meerwein product increases in this sequence. This indicates that the geometric 
factor of orbital alignment cannot be of major importance in the present case, and we 
therefore feel that the charge distribution is the dominant factor governing product formation. 


In a recent paper by Tobe et al., the protonation of (Z)[6]paracycloph-3-ene in methanol is 
reported.8b In this case both addition of methanol (leading to the equivalent of 7b, Scheme 4) 
and rearrangement to [6]metacycloph-3-ene is observed in a ratio of 5 : 3. This result fits nicely 
with preliminary  calculation^.'^^ Introduction of a double bond in the hexamethylene bridge 
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leads to a strain situation and consequently to a charge distribution intermediate between that 
of [5]paracyclophane (lb) and [6]paracyclophane (lc). Therefore, it is not surprising that its 
chemical behavior also lies between that of l c  (no reaction in acidic methanol)8b and l b  
(formation of 7b as the major product). 


Finally, it should be pointed out that ipso-protonations have been invoked before to explain 
the reactivity of [2.2]paracyclophane systems.2s 


Rearrangements of protonated metacyclophanes 4 


In line with the discussion presented above, 4, the intermediate cations formed from 2, can be 
described as a mesomeric hybrid of three resonance structures 24*-24*** (see Scheme 7). 
From Table 4 (Appendix 2) it can be seen that shortening of the bridge makes structure 24* 
increasingly dominant. The violation of Bredt's rule is more severe in 24** and 24* * *  than in 
24*. Comparison with reference structure 13 (Scheme 2; Table 6, Appendix 2) reveals that 4c 
is more or less a normal protonated aromatic compound; although the bond orders differ 
slightly, bond distances are almost equal. 


The cations 4 can either lose a proton to form 3 or undergo a Wagner-Meerwein shift to 
yield the ortho-isomers 6. The APr.THF (see equation (18) and Table 1) indicate that the 
formation of 6 is exothermic by 4-38 kcalmol-' which is mainly due to release of strain energy. 
On the other hand, deprotonation is endothermic by about -1 to 26kcalmol-' and is 
obviously dominated by the increase of strain energy in this reaction. 


The observation that 4c rearranged to 6c but also deprotonated to 3c is qualitatively 
explained by the calculational results. The deprotonation step from 4c to 3c is exothermic by 
0.7 kcalmol-' in MIND0/3 while MNDO predicts the reaction to be almost thermoneutral. In 
both calculational methods, the rearrangement to 6c is clearly exothermic (4-9 kcalmol-'); this 
is qualitatively reflected in the observed product ratio of 3c:6c = 1:3,8a although the 
correlation is far from quantitative. On the other hand, the calculations correctly predict the 
exclusive rearrangement reaction of 4b to 6b (A@,,mF = -15.7kcalmol-' and 
-21.7 kcalmol-' for MNDO and MIND0/3, respectively); the deprotonation step 4b +. 3b 
( A p , , T H F  = 12.4 and 11.5 kcalmol-' for MNDO and MIND0/3) is highly unfavorable in this 
case. This means that the reverse reaction of 3b via 4b to 6b is quite favorable and it is indeed 
observed experimentally.' Although the conditions under which 3a reacts with acid 
(generation of 3a by thermolysis of its corresponding Dewar isomer at 150°C in the presence 
of 2 mole % acid) are quite different compared to those of 3b and 3c, it, too, protonates to give 
4a which then rearranges via 6a to give 5a.6 


Protonated orthocyclophanes 6 


The last step in the reaction sequence is a deprotonation reaction of the benzenonium ions 6. 
This deprotonation step comprises the formation of neutral aromatic molecules 5, and is 
accompanied by a slight decrease in strain energy; it is exothermic by ca. 1&20kcalmol-'. 
Comparison of 6 with their corresponding xylene derivative 15 reveals a close correspondence 
in bond orders and charge distributions (Tables 5,6). 


CONCLUSIONS 


The results present additional evidence for the mechanism of conversion of 1 to 5; it consists of 
@so-protonation, followed by two consecutive 1,2-carbon shifts and finally deprotonation. 
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The overall driving force for these rearrangements is the release of strain energy present in 
these molecules. The calculations show that most of this strain release is realised in the first 
step, i.e. protonation at the ipso-position in 1 to yield 2. Both MNDO and MIND0/3 
calculations are capable of giving a qualitatively correct description of the observed reactions. 
They predict the right order of reactivity towards acid on the basis of PA, SE and A@f,THF, 
and the formation of the addition products, on the basis of differences in charge densities. In 
particular, the striking difference in reaction pattern between [4]- and [6]paracyclophane (la 
and lc, respectively) can be explained, as well as the intermediate behavior of 
[5]paracyclophane (lb). Although many assumptions have been made in the calculation of 
AZ#'f,Tw of the intermediate ions, these values are consistent with the observed facts and thus 
allow a direct comparison of neutral and positively charged species in solution. 


EXPERIMENTAL SECTION 


NMR spectra were measured on a Bruker WM-250 spectrometer; residual solvent proton 
signals were used as internal standard. Assignments marked with * or ** may have to be 
reversed. GCMS spectra were measured on a HP 5890 MSD and HRMS spectra on a Varian 
CH-5 DF operating at 70 eV. Preparative GLC was performed on an Intersmat 120 (1.5 m 
column, 13% SE-30,60 ml Hz/min) and MPLC was performed with an Jobin Yvon miniprep 
LC. Irradiations were performed in a Rayonet photochemical reactor with a merrygoround 
installation of the light source (A = 254nm). 


3-Nitro-6,7,8,9-tetrahydro-5H-benzocyclohepten-S-one (18) 


To 55 ml of concentrated H2S04 cooled to - 10 "C, 24-7 g (0.15 mol) of 17 was added. In 3.5 
hours a mixture of 20 ml conc. HN03 and 45 ml conc. H2S04 was added and care was taken 
that the temperature did not rise above - 10 "C. After an additional 15 min the mixture was 
poured on ice, separated and titrurated with hot CHC13. The organic phase was washed twice 
with a NaHC03 solution, once with brine dried with MgS04 and concentrated under reduced 
pressure to give 11-lg (54 mmol, 35%) of yellow crystals of 18, m.p. 90-91°C (EtOH). 


8.1 Hz, lH,  H(2)), 7.40 (d, J = 8-1 Hz, lH, H(1), 3.05 (t, J = 6.2Hz, 2H, H(6), 2-80 (m, 2H, 
H(9)), 1.92 (m, 4H, H(7,8)). 13C-NMR (62.9 MHz, CDCI3, 295K): 6 203.4 (s, C(5)), 148-1 (s, 
C(9a)), 147-0 ( s ,  C(3)), 139.8 (s, C(4a)), 131.0 (d, 'JCH = 163Hz, C(1)), 126.2 (d,*JCH = 
171Hz, c(2), 123.8 (d,'JcH = 170Hz, c(4)), 40.5 (t, 'JCH = 128Hz, C(6)), 32.5 (t, 'JCH = 
128Hz, C(9)), 24.8 (t, 'JCH = 130Hz, C(7)*), 20.7 (lJCH = 130Hz, C(8)*). MS: mlz = 205 


H-NMR (250.1 MHz, CDC13, 295K): 6 8.55 (d, J = 2*5Hz, lH,  H(4), 8.25 (dd, J = 2.5, 1 


(la%, M+.), 188 (52%), 176 (49%), 163 (46%), 131 (44%), 103 (39%), 91 (39%). HRMS 
(C11H11N03): Calcd. 205.0739, Found 205-0744. 


3-Amino-6,7,8,9-tetrahydro-5H-benzocyclohepten-S-one (19) 


To a mixture of 80 ml glacial acetic acid and 16 ml H20 at 90-95 "C was added 8-22 g (40 mmol) 
of 18. In 75 min 10.7g (0.19 mol) of Fe powder was added. After the first 45 min an extra 
amount of 25 ml H 2 0  was added to the mixture. When the addition of Fe was complete, the 
mixture was heated for 45 min after which H 2 0  and hyflo were added and filtered off. The 
filtrate was extracted three times with ether and the combined organic layers were washed with 
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HaHS03, twice with H20, dried over MgS04 and concentrated at reduced pressure. The 
residue (5-5g) was chromatographed by MPLC (40% pentane, 60% EtOAc, silicagel 60, 
15pm) and gave 2.56g (14.6mmo1, 36%) of 19 as a colourless oil. 'H-NMR (250.1 MHz, 


2-6, 7-8Hz, lH,  H(2)), 3-69 (bs, 2H, NHZ), 2-83 (t, J = 6-1Hz, 2H, H(6)), 2.71 (m, 2H, 
H(9)), 1-82 (m, 4H, H(7,8). 13C-NMR (62-89 MHz, CDC13, 295K): 6 205.9 (s, C(5)), 144.9 (s, 
C(3)), 139.4 ( s ,  C(4a)), 131.6 ( s ,  C(9a)), 130.8 (d, 'JCH = 158Hz, C(l)), 118.9 (d, 'JCH = 


CDC13,295K): 6 7.06 (d, J = 2.6Hz, lH, H(4)), 7-00 (d, J = 7.8 Hz, lH, H(l)), 6.76 (dd, J = 


157Hz, C(2)), 114.6 (d, 'JcH = 158Hz, C(4)), 40.9 (t, 'JCH = 128Hz, C(6)), 31.7 (t, 'JCH = 
128Hz, C(9)), 25.5 (t, 'JCH = 128Hz, C(7)*), 21.0 (t, 'JCH = 131 Hz, C(8)"). MS: m/z = 175 
(loo%, M+.), 146 (48%), 119 (loo%), 106 (51%). HRMS (C11H13NO): Calcd. 175-0997, 
Found 175.1012. 


2-Amino-6,7,8,9-tetrahydro-5H-benmcycloheptene (20) 


A mixture of 7-5 g (0.1 1 mol) Zn, 0.6 g (2 mmol) HgCI2, 8 ml H 2 0  and 0-35 ml conc. HCI was 
stirred for 10 minutes and the aqueous solution was decanted. To this amalgam, 6.5 ml conc. 
HC1,5 ml H20, 5 ml toluene and 2.1 g (12 mmol) of 19 were added and the resulting mixture 
was heated to reflux for 19 hours, with addition of an extra portion of 3 ml conc. HCI after 3.5 
and 17 hours. The water-toluene mixture was decanted and extracted twice with Et20. The 
organic phase was washed twice with NaHC03 solution, once with H20, dried on MgS04 and 
concentrated under reduced pressure. The residue was dissolved in 45 ml EtOH and 
hydrogenated with 0.5 g Pd/C (10%). After addition of H20 and hyflo the solution was filtered 
and extracted twice with ether. The dried and concentrated organic phase was 
chromatographed (MPLC, gradient elution: 20% EtOAc/pentane - 50% EtOAcipentane, 
silicagel 60, 15 pm) and gave 0-2g (1 mmol, 9%) 20 as a colourless oil. 'H-NMR (250-1 MHz, 


2.4, 7*6Hz, lH,  H (3)), 3-54 (bs, 2H, NH2), 2.65 (m, 4H, H(5,9)), 1-75 (m, 2H, H(7)), 1.65 
(m, 4H, H(6,8)). I3C-NMR (62.89 MHz, CDC13, 295K): 6 144.3 (s, C(2)), 144-2 (s, C(9a)), 
133.7 ( s ,  C(4a)), 129.7 (d, 'JCH = 154Hz, C(4)), 116.4 (d, ' J c H  = 153Hz, C(l)), 112.2 (d, 


CDCl3, 295K): 6 4-91 (d, J = 7.6 Hz, lH,  H(4)), 6.51 (d, J = 2*4Hz, lH,H(l)), 6.45 (dd, J = 


'JCH = 156Hz, C(3)), 36.8 (t, 'JcH = 125Hz, C(9)*), 35.8 (t, 'JCH = 125Hz, C(5)*), 32.7 (t, 
JCH = 130Hz, C(7)), 28.9 (t, 'JCH = 126Hz, C(8)**), 28.4 (t, 'JcH = 128Hz, C(6)**). MS: 1 


m/z = 161 (loo%, M+-), 146 (26%), 132 (86%), 120 (31%). HRMS (CI1HlSN): Calcd. 
161-1204, Found 161.1191. 


2-Bromo-6,7,8,9-tetrahydro-SH-benzocycloheptene (22) 


To a solution of 0.4 ml48% HBr at 0°C was added 0.1 g (0.7 mmol) 20 followed by 70 pl of a 
solution of NaN02 ( 1 1 ~ ) .  The mixture was stirred for a half hour; then the temperature raised 
to room temperature and 3 mg Cu was added. The resulting mixture was stirred for 2 hours at 
0°C and for a half hour at room temperature, after which 5 ml of H 2 0  was added. The mixture 
was extracted three times with CH2C12 and the combined organic phases were washed twice 
with a NaHC03 solution, once with H20, dried on MgS04 and concentrated at reduced 
pressure to give a crude yield of 048g.  Final purification by GLC gave 21 mg (0.09 mmol = 
14%) of 22 as a colourless liquid. 'H-NMR (250.1 MHz, CDCI3,295K): 6 7.25 (d, J = 2.1 Hz, 
lH, H(l)), 7-20 (dd, J = 2-1,7.8 Hz, 1H, H(3)), 6-96 (d, J = 7*8Hz, lH, H(4)), 2.75 (m, 4H, 
H(5,9)), 1-82 (m, 2H, H(7)), 1-64 (m, 4H, H(6,8)). I3C-NMR (62.89 MHz, CDC13, 295K): 6 
145.7 (s, C(2)), 142.4 ( s ,  C(4a)), 131.7 (d, 'JCH = 161 Hz, C(l)), 130.6 (d, 'JCH = 159Hz, 
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C(4)), 128.6 (d, ' JCH = 166Hz, C(3)), 119.2 (s, C(9a)), 36-4 (t, ' J C H  = 127Hz, C(9)*), 36.1 
(t, 'JCH = 126Hz, C(5)*), 32.5 (t, 'JCH = 127Hz, C(7)), 28.1 (t, 'JC- = 127Hz, C(6,8)). MS: 
m/z = 226 (39%, M+.), 224 (39%), 145 (loo%), 115 (35%). HRMS (CIIH1381Br): Calcd. 
226.0182, Found 226-0156. 


[2-D]-6,7,8,9-tetrahydro-5H-benzocycloheptene (5b') 


To a cooled solution (-60°C) of 17 mg (0.07 mmol) 22 in 0-6 ml Et,O 0.5 ml n-BuLi (1-56 M in 
hexane) was added. The mixture was stirred 15 min at -50°C and 15 min at room temperature 
after which 25p1 D20 was added. After a threefold extraction with Et,O, the combined 
organic phases were dried and concentrated and gave 9mg (0-06mmol, 80%) 5b' (86% 
deuterium incorporated). 'H-NMR (250.1 MHz, CDC13, 29513): 6 7.10 (s, 3H, Aryl-H), 2.80 
(m, 4H,H (5,9)), 1.83 (m, 2H, H(7)), 1.66 (m, 4H, H(6,8)). I3C-NMR (62.89 MHz, CDC13, 
295K): 6 143.4 (s, C(4a, 9a)), 129-0 (d, lJCH = 161 Hz, C(1)), 128.8 (d, 'JCH = 161 Hz, C(4)), 
125.8 (d, 'JCH = CU. 160H2, C(2,3)), 36.7 (t, ' J C H  = 127Hz, C(5,9)), 32.8 (t, ' J C H  = 135H2, 
c(7)), 28-4 (t, 'JCH = 130Hz, C(6,8)). 2H-NMR (38.4 MHz, CHC13,295K): 6 7.14 (t, 3JHD = 
l- lHz).  MS: m/z = 147 (82%, Mf.), 146 (13%), 132 (43%), 119 (48%), 118 (88%), 105 
(loo%), 92 (50%). HRMS(C11H132H): Calcd. 147-1158, Found 147-1143. 


Irradiation of 1,4-pentamethylene Dewar benzene (16b) in the presence of acid 


A solution of 10mg (047mmol) 16b and 5pI (0-07mmol) CF3C02D in [D,]THF was 
irradiated for 9 h in a quartz NMR tube at -20°C with a 254 nm lamp. 'H-NMR spectra were 
recorded at intervals of two hours and showed the increase of 8b and 9b. After 5 hours of 
irradiation the product distribution between 16b : 8b; 9b : 5b was 30 : 20 : 15 : 35. Warming the 
solution to room temperature led to a quantitative rearrangement of 8b and 9b to 5b. No 8b or 
9b could be isolated. Due to the presence of H20 in this sample of 16b, the incorporation of 
deuterium was only 15%. This also implied that H-7 in 8b and 9b could be de te~ted .~  


1 -Trifluoroacetoxybic yclo[ 5.2.2lundeca-8, I O-diene (8b) 
'H-NMR (250 MHz, [D8]THF, 220K): 6 6.65 (AB part of ABX system, 6(A) = 6.03, H(9,10), 
S(B) = 6-10, H(8,11)), JAB = lo&, J B ~  = 4Hz, 4H), 3-1 (X-part of ABX system, m, lH, 
H(7). Other signals coincided with those of 16b and 5b. 


1',1',2',2f ,3',3',4',4'-[D8]-1-(4'-trifluoroacetoxybutoxy)bicyclo[5.2.2.]-undeca-8,l0-diene (9b) 


'H-NMR (250 MHz, [D8]THF, 220K): 6 5.75 (AB part of ABX system, 6(A) = 5.74, H(9,10), 
6(B) = 5-81, H(8,11), J A B  = 10Hz, J B X  = ~ H z ,  4H), 2.9 (m, lH,  X-part of ABX system). 
Other signals coincided with those of 16b and 5b. 


Irradiation of 1,4pentamethylene Dewar benzene (16b) in acidic methanol 


A solution of 5 mg (0.03 mmol) 16b in MeOH in a quartz tube was irradiated at 0°C for two 
hours with a low pressure mercury lamp in the presence of 12 pI(5 eq) CF3C02H. The solution 
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was taken up in CDC13 and the MeOH was extracted with water. The resulting CDC13 solution 
contained a mixture of 5b (12%) and 7b (88%). At -20°C 7b rearranged to 5b within two 
days. 7b: 'H-NMR (90 MHz, CDC13, 293K): 6 5.84 (AB part of ABX system, 6(A) = 6.04, 
H(8,11), 6(B) = 5.67, H(9,10), JAB = 10Hz, J B x  = 5Hz, 4H), 3.15 (s, 3H, OMe), 2.95 (m, 
lH, H(7), 1-8-1-2 (m, 10H). MS: m/z = 178 (2%, M+.), 121 (loo%), 91 (15%). 


SUPPLEMENTARY MATERIAL AVAILABLE 


Appendix 2 with Tables 3-6 (selected atomic charges, bond orders, and bond distances of 2,4, 
6, 11, 13, and 15 (4 pages)). 


APPENDIX 1 


Due to the strong hydrogen bonds in HF equation (4) should be written more precisely as 
equation (10a). 


BHF 2 HFHF + BH+HF+ HF~- ,HF (W 
which leads to  equation (lob) (A@,,HF = enthalpy of reaction in HF). 


A@,,HF = A@f(BH+HF + A@~(HF~-,HF - A@,@,,) - ~A@@FHF) (lob) 


Unfortunately, the value of A P f  (HF2-,HF) is not known, but the values of A@, (HFz- = 
-155.1 kcal mol-' and A@,(HF) = -76.4 kcal mol-' in aqueous solution are known;26 they 
can be used as an approximation in equation (lob). If the known terms are substituted in 
equation (lob), one obtains an experimentally determined enthalpy difference between BH+ 
and B. This is exemplified forp-xylene (10) with the measured A@,,HF obtained by Mackor et 
al. (A@,,HF = 3.8 kcal m01-l)'~ (equation (11)). 


3.8 kcal mol-' = ApXIlHF) - 155.1 kcal mol-' 
- AH"f(10,F) + 2(76.4) kcal mol-' (1 la)  


(1 1b) 


which simplifies to 


6-1 kcal mol-' = A p d l l ~ ~ )  - A p d l 0 ~ ~ )  


In order to relate this enthalpy difference to the calculated values and our experiments, we 
must incorporate an enthalpy of transfer (Aptransf)  from HF to THF for 10 and 11, which 
leads to equation (12). 


A @ ~ ~ ~ T H F )  - A p f ( 1 h ~ ~ )  = 6.1 kcal m0l-l + A@tr,,f(11)HF-,THF 


(12) -AH"transf(l@)HF+THF 


Mackor el af. l7 determined AptransX1O)HF-,heptane = -4~3kcal mol-' . From literature data *' 
it can be derived that enthalpies of solution for neutral alkylbenzenes (in cyclohexane, 
benzene, MeOH, acetonitril, DMSO) are 1 kcal mol-' or less for most solvents. Therefore we 
may write 


AIPtransf(lo)HF-heptane A@transf(lO)HF-+THF (13) 


A@transf,es= -e*N( 1 - 1 / ~  - T(addT)/e2)/2R 


To estimate the enthalpy of transfer for 11 from HF to THF, the Born-Bjerrum equationz8 
is applied (equation (14)). 


(14) 
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in which A@tr,n,~.g4s is the enthalpy difference between an ion with radius R in the gas phase 
and dissolved in a solent (S) with a dielectric constant E; N is Avogadro's number. The 
difference of and AH"HF equals AH"tr,n,f of the calculated ion. With an estimated R 
= 2.5 A for 11 we obtain for H F  at -20°C (E  = 111, &/aT = -1.19),29 A/f')(ll)g-HF = 
-67.5kcal mol-' and for THF (E = 9-00, adaT = -4.2 x lo-*),"' A@(~~),THF = 


In view of the uncertainties involved in the calculations with equation (14), the enthalpy of 
transfer from H F  to THF is virtually zero. This result is due to the terms 1 / ~  and T(aE/laT)/E2 in 
equation (14) which are mutually compensating. Liquid HF is highly structured by formation 
of molecular chains. As a result its dielectric constant is high. Increase in temperature breaks 
down the molecular chains, leading to a rather high and negative temperature coefficient of 
the dielectric constant. On the contrary there is hardly any structure formation in liquid THF. 
Its (low) dielectric constant is determined by the dipole moment and the polarizibility of the 
molecules only, and consequently W a T  is low and negative. 


-67.8 kcal m01-l leading to h@transf(f1)HF-,THF = -0.3 kcal m0l-I. 


Introducing the two AhPtransf into equation (12) yields equation (12a) 


Akfof(11T"F) - A@~(~&HF)  = 10.1 kcal mOI-' ( 124  
As indicated in equation (7), A P f ( l h F )  can be calculated from A/f')f(lOcalc), the 


theoretical value for the gaseous 10, by equation (15). As AH", is usually smaller than 1 kcal 
m~l - ' ,~ '  it is omitted because the error thus introduced is much smaller than the uncertainty 
associated with the theoretical calculations; AH"', = 9.8 kcal ~ o I - ' . ~ ~  


A f f ' d l b F )  = AH"f(IOc,,c) - AH", + AH", = AH"~f(lOcaic) - 9.8 (15) 
Combining equations (15) and (12) we can calculate Al#'d1lmF) (5.9 kcal mol-I and 16.5 kcal 
mol-' for MNDO and MIND0/3, respectively). From these values for A@f(llTHF) we obtain 
Aplransf via equation (16) 


which leads to Aptransf  = -188.5 kcal mol-l for MNDO and = - 173.3 kcal mol-' 
for MIND0/3. 


According to Taft3' the relative stabilities of delocalized positive ions in the gas phase and in 
aqueous solution are the same. This strongly suggests a low solvent dependence, and we may 
therefore apply the Aptransf  values to all calculated benzenonium ions. 


The calculated gas phase data of the neutral compounds have to be combined with A@, and 
AH(', according to equation (15). From the known values of AH", for 5a, 10,12 and 14,29 it can 
be concluded that an average AH", of 11 kcal mol-' is a reasonable estimate. The final values 
for all calculated species are given in Table 1. 


In order to evaluate the enthalpies of reaction (AH",,THF) of the protonation reaction in 
THF described in this work, we have to consider the following equation. 


A@f(BH+THF> - AH"f(BTHF) - AH"f(H+THF) = Al#'r,THF (17) 


The AGotransf(H+) from H 2 0  to THF is 0 kcal m01- l .~~  From literature data33 it can be seen 
that the entropy contribution -TAPtransf in AGotransf(H+) from H 2 0  to other organic solvents 
is smaller than 0.5kcal mol-'. We may therefore use AC?,,,,AH') = Aptransr(H+) as an 
approximation in equation (17). Since A p f ( H + )  in H 2 0  equals zero by definition,26 the 


is given by equation (18); these values are referred to in the discussion. 


A@r,THF = AHOf(BH+THF) - Apf(BTHF) (18) 
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ABSTRACT 


The formation of a u-like complex by reaction between 1,3,5-trinitrobenzene and 1,8-diazabicyclo[ 5.4.01 - 
undec-7-ene was investigated in toluene at various temperatures. The kinetic data showed autocatalytic 
behaviour. Inspection of the reaction mixtures at zero reaction time indicated the presence of an 
equilibrium preceding the attack of the nucleophile, affording a molecular complex 
(substrate-nucleophile) which is responsible for the observed kinetic features. The present and the 
previous data led to the conclusion that the catalytic behaviours usually observed in SNAr reactions (in 
apolar solvents with amines as nucleophiles) are better explained by the presence of substrate-catalyst 
interactions than by catalysis on departure of the proton and leaving group from the zwitterionic 
intermediate. 


INTRODUCTION 


Our interest lies in aromatic nucleophilic substitution reactions in very poorly polar solvents 
using neutral nucleophiles (amines). For these systems the kinetic constant values (in s - '  
mol- ') are increased by raising the initial concentrations of the nucleophiles. This kinetic 
feature is generally explained2 in terms of departure of the leaving group and the proton from 
the zwitterionic intermediate, in a step catalysed by the reacting nucleophile itself or by another 
added catalyst. 


that the experimental reaction order 
in amine (which is higher than 1) may be explained by considering the interaction between the 
substrate and nucleophile (or catalyst) in a rapidly established equilibrium preceding the 
substitution process. 


In solvents of low polarity, the substrate-catalyst molecular complex is assumed to be more 
reactive than the 'free' substrate (complexed or solvated by the solvent). Consequently, the 
second experimental order in amine arises from the presence of a pre-equilibrium, setting a 
further molecule of the amine (or of the catalyst) in the transition state. The pre-equilibrium 
may be considered to involve several interactions (such as charge transfer or hydrogen bonding? 


Against this interpretation, we proposed 
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which are well known, but have not been fully investigated in systems reacting by an SNAr 
mechanism. 5 ,6  


Recently, the presence of a particular charge-transfer complex has been indicated to be active 
in the SNAr reaction pathway by MNDO calculations. Our previous findings agree well with 
the presence of molecular complexes in the pathway of the SNAr reactions. When protic amines 
are used, the kinetic features observed may be reasonably explained by both mechanisms (or 
by their superimposition). 3,8 


We present here some data concerning a reaction involving the formation of a Meisenheimer- 
like complex in a system lacking a leaving group on the substrate and a proton on the reacting 
nitrogen of the nucleophile. 1,3,5-Trinitrobenzene (TNB) and 1,8-diazabicyclo [ 5.4.01 undec- 
7-ene (DBU) offer a simple model which we recently studied in dimethyl sulphoxide. 


RESULTS 


The visible spectrum, recorded immediately after mixing appropriate solutions of TNB and 
DBU in toluene, shows a feeble absorbance maximum at 505 nm (first maximum). After 
variable times (under the conditions [ DBU] 0 s [ TNB] o),  the spectrum is modified and a new 
absorbance maximum is recorded at 468 nm (second maximum). This maximum is stable (in 
the dark) for a time longer than that which it takes to appear. 


The presence of the first maximum (505 nm) is also observed in the reaction mixtures under 
the experimental conditions [TNBIo $- [DBUIo. In this case, the rate of formation of the 
second maximum (468 nm) is very slow and we can make a quantitative evaluation of the first 
interaction which is reasonably ascribed to  the formation of a molecular complex (MC) between 
TNB and DBU in an equilibrium preceding the Meishenheimer complex formation. Even if the 
statistical errors calculated as standard deviations (see 'Experimental') are high, the 
Benesi-Hildebrand plot ( [ DBU] O / A O  vs [ TNB] 0 I ,  where Ao is the absorbance at zero reaction 
time) is linear and KM" values of equilibrium (1) were calculated by the least-squares method, 
at several temperatures. 


\ I<  


TNB + DBU molecular complex (MC) (1) 
At X=510nm, KMC (mol- ' l )=12.0 ( ~ = 1 9 8 )  at 18"C, 7 .3  ( ~ = 2 0 8 )  at 25°C and 5.7 
(E = 220) at 33 "C. The KMC value is clearly depressed by an increase in temperature. This fact 
and the related thermodynamic parameters ( A H =  -39 k 3 kJ mol-'; A S =  -357 2 10 J 
mol-' K - ' )  agree well with the usual observed parameters of the equilibria of formation of 
molecular complexes. 5 , 1 0  


Under the experimental conditions [ TNB] o Q [ DBU] o (  [ TNB] o = 2.5 x mol 1- ', 
[DBUIo = 8 x 10-'-1*5 X lo-' moll-'), K M C  = 4.8 moll-' at 25 "C. This value is calculated 
by extrapolation of the experimental absorbance at zero reaction time. For higher values of the 
ratio [DBUI o/ [TNB] 0, unsatisfactory reproducibility of the Ao values was observed. 


The absorbances of  the maximum at 4.68 nm are independent of the initial concentration 
of DBU ( =  [DBUlo). In the range of concentrations of DBU used here 
( 1  x x lo- '  moll-'), the formation of the species related to the second maximum is 
complete and for [TNBlo values from 5.0 x lo-' to 2 .0  x moll-' the Lambert-Beer law 
is followed ( E  = 1.4 x lo4) .  Addition of CF3COOH to the reaction mixtures resulted in fading 
of the colour. 


The nature of the observed red colour (second maximum) cannot be directly investigated by 
the usual 'H NMR spectroscopic measurements, because the related compounds is poorly 
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soluble in toluene. In this solvent, at usual NMR concentrations, a dark red, sticky compound 
precipitated, but all attempts to crystallize it failed. In any case, the crude compound is soluble 
in dimethyl sulphoxide (DMSO) and its 'H NMR spectrum in DMSO-& is identical with that 
obtained9"' directly by mixing the solutions of TNB and DBU in DMSO. In addition, the 
zwitterionic complex obtained in DMSO, when dissolved in toluene, presents the same 
absorbance maximum ( = 468 nm) as that obtained by mixing the solutions of TNB and DBU 
in toluene. We conclude that the appearance of the second maximum in toluene is due to the 
equilibrium 


n 


The formation of the red colour is strongly depressed by sunlight, but it is unaffected by the 
light of the sectrophotometer used in the determinations. 


The kinetic data for the formation of the second maximum at 468 nm are reported in Table I .  
The kobs values are increased by increasing [ DBU] 0. Under the experimental conditions, 
[ T N B ] o = 4 x  10-2mo11-', [DBU]o=Sx  10-4moll-', a very low kobs value of 
< 1 x s- '  mol-' was tentatively evaluated at 25 "C. This is of the order of one hundredth 
of the kobs when DBU is in excess. 


Table 1. Kinetic data for the reactions between TNB and DBU in toluene 


Conditions Parameter Values 


T =  25 O C ,  [TNBIo= 8.13 x lo-' moll- '  1 0 Z I D B U ] ~  
(moI I - '  ) 
104k0b, (s-' rnol-'l) 2.70 3.03 3.36 4-72 6.21 7.30 


(mol I - '  1.97 2.29 3.94 4.60 5.91 7.88 9.20 
I03kobr (s- 'mol-'I) 1-20 1.25 1.38 1.50 1.67 1-83 1.95 


1-29 2-19 2.59 4.39 6.59 8-72 


T =  3SoC, [ T N B I o =  1-03 x moll-' I02[DBU]o 


T=45'C, [TNBIo= 1 . 0 0 ~  moll - '  IO2[DBU1o 
(mol I - ' )  2.30 4.59 9.18 
I03k,b, (s-'  mol-'I) 2.45 2.71 3.30 


DISCUSSION 


We-relate the first interaction to the molecular complex in equilibrium (1). In principle, several 
substrate-nucleophile interactions are possible, with different stoichiometries (2:  1, 1 : 1,  1 :2). * , I 2  


The obtainment of similar KMC values (within the experimental errors) under both sets of 
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experimental conditions [ DBU] o 4 [ TNB] o and [ DBUI o + [TNBI o indicates that the two 
reagents interact in a 1:l stoichiometric ratio, as required by equilibrium (1). 


The nature of the molecular complex may be questioned, but owing to the structure of the 
reagents, we think that the main interaction may be a donor-acceptor type. The kinetic features 
reported here are the same as observed in SNAr reactions between nitro derivatives and amines, 
in poorly polar solvents, and it is usually explained’ by the so-called base catalysis, as shown 
in Scheme 1, where L is the leaving group and B is the racting amine or other catalyst. 


In the present system, the base-catalysed step for departure of HL does not exist and the 
increase in kobs values with the initial concentration of DBU must be explained by a mechanisms 
different from that shown in Scheme 1. 


Under the experimental conditions [ DBU] 0 4 [ TNB] 0, the kobr value is much lower than 
under the conditions [DBUlo % [TNB]*. Under these conditions, the amount of DBU 
complexed by TNB is unavailable for the nucleophilic attack. The low reactivity indicates that 
the molecular complex has very little tendency to  rearrange to the zwitterionic complex. 


In agreement with our previous findings, Scheme 2 may be propo~ed. ’~  
Under our experimental conditions the obtainment of absorbances at ‘infinite’ reaction time 


that are independent of [ DBU] o indicates that the equilibria in Scheme 2 are completely shifted 
towards I. Consequently, K =  k ~ / k - ~  (and k?/k! 1 )  are very large, i.e. kl % k- I (and k? $- k! 1). 


This conclusion agrees with previously reported data in DMSO. In this way, the equations 


(3) KMC = [MC] /( [TNBIo - [MC] ) [DBUIo 


u = ki [ MC ] [ DBU ] o + k?( [ TNB ] o - [ MC ] ) [ DBU ] 0 


kobs(1 + KMC [ DBU] 0) = k? + klKMC [DBU] 0 


and 


(4) 


allow us to obtain equation (5) under the experimental conditions [ DBU] o % [ TNB] 0 :  


( 5 )  


KMC values are known from independent absorbance values at various temperatures (or they 
are extrapolated values), and k? (referred to the reactivity of the substrate ‘free’ from DBU, 


L 
- /  


ArL+RNHz 1 Ar ArNHR+HL 
\+  fB1 


NHzR 


Scheme 1 


K M C  ( + DBU) 
TNB 17 molecular complex (MC) 


zwitterionic complex 
(1) 


Scheme 2 
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Table 2 .  ky and kl valuesa calculated by equation (5 )  


25 (9 .5  2)  x 0.012 k 2 x 10-5' 1-44 x 0 - 9979 
35 (8.8 2 0.3) x 1 0 - ~  0.021 3 x 1 0 - ~ d  4-28 x 10-3 0-9985 
45 (2.04 ? 0.06) x 0.024 ? 5 x lo-'' 7.74 x 1 0 - ~  0 - 9992 


k ? : A H * =  118 kJmol-'; A S * =  - 7 5  Jmol-IK-' 
k l : A H * = 5 8  kJmol-I; A S * =  -102 Jmol-lK-' 


a Errors are standard deviations. 


'KMC=7.3mol -11 .  
d KMC - 
' KMC = 3.1 rnol- ' 1 (extrapolated value). 


Correlation coefficient. 


- 4.9 mot-' (extrapolated value). 


in the uncatalysed process) and kl values (referred to  the reactivity of the molecular complex) 
are calculated and are reported in Table 2,  which also gives the thermodynamic parameters. 


In the literature there are several examples'4-'6 of the dependence of the catalysed and 
uncatalysed processes on temperature. In some cases the experimental reaction rate constant 
is decreased by increasing the temperature. l6 This unusual behaviour may be easily explained 
by the present data, by considering that the second term in equation ( 5 )  includes the 
substrate-nucleophile association constant ( K M C ) ,  which is clearly decreased by increasing the 
temperature. The data (see Table 2) indicate that both k': and kl are increased on increasing 
the temperature, as required by Scheme 2. The activation parameters of both processes agree 
well with the usual parameters for SNAr reactions. The activation energy for the reactivity of 
MC (measured by kl value) is lower than the activation energy of the 'free' TNB (k': value), 
as expected considering that kl > k?. 


When the nucleophile is a protic amine, the self-association of the amine (or the association 
between the amine and the catalyst) was reported to  be operative in the reaction pathway. *' 
Previously, we reported '* some experimental details against this interpretation which, 
obviously, may be ruled out in the present system. 


An increase in temperature reduces the possibility of observing catalytic effects by reducing 
the amount of the complexed substrate. In any case, the observation of catalytic phenomena 
is related to  the difference in the rate of the free substrate with respect to the complexed 
substrate: l 3  in our case when k~ is higher than k?, the kobs value is increased on raising [ DBU] 0. 
When kl is lower than (or equal to) k?, the kobs value is decreased (or unaffected) on increasing 
the initial nucleophile concentration [ DBU] 0 ,  as observed in very polar solvents (DMSO). 


In conclusion, not only the model of Scheme 2 is consistent with the kinetic data reported 
here, but also it is a starting point for reconsidering the 'anomalous' kinetic features of SNAr 
reactions. 


EXPERIMENTAL 


Materials 


TNB and DBU were commercial samples (Carlo Erba, RPE) purified by the usual procedures. 
Toluene was refluxed for 1 day over sodium and freshly distilled." 
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Table 3. A0 (absorbance at zero reaction time) values for TNB-DBU mixtures in toluene at 18 "C 
( A =  510 nm); [DBUlo = 3.89 x moll-') 


[TNBIo x lo-' moll-' 1-93 3.01 3.89 4.75 9.45 2.53" 
Ao 0.144 0.210 0.240 0.278 0.409 0.091 


a [DBU]o= 1.95 x moll- ' .  


Determination of the formation constant of the molecular complex between TNB and DBU 


Extrapolation at zero reaction time of the experimental absorbance values was performed by 
the usual procedures. Table 3 reports an example of the values obtained which were used in 
the Benesi-Hildebrand plots. The linear relationship between [ DBU] o/Ao and I /  [ TNB] o can 
be expressed algebraically by the following equations: at 18 'C, [DBUIo/Ao= (5.06 2 0.3) 
x + (4.2 * 3) x x I /  [TNBIo (number of points = 6, r =  0-9986); at 25 OC, 
[DBU]o/Ao = (4.79 k 0 - 4 y 3  + (6.59 k 6) x x l /[TNBjo (number of points = 12, 
r =  0.9999, [TNB]o/Ao = (2.82 k 0-9)  x + (5.91 If: 5) x x I/[DBUIo (number of 
points = 5, r =  0.9996); at 33 OC, [DBU]o/Ao = (4.55 ? 0.6) x + (7.96 k 7) x x l/J 
[TNBIo (number of points = 6, r = 0.9990). At the X value used here (510 nm), the starting 
materials (in separate solutions) did not show appreciable abosrbance values. 


Kinetics 


Kinetic runs were performed by following the appearance of the reaction product at 468 nm. 
The pseudo-first-order rate constants were divided by [ DBU] o to give second-order rate 
constants, kobs. The reproducibility of /cobs values was ?4%. The values of the apparent 
coefficient of absorbance at infinige reaction time (Am/ [ TNB] 0) were unaffected by the 
temperature used within experimental error ( 2  3%) and by changes in [ DBU] o values. 
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ABSTRACT 


An excellent linear correlation of oxygen-17 substituent chemical shifts (SCS) for twelve a ,  a,  a- 
trifluoroacetophenones with single u+ constants, S = 24.6u+ + 556-3 (correlation coefficient 0-998) has 
been observed. However, from this plot, an SCS of 34.3 ppm for I ,  1.1-trifluoroacetone will give a 
corresponding u+ (7') value of 1.44 for a methyl group, which is not in agreement with 0.63-0.79 
obtained from solvolytic rate data. 


Measurements of oxygen-17 NMR chemical shifts have been successfully employed as a tool 
for the study of structural effects on acetophenones'-' and other series of aromatic 
compounds. In cases where the electronic effects of meta and para substituents are concerned, 
correlations of substituent chemical shifts (SCS) with dual substituent parameters (DSP)' have 
generally been observed. It has been reported that the I7O chemical shifts of substituted 
anisoles show a good linear correlation with u-.' On the other hand, in this study the first 
example of an excellent linear correlation of 1 7 0  SCS values for a,  a, a-trifluoroacetophenones 
(la-I) with single u+ constants is realized. 


The substituted a,  a, a-trifluoroacetophenones la-e and lg-l were synthesized from the 
corresponding aryl halides via a Grignard reaction with trifluoroacetic anhydride at 
-70 "C.'(The ketones la,  l b  and ld-j showed IR and I9F NMR spectra identical with the 
literature data.'- I '  For ketones l c  and lk-11, both the spectral and the analytical data (C, H) 
were in agreement with the assigned structures.) A 0.5 M solution of the ketone, 1 or 
1, 1, l-trifluoroacetone (21, in carbon tetrachloride was dried over 4A molecular sieve before 
it was transferred into an NMR tube for measurement (the drying is essential because the ketone 
form hydrates readily12). [The I7O spectra were recorded on a Bruker AM-300WB 
spectrometer equipped with a 10-mm broad-band probe operating at 40.688 MHz. All chemical 
shifts were measured relative to  an external deuterium oxide reference. The instrument settings 
were 50 kHz spectral width, 2K data points, 90" pulse angle (12.5 ps pulse width), 1 ms 
acquisition delay and 16 ms acquisition time. The signal-to-noise ratio was improved by 


*Part VI of Nuclear hlagneiic Resonance Studies. For Part V, see. K.-T. Liu, Tetrahedron Lett. 1207-1208 (1977). 
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Table I .  Oxygen-I7 chemical shifts for trifluoroketones" 


ArCOCF3 Ar U+ k = O )  &(other) 


la  
l b  
l c  
Id 
l e  
I f  


l g  


1j 


I h  
li 


l k  
I I  
2 


3 ' -FC6H4 
3 ' -CIC6H4 
3 ' -CF3C6H4 
4'  -CF3C6H4 
3',5'-Cl&H3 
3' ,5  ' - ( C F ~ ) Z C ~ H ~  
CH3 


-0.984' 
-0.778 
- 0-560d 
-0.311 
-0.066 


0-000 


0.352 
0.399 
0-520 
0-612 
0-701 
0.946' 


531.0 99.1 
537.1 62-4  
543.2 114.4 
549.7 
554.4 
557.6 
556.5' 
563.8 
564.7 
568.5 
572.6 
574.4 
579.2 
591.8e 


"Measured at 60 'C unless stated otherwise. 
bFrom ref. 13 unless stated otherwise mentioned. 


Ref.15. 
dRef. 14. 


measured at 25 'C 
' Ref. 17. 


Ref. 16. 


3e 4o 


- 1  200 -0800 -0400 ocoo o 400 oaoo I 200 1 


U+ 


00 


Figure I .  Plot of "0 SCS in trifluoroacetophenones against u+ 


applying a 25 Hz exponential broadening factor to the free induction decay prior to Fourier 
transformation. Generally, spectra with a signal-to-noise ratio of ca 10: 1 were obtained from 
10'-lo6 scans.] The observed 170 chemical shifts at natural abundance are listed in Table 1. 
An excellent linear plot (Figure 1) was obtained from the correlation analysis of SCS for 61'0 
with a large range of u+ constants (-0.984 to O.946):l3-l7 6 = 2 4 . 6 ~ ~  + 556.3 (correlation 
coefficient 0 * 998). 


The "0 SCS values for acetophenones were found to have best fits with dual parameters, 
UI and u i :  6 = 1 8 . 6 ~ 1 +  24.0 u i Z  and 6 = 20.901 + 2 1 . 9 ~ i . ~  Less satisfactory correlations 
resulted from the use of the single-parameter method with u ( r  = 0.92) or with u+ (r  = 0.96). * 
Although a direct conjugation between the carbonyl oxygen and the aryl ring is unlikely, the 
6 1 7 0  in substituted acetophenones has been considered to be dependent on the relative 
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contributions from the canonical structures 3a-e (R = CH3),2 and has been found to correlate 
well with the n-electron densities obtained from ab initio MO  calculation^.^ The present 
observation of the excellent linear relationship between I7O SCS values with u+ constants for 
1 is probably due to the presence of the strong electron-attracting trifluoromethyl group, which 
may increase the 
significantly. 


R O  
c \ &  


3a 


weight of contributions from the dipolar structures 3b-e (R = CF3) 


3b 3c 3d 3e 


It is also interesting that the downfield shift of the I7O chemical shift for 2 is large com- 
pared with that for 1. Moreover, from this plot an SCS of 34.3 ppm for 2 (open circle) will 
give a corresponding u+ (7’) value of 1.44 for the methyl group, which is not in agreement 
with the value of 0-63-0-79 obtained from the solvolytic rate data, assuming that it can be 
regarded as a deactivating aryl Comparison of the rate of solvolysis for 
1 , 1 , 1 -trifluoro-2-phenyl-2-propyl tosylate vs that for the 2,2,2-trifluoro-l, 1 -diphenylethyl 
analogue in 80% ethanol” would yield a corresponding value of 0.81 for the methyl. Although 
both the solvolytic reactivities of various tertiary benzylic substrates with” or without ’’ an 
a-trifluoromethyl group and the 1 7 0  SCS values observed in the present study exhibit excellent 
Hammett-Brown plots with u+ constants, there is a significant difference between these two 
extrapolated y+ values for the methyl group (1.44 vs 0.63-0.79). This suggests that there 
might be little interrelation between the chemical shift of the aromatic acyl oxygen and the 
benzylic reactivities for solvolysis. Other spectroscopic studies on 1 are in progress. 
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ABSTRACT 


The kinetics of the oxidation of seven substituted ethanols by sodium N-bromobenzenesulphonamide or 
bromamine-B (BAB) in the presence of HCI was studied at 45 " C .  The rate shows a first-order dependence 
on [BABIo and is fractional in   alcohol]^, [ H + ]  and [Cl-1. Ionic strength variations, addition of 
benzenesulphonamide reaction product and variation of dielectric constant of the medium have no effect 
on the rate. The solvent isotope effect kH,o/k;>,o = 0 . 9 7 .  The rates do not correlate satisfactorily with 
Taft's substituent constants. Activation parameters A H * ,  A S * ,  AG* and log A were calculated by 
studying the reaction at different temperatures (308-323K). It was found that AH' and AS* are 
linearly related and an isokinetic relationship is observed with isokinetic temperature p = 393 K,  indicating 
enthalpy as a controlling factor. 


INTRODUCTION 


Considerable attention has centred around the chemistry of N-metallo-N-aryl 
halosulphonamides because of their versatility in behaving as mild oxidants, halogenating 
agents and N-anions, which act as both bases and nucleophiles. The chlorine compound 
chloramine-T (CAT), which is a by-product during saccharin manufacture, is well known as 
an analytical reagent for the determination of diverse substrates, and mechanistic aspects of 
these reactions have been documented. '*' However, there is meagre information in the 
literature on the bromine analogues, bromamine-T (BAT) and bromamine-B (BAB). The 
pioneering work of Hardy and Johnston3 on the oxidation of p-nitrophenol by BAB and the 
study of the reaction of dialkyl sulphides with BAT by Ruff and Kucsman4 are two important 
examples, and recent investigations include the kinetics of oxidation of a-amino acids, 
methionine, dimethyl sulphoxide,' primary alcohols, substituted benzyl alcohols9 and 
diphenylmethanol, lo  ketones and EDTA l2 by the bromamines. 


The mechanism of the oxidation of primary alcohols to aldehydes by mild to strong oxidants 
has been investigated by several workers. Waters l 3  suggested that the conversion occurs either 
by a series of facile reactions in which the OH group is first involved or by a concerted process 
in which both C H  and OH groups are severed together. Mahadevappa and Naidu14 and 
Herlihy IS have reported on the oxidation of the conjugated alcohols allyl, cinnamyl and crotyl 
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alcohols by CAT in HCl medium. The rate is found to be first order each in [CAT],  [ H +  ] and 
[CI- J . Similar results have been obtained with CAB. l6 Mushran et ai. l7  oxidized n-butanol, 
isobutanol and n-pentanol with CAT. The proposed mechanism involves HOCl as the reactive 
species. Uma and Mayanna" reported the oxidation of primary alcohols by CAT in alkaline 
medium, catalysed by 0 ~ 0 4 .  Oxidation of primary alcohols by CAB in the presence of HC104 
was reported by Mukherji and Banerji.19 The probable oxidizing species is PhS02NHCl. A 
mechanism involving transfer of hydride ion to the oxidant was suggested. Gunasekaran and 
Venkatasubramanian reported the kinetics of the oxidation of substituted diphenylmethanols 'O 


and substituted fluoren-9-01s'~ by BAT. Singh et ~ 1 . ~ ~  investigated the mechanism of the 
ruthenium(II1)-catalysed oxidation of methanol and ethanol by BAT in acid medium. Similar 
resultsz3 were obtained in the oxidation of n-propanol and n-butanol by BAT. 


As a part of our mechanistic studies of the oxidation of substrates by N-aryl 
bromosulphonamides, we report here on the kinetics of the oxidation of seven primary 
alcohols, ethanol, 2-ethoxyethanol, 2-methoxyethanol, 2-aminoethanol, 2-chloroethanol, 
2-bromoethanol and 2-nitroethanol, by BAB in the presence of HCl at 45 "C. 


EXPERIMENTAL 


Preparation of bromamine-B 


Bromamine-B (BAB) was prepared24 by the partial debromination of dibromamine-B (DBB), 
which was obtained as follows. Pure chlorine was bubbled through an aqueous solution of 
chloramine-B (30 g in 560 ml of water) and liquid bromine (6 ml) was added dropwise from a 
burette with constant stirring. The yellow precipitate of DBB that formed was thoroughly 
washed with water, filtered under suction and dried in a vacuum desiccator. Dibromamine-B 
(3 1 . 5  g) was digested in small batches with costant stirring in 50 ml of 4 mol dm- NaOH. The 
mass was cooled in ice, filtered under suction and the product dried over anhydrous calcium 
chloride. 


The purity of BAB was checked iodimetrically through its active bromine content and the 
compound was further characterized by its I3C FT-NMR spectrum (obtained on a Bruker WH 
270-MHz nuclear magnetic resonance spectrometer) with DzO as solvent and TMS as the 
internal standard (ppm relative to TMS) 143.38 (C-1, carbon attached to  S atom), 134.30 (CH, 
para to the hetro atom), 131-26 (C-2,6), 129.31 (C-3,5). An aqueous solution of BAB was 
standardized iodimetrically and preserved in brown bottles to prevent its photochemical 
deterioration. 


AnalaR-grade alcohols were further distilled. All other reagents were of AnalaR grade. 
Triply distilled water was employed in preparing the aqueous solutions. The ionic strength was 
kept constant at a high value by adding a concentrated solution of NaC104. Heavy water 
(D20, 99.2070) was supplied by the Bhabha Atomic Research Centre, Trombay. 


Kinetic measurements 


The reaction was carried out in glass-stoppered Pyrex boiling tubes whose outer surface was 
coated black to eliminate photochemical effects. Solutions containing appropriate amounts of 
alcohol, HCl and water (to keep the total volume constant for all runs), were placed in the tube 
and thermostated at 45 " C .  A measured amount of BAB solution, also thermostated at the same 
temperature, was rapidly added to the mixture. The progress of the reaction was monitored by 
withdrawing aliquots from the reaction mixtures at regular time intervals and determining the 
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unreacted BAB iodimetrically. The course of the reaction was studied up to  two half-lives. The 
calculated pseudo-first-order rate constants, k' , were reproducible to  within * 3%. 


Regression analysis of the experimental data to obtain the regression coefficient r and S,  the 
standard deviation of the points from the regression line, was carried out a EC-72 statistical 
calculator. 


Stoichiometry 


Various ratios of BAB to alcohol were equilibrated in the presence of 0.1 mol dm- HCI for 
24 h. The determination of unconsumed BAB exhibited a 1:l stoichiometry: 


(1) 


where R=C6HsS02 and R ' = H  for ethanol, OC2H5 for 2-ethoxyethanol, OCH3 for 
2-methoxyethanol, NH2 for 2-aminoethanol, C1 for 2-chloroethanol, Br for  2-bromoethanol 
and NO2 for 2-nitroethanol. 


RNBrNa + R ' CHzCHzOH -+ RNH2 + R ' CH2CHO + Na+ + Br - 


Product analysis 


Benzenesulphonamide among the reaction products was detected by thin-layer 
chromatography, using light petroleum-chloroform-n-butanol (2:2: 1, v/v) as the solvent 
system and iodine as the spray reagent ( R ~ = 0 . 8 8 ) .  The corresponding aldehydes were 
determined as their 2,4-dinitrophenylhydrazone (2,4-DNP) derivatives. 


RESULTS 


Effect of reactants 


With the substrate in excess, at constant [ HCl] and [alcohol] 0, plots of log [ BAB] vs time 
are linear ( r  > 0-9909), indicating a first-order dependence of rate on [BABIo. Values of the 
first-order rate constants, k' , increase with increase in [alcohol] o (Table 1). Plots of log k' vs 
l o g [ a l c o h ~ l ] ~  are linear ( r  > 0.9970; s < 0.02) with slopes of 0.54 (ethanol), 0.59 
(2-ethoxyethanol), 0.60 (2-methoxyethanol), 0.52 (2-aminoethanol), 0.43 (2-chloroethanol), 
0.60 (2-bromoethanol) and 0.85 (2-nitroethanol), thus indicating a fractional order dependence 
on [alcohol] o. 


Table 1. Effect of concentration of alcohol on the rate of reactiona 
~ ~ 


k '  x 104(s-') 


10' [alcohol] 0 2-Ethoxy- 2-Methoxy- 2-Amino- 2-Chloro- 2-Bromo- 2-Nitro- 
(rnol dm-3) Ethanol ethanol ethanol ethanol ethanol ethanol ethanol 


5 .0  2.85 1 a61 1.27 0.22 0.55 2.56 7.21 
10.0 4.08 2.41 1.86 0-31 0.74 3.91 10.67 
20.0 5.82 3.56 2.70 0-43 0.97 5-60 16.14 
30.0 7-40 4-69 3.55 0.56 1.22 7.65 19.80 
40.0 8.81 5.52 4-52 0-65 1-35 9-07 24.32 


"[BAB]o=9.Ox 10-4rnoldm-'; [HCI] =0.1 r n ~ l d r n - ~ ;  p =  1.0 ~no ld rn -~ ;  ternperature=45'C. 
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Effect of [HCI] 


The rate increases with increase in [HCI] and plots of log k' vs log[HCl] are linear 
( r  > 0.9957; s < 0.02) with fractional slopes (0.4-0.7). 


Effect of [H'] 


At constant [ C1- 1 = 0.6 mol dm- 3 ,  maintained by adding NaCl, the rate increased with 
increase in [ H t  1 (Table 2), which was varied by adding HCI and a plot of log k' vs log [ H+ 1 
was linear (r  > 0.9947; s < 0.02) with a fractional slope (0.2-0.4). 


Effect of halide ions 


At constant [ H + ]  = 0.1 moldm-3, the rate increased with the addition of NaCl (Table 2) and 
a plot of log k' vs log[CI-] was linear ( r  > 0.9933; s < 0.01) with a fractional slope 
(0.2-0.3). Addition of Br- ions in the form of NaBr ( 5  x 10-4-20 x moldm- 3 ,  had a 
negligible effect on the rate. 


Effect of benzenesulphonamide 


Addition of the reaction product, benzenesulphonamide ( 5  x 10-4-20 x moldm- '), had 
a negligible effect on the rate, indicating that it is not involved in a pre-equilibrium to the rate- 
limiting step. 


Effect of ionic strength 


Variation of the ionic strength of the medium by adding NaC104 (0.2-1.0 mol dm- 3, had no 
effect on the rate. 


Table 2. Effect of [H']  and [CI- ]  on the rate of reactiona 


k '  x 104(s-') 


2-Ethoxy- 2-Methoxy- 2-Amino- 2-Chloro- 2-Bromo- 2-Nitro- 
lo2 [ H + ] or Ethanol ethanol ethanol ethanol ethanol ethanol ethanol 
lo2 [ NaCl] 
( rnoldm-3)  Ab Bb A B A B A B A B A B A B 


5 * O( 10 * 0) 4.80(4.08) 3.22(2.41) 2 -08( 1 .86) 0.33(0.3 1) 0.82(0.74) 4.52(3.91) 12.58( 10.67) 
10.0(20.0) 6.21(4.81) 4.24(2.98) 2-77(2.15) 0.42(0.35) 1.02(0.85) 5*43(4.55) 14.11(12*00) 
20.0(40.0) 8.2q5.55) 5.33(3.70) 3 *59(2*48) 0.  56(0.41) 1 * 34(0.97) 6.98(5 * 12) l6*60( 13.63) 
30.0(60*0) 10.05(5.98) 6-10(4-12) 4-26(2.71) 0.67(0.45) 1 .08) 4.74(5.65) I7-96(14*98) 
40.0(80.0) 11.50(6.50) 6*96(4.53) 4.83(2.93) 0.74(0.48) 1.70(1.20) 8.65(5.99) 19.48(16.11) 
60.0(-) 13.07(-) S.02(-) 5.59(-) 0.83(-) 1.89(-) 9.78(-) 22.07(-) 


" ( B A B ] o = 9 . 0 x  10-4rnoldm-3; [HCI] =0.1 moldrn-': p =  1.0 moldm-'; temperature=45'C. 
hA, Variation of [ H + ]  on the rate of reaction at constant [CI-] = 0.6 moldm-'; B, variation of [CI-] on the rate 
of reaction at constant [H']  =0 .1  rnoldm-I. 
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Effect of temperature on the rate 


The reaction was studied at different temperatures (308-323 K), and from the Arrhenius plots 
(r  > 0.9974) of log k' vs l/Tvalues of the activation parameters for the overall reaction were 
calculated. 


Solvent isotope studies 


Studies of the rate in D2O medium for ethanol and 2-bromoethanol revealed that while kk,o 
is 4 . 0 8 ~ 1 0 - ~ s - '  and 3.91 x 1 0 - 4 s - 1 ,  k5,o is 4 . 1 9 ~  1 0 - 4 s - '  and 4 . 1 0 ~  1 0 - 4 s - 1 ,  
respectively. The solvent isotope effect kk,o/kb,o = 0.97. 


Effect of varying dielectric constant of medium 


The dielectric constant of the medium was varied by adding methanol (0-40%, v/v) to the 
reaction mixture, but the rates were not significantly altered. Blank experiments with methanol 
indicated that oxidation of methanol was negligible during the period of the experiment. 


Test for free radicals 


Addition of the reaction mixtures to acrylamide did not initiate polymerizations, showing the 
absence of free-radical species. 


DISCUSSION 


The experimental rate law was found to be Rate = k [ BAB] [alcohol] [ HCl] y ,  where x and y 
are fractions. 


Bromamine-B, being analogous25 to CAT, behaves like a strong electrolyte in aqueous 
solutions and dissociates as 


RNBrNa RNBr- + Na+ (2) 
The anion picks up a proton in acidic solutions to give the free acid monobromamine-B, 
RNHBr (N-bromobenzenesulphonaminde): 


RNBr- + H +  K,  RNHBr (3) 


where Ka = 1 .5  x at 25 "C. The free acid has not been isolated. It undergoes 
disproportionation giving rise to  benzenesulphonamide (RNH2) and dibromamine-B (RNBr2): 


RNH2 + RNBr2 (4) 
Kd 2 R N H B r .  


where Kd= 5.8 x 
hypobromous acid (HOBr): 


at 25°C.  Dibromamine-B and the free acid hydrolyse to give 


RNBrz + HzO ,- RNHBr + HOBr (5) 


RNHBr + H2O A 1 RNH2 + HOBr 
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where Ki  = 4.21 x Finally, HOBr ionizes as 


H +  + OBr- (7) 
K ,  H O B r ,  


where K, = 2 - 0  x 
The possible oxidizing species in acidified BAB solutions are therefore RNHBr, RNBrz and 


HOBr. If RNBr2 were to be the reactive species, then from equation (4) the rate law should 
predict a second-order dependence of rate on [BABIo, which is contrary to  experimental 
observations. Further, equation (6) indicates that the hydrolysis is slight and, if HOBr is 
primarily involved, a first-order retardation of the rate by the added benzenesulphonamide is 
expected. However, no such effect was noticed. Hardy and Johnston3 made detailed 
calculations of the concentration dependence of conjugate acid, HOBr and BrO- ion on pH, 
in aqueous BAB solutions (6 x moldmP3) in the pH range 7-13. It is seen from their 
results that [RNHBr] is high at pH 7 and is of the order of 4 . 1  x moldm-3, while 
[HOBr] = 6 . 0 ~  10-6mol dm--3 and [BrO-] = I O - ' r n ~ l d r n - ~ .  A comparison with the 
concentration of species present in acidified CAT solution indicates that RNHBr is the likely 
oxidizing species in acidic medium for reacting with the substrates. Further, variation of ionic 
strength of the medium or addition of the reaction product benzenesulphonamide has virtually 
no effect on the rate, ruling out HOBr as the active species. Hence RNHBr is responsible for 
the oxidation of alcohols. In view of these facts, proton catalysis of the oxidation of alcohols 
by BAB at constant [ C1- ] can be explained by Scheme 1 :  


at 25 "C. 


RNHBr + H' + S ,L K~ x (fast) 


products (rate limiting) kz 
HzO ' 


Scheme 1 


From Scheme 1,  if [BAB], represents the total BAB concentration, then 
[BAB j = [ RNHBr] + [XI ,  from which the rate law 


can be derived. Rate law (8) is in agreement with the fractional orders noted with respect to  
[H'] and   alcohol]^ and the first-order dependence of rate on [BABIo. 


Since Rate = k '  [BAB] , equation (8) can be transformed into 


and 


From the slope and intercept of the double reciprocal plot, l / k '  vs l / [ H + ]  (r > 0-9826), 
values of the formation constant KI and the decomposition constant kz have been calculated 
(Table 3). 


The decomposition constant k2 for the rate-limiting step was also determined by varying 
[alcohol] 0 at different temperatures (308-323 K) and the values are given in Table 4. Using 
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these values, activation parameters for the decomposition step of the alcohol-BAB complex 
(Scheme 1) were determined by an Arrhenius plot of log kz vs 1/T (r  > 0.9928). These are 
shown in Table 5. 


Solvent isotope effect 


It is interesting that the rate increased only slightly in D2O medium, contrary to expectations 
in  proton-catalysed reactions.26 It is well known that D30' is a stronger acid than  H30' (ca 
2-3 times) and hence a rate increase of the same magnitude is expected in D2O. However, it 
should be noted that the rate decreases in D2O when 0-H/O-D exchange takes place and 


Table 3. Values of formation constants K 1  and Ki and decomposition constants k2 and ki  from double 
reciprocal plots 


Alcohol K ,  (dm6 mol-2) Ki(dm6 mol-') 104kz(sC1) 104ki (s 


Ethanol 106.9 
2-Ethoxyethanol 130.2 
2-Methoxyethanol 111.6 
2-Aminoethanol 119.5 
2-Chloroethanol 129.9 
2-Bromoethanol 167.8 
2-Nitroethanol 280.9 


152-7 13.2 6.6 
102.4 7 .9  4.8 
158.5 5 .6  3.0 
163.4 0 .9  0.5 
154.6 2.0 1.2 
169.5 9.5 6.1 
183-2 20.7 16.1 


Table 4. Values of the decomposition constant (k2) of acohol-BAB complex at different temperaturesa 


k' x 104(s-') 


Temperature 2-Ethoxy- 2-Methoxy- 2-Amino- 2-Chloro- 2-Bromo- 2-Nitro- 
(K) Ethanol ethanol ethanol ethanol ethanol ethanol ethanol 


308 4-63 2.39 1.71 0.20 0.39 3.91 13.52 
313 7-17 4-85 3-44 0.45 0.83 7.61 20.78 
318 10.47 7.11 5-40 0.76 1.51 11-68 30-57 
323 14-11 13.43 10.07 1 -44 2.74 17.19 44.12 


a [ B A B ] ~ = 9 . 0 ~  10-4moldmC3; [alcohol] = 0 . 1  moldm-3; [HCI] =0.1 m ~ l d r n - ~ ;  C =  1.0 rnoldrn-'. 


Table 5. Kinetic and thermodynamic parameters for the oxidation of alcohols by BAB in the presence 
of hydrochloric acid calculated from the values of k2 shown in Table 4 


E, AH' A S *  AG* 
Alcohol (kJ mol-I) (kJ mol-') (J K-I  mol-') (kJ mol-I) Log A 


Ethanol 73.4 65-4 - 96.9 95.9 9.4 
2-Ethoxyethanol 92.0 89.4 -24.1 97.0 13.2 
2-Methoxyethanol 95.5 92-9 - 15.7 97.8 13.6 
2-Aminoethanol 107.2 104.3 + 3.9 103.1 14.5 
2-Chloroethanol 106.1 104-3 +11.3 101.4 14.7 
2-Bromoethanol 81.3 78.7 - 54.6 95.9 11-5 
2-Nitroethanol 65-8 63.2 -95.2 93.2 9.3 
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the 0-H/O-D bond is cleaved during the reaction. It is therefore likely that, since the 
protonation step is followed by hydrolysis where the normal kinetic isotope effect, kk/kf, > 1 
due to  the OH/OD exchange could counterbalance the solvent isotope effect, kk,o/kb,o < 1, 
during pre-equilibrium fast proton transfer and the net result makes kfr /Kf ,  2 1. 


Chloride catalysis 


The reaction is catalysed by C1- ion and chloride catalysis at constant [H' 1 can be rationalized 
by Scheme 2:  


RNHBr + C1- + S . K i  x (fast) 


20 ' product (rate limiting) 


Scheme 2 


Scheme 2 leads to the rate law 


kJKi[BAB],[S] [Cl-]  
1 + K f [ S ]  [Cl-]  


Rate = 


Equation (1 1) can be transformed into 


and 


1 -  1 1 - _  
k' kiKi[S] [CI- ]  ' 3  


A double reciprocal plot of I l k '  vs l / [ c l - ]  (r > 0-9881) provides the values of ki and Kf 
(Table 3). 


Mixed order found in [HCIJ 


Oxidation of alcohols by BAB is catalysed by both H +  and CI- ions and the mixed-order 
kinetics observed in [HCl] can be rationalized in terms of the equations 


Rate= kobs[BAB] = a[BAB] [H']  [alcohol] + b[BAB] [CI-1 


k o b s =  ( a [ S ]  + b )  [HCl] 


(14) 


and 


(15) 


since [ H + ]  = [Cl-]  = [HCl] in aqueous solution. 


from which a and b can be evaluated. This is found to be the case, as shown in Figure 1. 
Equation (15) predicts that a plot of /cobs/ [HCl] vs [S ]  should be a straight line ( r  > 0.9919), 


Effect of varying dielectric constant of medium 


The effect of varying solvent composition on the rate of reaction has been described in 
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Figure 1 .  Plots of k'/[HCI] vs [alcohollo: (A) ethanol; (B) 2-ethoxyethanol; (C) 2-methoxyethanol; (D) 
2-aminoethanol; (E) 2-chloroethanol; (F) 2-bromoethanol; (G)  2-nitroethanol 


detail. 27-  32 For the limiting case of zero angle of approach between two dipoles or an 
ion-dipole system, Amis31 has shown that a plot of log kobs vs l/D, where D is the dielectric 
constant of the medium, gives a straight line with a negative slope for a reaction between a 
negative ion and a dipole or between two dipoles, where a positive slope results for a positive 
ion-dipole interaction. The total absence of the effect of varying dielectric constant on rate 
cannot be explained by the Amis theory. 3 1  Applying the Born equation, Laidler2" derived the 
following for a dipole-dipole reaction: 


In k' = In ko + - 
where ko is the rate constant in a medium of infinite dielectric constant, p represents the dipole 
moment and r refers to the radii of the reactants and activated complex. It is seen that the rate 
should be greater in a medium of lower dielectric constant, when r: > r i  + r i .  On the other 
hand, r: d + r i  implies the absence of a dielectric effect of solvent on the rate, as was 
observed in the present investigations, signifying that the transition state is not very different 
from the reactants. 


Structure-reactivity correlations 


Structure-reactivity correlations made by attempting to fit the Taft equation33 through single 
parameters o* and E, and through the four-parameter form of the Pavelich-Taft equations, 34 


log k/ko = u*p* + 6Es, were not satisfactory. A plot of log kz vs u* is curved, as shown in 
Figure 2. This suggests a concerted mechanism, the degree of concertedness depending on 
whether the hydride transfer from the C-H bond to the oxidant is synchronous with the 
removal of a proton from the O-H group by a water molecule. In earlier work on the oxidation 
of primary alcohols by BAT"' and BAB, 35 it was noted that electron-donating groups increase 
the rate. This indicates that the rupture of the C-H bond occurs ahead of O-H bond 
cleavage, creating a carbonium ion centre which is stabilized by the electron-donating character 
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Figure 2. Plot of log k2 vs CJ* 


H 
H20 Slow > R ' -  b L O - c  -fosf H 3 0  + + Br- + R I C H 0  


H H2O - R N H ,  + - H 3 0  


Scheme 3 


Scheme 4 


of alkyl groups. In the presence case (Scheme 3),  the decrease in rate with electron-withdrawing 
groups is in agreement with this observation. On the other hand, the rates are higher when the 
substituent X is Br or NOz. The rupture of 0 -H  bond then occurs ahead of the C-H bond 
cleavage and the carbon atom becomes electron rich in the transition state, which is stabilized 
by the electron-withdrawing bromo and nitro groups. The enormous three-fold increase in rate 
with X = NO2 may alternatively be explained by Scheme 4, where ionization of nitroethanol 
is a likely process with the oxygen of alcohol acquiring a slightly polar character, thus 
facilitating the electrophillic attack by the positive halogen. 
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Figure 3 .  Isokinetic plots of (a) AH* v s  AS* and (b) log ~ { I ~ S K )  vs log k(308K) 


Isokinetic relationship 


It is seen from Table 5 that the activation energy is highest for the slowest reaction, indicating 
that the reaction is enthalpy controlled. Further, the values of AH* and A S *  can be 
correlated linearly (Figure 3; r = 0.9913), resulting in an isokinetic relationship. From the 
slope, the value of the isokinetic temperature (3 is 393 K ,  which is much higher than the 
experimental temperature. The relationship was proved to be genuine through the Exner 
criterion’6 by plotting low kilX vs log k & x ~  (Figure 3; r =  0.9987). The value of p was 
calculated from the equation 


Tl(1 - 9) 
(TI/TZ) - q 


P =  


where q is the slope of the Exner plot; p was found to be 398 K.  
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LACK OF MANIFESTATION OF AN ANOMERIC 


AND 2-DIPHENYLPHOSPHINOYL-1, 3-OXATHIANE1* 
EFFECT IN 2-DIPHENYLPHOSPHINOYL-1,3-DIOXANE 
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ABSTRACT 
The spectroscopic evidence for the predominance of the equatorial conformers in the title compounds 
was confirmed by the study of derivatives containing counterpoise substituents, and by chemical 
equilibration of anancomeric models. A G & ~ c  [P(O)Ph,] 2 3.2 kcal/rnol was determined in the dioxane, 
and AC&oc [P(0)Ph2] = 1.42 f 0.12 kcal/mol in the oxathiane. It follows then that the strong anomeric 
interaction observed previously in S-C-P segments does not show up in the six-membered 
heterocycles 2 and 7, which contain 0-C-P moieties. This may be due to an inherent inability of 
oxygen to act as an electron donor to the axial P(O)Ph2 substituent, or to a dominant repulsive steric 
interaction in the axial conformers. 


INTRODUCTION 


Several years ago the discovery of an important anomeric interaction in 2- 
diphenylphosphinoyl-1,3-dithiane (1, equation (1)) was reported.' Further confirmation of the 
existence of an anomeric effect between the second-row elements sulfur and phosphorus has 
recently been presented by us'.3 and by Mikolajczyk et d4.* 


1-axial 1-equatorial 


In this communication we describe the conformational analysis of the title dioxane (2) and 
oxathiane (7), which incorporate the 0-C-P segment. Interest in this study is significant 
from several points of view: (1) the evaluation of the relative ability of first- and second-row 


*Dedicated to Prof. Xorge A. Dominguez, Tecnoldgico de Monterrey, on the occasion of his 60th birthday. 
t Author for correspondence. 
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elements on anomeric interactions is just beginning to be explored,6 (2) oxygen and 
phosphorus are ubiquitous in biomole~ules,~ and have been shown to give rise to remarkable 
stereoelectronic effects,' and (3) the attained information is relevant to the comprehension of 
the S-C-P anomeric e f f e ~ t . ~ "  


RESULTS 


A. 2-Diphenylphosphinoyl-l,3-dioxane (2) was prepared in quantitative yield according to the 
procedure of Dietsche,' equation (2). 


2, -100% 


The assignment of the 'H-NMR spectrum of 2 was essential since the very large difference 
between axial and equatorial protons at C(4,6) = 1.2ppm in 1 led to the discovery of the 
strong S-C-P anomeric in t e ra~ t ion ;~ ,~  by contrast (H(4,6)) in 2 is only 0.44 ppm 
(see Table 1). Most significant, the predominantly axial phosphoryl group in 1 has a large 
deshielding effect on the syn-axial H(4,6);2.3 however, the axial hydrogens at C(4,6) in 2 
appear at higher fieZd relative to H(4,6) equatorial.* 


These spectroscopic observations are evidence of a predominantly equatorial conformation 
in 2. Support for this reasoning comes from the comparison of the I3C-NMR chemical shifts of 
2 (Table 2) with those in unsubstituted 1,3-dioxane. In particular, the similar values for C(4,6) 
in 2 (6 = 67.85 ppm) and in the parent 1,3-dioxane (6 = 67.6 ppm)'" show the absence of a 
y-gauche shielding effect , I '  which would be expected for an equilibrium with significant 
participation of axial 2. 


In order to obtain quantitative data on the 2-ax 2 2-eq equilibrium, the synthesis of the 
anancomeric analogues 3 and 4 was undertaken (Scheme la). Unfortunately, the obviously 
unstable axial epimer (4) was not formed in appreciable quantity, and attempts to generate it 
from 3 were not successful. Better results were achieved in the 5-methyl seies, where the 
methyl group acts as a counterpoise: since the conformational equilibrium of 5-Me is not very 
one-sided,12 a cu. 3: 1 truns-cis mixture of dioxanes 5 and 6 could be obtained (Scheme lb). 
The most useful information was derived from their 13C-NMR spectra: the observed chemical 
shifts for the methyl carbons indicate that this group is completely (295%) equatorial in 
dioxane 5, but completely axial in the cis isomer (see Table 2).13 Because the conformational 
energy of the 5-Me in 1,3-dioxane is 0.9 kcal/mol, '* a minimum AG"[P(O)Ph,] X 2-7 kcal/mol, 
favoring 2-eq, is determined. 


B. 2-Diphenylphosphinoyl-l,3-oxathiane (7) was prepared from 1,3-0xathiane, tert- 
b~tyllithium,'~ and chlorodiphenylphosphine; the phosphine intermediate oxidized spon- 
taneously to 7 during workup, equation (3). 


*That the signals at 3-76 and 4-20ppm correspond to the axial and equatorial protons, respectively, was confirmed by 
double irradiation experiments 
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7 


Distinct features of the proton NMR spectrum of 7 are a doublet of triplets at 4-27 ppm, and 
a doublet of doublets of doublets at 3.64pprn; both signals correspond to one proton each 
(Table 1). 


These chemical shifts and coupling patterns indicate that the higher-field signal must be 
assigned to H(4) axial in a predominantly equatorial conformer of 7 ;  i.e. the deshielding effect 
expected from an axial diphenylphosphinoyl group on syn-diaxial protons 'j3 is absent (vide 
supra).* Also missing is evidence of a y-gauche upshielding effect at C(4,6): a(C(6)) and 
a(C(4)) in 1 ,3-oxathiane15 are 69.68 and 27.45, respectively, while the corresponding carbon 
chemical shifts in 7 are 70.67 and 27-95 ppm. (Table 2). 


Support for the conclusion that 7 exists predominantly as the equatorial conformer 
originates from the observation that the downfield shifting produced by the addition of 
Eu(fod)3 is in the order H(2) > H(6-eq) > H(6-ax) > H(5-ax). Examination of Dreiding 
models indicates that this result is only possible it one assumes the equatorial orientation of the 
phosphoryl group;16 by contrast, similar shift reagent experiment on mostly axial 1 afforded 
the LIS order H(4,6-ax) > H(2) > H(4,6-eq) > H(5).2,3 


( c i s - t r a n s  r a t i o  2 $ 
..1:1) ( 9 8 . 7 %  i s o l a t e d )  (not  observed) 


5 Q 
( t r a n s - c i s  r a t i o  .3:1) 


0- - P P h 2  


P P h 2  1. % - B u y  zi 
2 .  C l P P h 2  ' p S T l 1  FI 0 2 .H30+  Q 


1. t-BuLi 


/ 3 .  (01 


Scheme 1 


*That the signals at 3.64 and 4.27ppm correspond to the axial and equatorial protons at C(4), respectively, 
confirmed by double irradiation experiments. 


was 
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Quantitative determination of the conformational energy of the 2-diphenylphosphinoyl 
group was accomplished by chemical equilibration of the anancomeric models 8 and 9, 
prepared as outlined in Scheme lc. Ethanolic sodium ethoxide 8 = 9 equilibration, and 
integration of the H(4) and H(6) signals in the proton NMR spectra afforded an 8 : 9 ratio, K = 
8.85 k 1-75, and therefore a AG&oc [P(O)Ph,] = 1.42 f 0.12 kcal/mol. 


DISCUSSION 


The observed large predominance of 2-eq over 2-ax (K 2 loo), and 7-eq over 7-ax (K = 8.85) 
confirm the qualitative results of Mikolajczyk et al. on 5,5-dimethyl-2-diphenylphosphinoyl- 
1,3-dio~ane,~, '~  and the results of Thiem and Meyer, which show that equatorial 
2-dimethylphosphonatetetrahydropyran (10) predominates in solution (equation 4).18 


10-ax 10-eq 


It is obvious then that the strong anomeric interaction observed in S-C-P segments 2-5 


does not manifest in the six-membered heterocycles 2-10. This may be due to an inherent 
inability of oxygen to act as lone pair donorlg to the antiperiplanar C-P acceptor bond in 
axial 2-10, or to an inefficient 2p + 3d stabilizing interaction in the 0-C-P relative to 
S-C-P (3p 4 3d)  segment^."^ In this respect, it is remarkable that the significant upfield 
shifts observed for the ortho and para carbons in the axial 2-diphenylphosphinoyl-, and 
2-diphenylthiophosphinoyl-1,3-dithianes, relative to the equatorial  isomer^,'.^ are not found 
in 9 vis-a-vis 8. (Table 2). 


There is at least one other obvious explanation: because of the shorter C-0 bonds (cu. 
1.43 A) relative to the C-S bonds (cu. 1-82 A) the steric repulsion of the diphenylphosphinoyl 
group (A-value = 2.74 kcal/mol)" with syn-diaxial hydrogens at C(4,6) is offset by the 
anomeric effect in 1 but not so in 2-10.21 Preliminary estimation of this steric term by means of 
the Hill equation 22 does indicate that the steric repulsion in axial 2-10 is quite substantial and 
could dominate over the electrostatic and/or stereoelectronic terms. In addition, polar factors 
(i.e. dipole/dipole interactions) may contribute to the result found, although it could be 
expected that these favor the axial isomers.23 


EXPERIMENTAL SECTION 


General information 


Proton NMR spectra were recorded on Varian EM-360 (60 MHz) or Varian EM-390 (90 MHz) 
spectrometers. "C-NMR spectra were recorded on a Jeol FX-90Q (22.49 MHz) instrument 
operated in pulsed Fourier transform mode and locked on solvent deuterium. Samples were 
prepared as 5 1 0 %  solutions in CDC13 with 2-5% Me4Si as internal reference in 5mm 0.d. 
tubes. 







355 LACK OF AN ANOMERIC EFFECT 


Flasks, stirring bars, and hypodermic needles used for the generation and reactions of 
alkyllithiums were dried for cu. 12h at 120°C and allowed to cool in a desiccator over 
anhydrous calcium sulfate. Anhydrous ether solvents were obtained by distillation from 
benzophenone k e t ~ l . ' ~  The t-butyllithium employed was titrated according to the method of 
Juaristi et Melting and boiling points are uncorrected. 


Microanalyses were performed by Galbraith Laboratories, Inc. ,Knoxville, TN. 


2-Diphenylphosphinoyl-1 ,Idioxane (2) 


Following the procedure of Dietsche,' 0.118 g (1 mmol) of 2-metho~y-l,3-dioxane~~ and 0.22 g 
(1 mmol) of chlorodiphenylphosphine were warmed up to ca. 40"C, and stirred under nitrogen 
for 30 minutes. The reaction mixture was then allowed to cool to room temperature, at which 
the desired product solidified. Recrystallization from ethanol afforded 288 mg (quantitative 
yield) of 2; mp 213-215 " C (lit.9 mp 206-21 1 "C). 'H-NMR in Table 1. I3C-NMR in Table 2. 
31P-NMR (36.23 MHz, CDC13) 6 23-45. MS, mle 288 (M+), 201 (M+ - 87). 


Anal. calcd for C16H1703P: C, 66-66; H, 5-94. Found: C, 66-53; H, 5.96. 


r-2-Diphenylphosphinoyl-c-4,~-6-dimethyl-1,3-dioxane (3) 


A ca.1: 1 mixture of r-2-methoxy-c-4,~-6- and 4-4, t-6-dimethyl-l,3-dio~anes'~~~~ (1.46 g, 0-01 
mol) was treated with 2.2 g (0.01 mol) of chlorodiphenylphosphine, and the reaction mixture 
was heated to cu. 40°C with stirring under nitrogen for 30 minutes. The crude product was 
recrystallized from ethanol to afford 3.16 g (98.7% yield) of 3 as white crystals; mp 15&153 "C. 
'H-NMR in Table 1. 13C-NMR in Table 2. "P-NMR (36-23 MHz, CDC13) 6 22-74. 


Anal. calcd for C18H2'03P: C, 68-35; H, 6.69. Found: C, 68.12; H, 6-74. 


cis- and trans-2-Diphenylphosphinoyl-5-metbyl-1,3-dioxanes (5 and 6) 


A cu. 1 : 1 mixture of cis- and truns-2-methoxy-5-methyl-1,3-dioxanes (prepared according to 
the general method of Eliel and Giza; 26 3.96g, 0.03 mol) was treated with 6.62 g (0.03 mol) of 
chlorodiphenylphosphine, and the reaction mixture was heated to ca. 40°C with stirring under 
nitrogen during 20 minutes. The crude product (8.56 g, 94.5% yield), which solidified upon 
standing at room temperature, consisted of a cu. 3 : 1 ratio of the desired products 5 and 6. The 
cis isomer (5) was purified by fractional crystallization from ethyl acetate: mp 159-161 "C. 
'H-NMR in Table 1. 13C-NMR in Table 2. 3'P-NMR (36.23 MHz, CDCI3) 6 24.08. 


Anal. calcd for C17H1903P: C, 67-54; H, 6-32. Found: C, 67-38; H, 6.49. 
The trans isomer (6) was purified by flash chromatography: mp 191-192°C. 'H-NMR in 


Table 1. I3C-NMR in Table 2. 3'P-NMR (36.23 MHz, CDC13) 6 24.08. 


1,3-Oxathiane 


Following the procedure of Koskimies,28 3-mercaptopropanol (16.1 g, 0.175 mol), 6-55 g 
(0.22 mol) of paraformaldehyde, 2.37 ml of concentrated sulfuric acid and 20 ml of water were 
mixed in a 50-ml round-bottom flask. The flask was heated to reflux so that water and 
oxathiane distilled slowly. When about half of the water had been distilled, 10 ml of water was 
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added to the flask and the distillation was continued. This procedure was repeated until no 
more organic material was collected. The distillate was exracted twice with 20-ml portions of 
ether, the combined ether layers were washed once with dilute aqueous potassium carbonate, 
dried over anydrous potassium carbonate, filtered and concentrated to give 17.8 g (98% yield) 
of the crude product which was distilled in a Kugelrohr apparatus to afford 14-5g (79.6% 
yield) of pure 1,3-oxathiane; bp 105"C/100 mm (lit.29 bp 96-100"C/100mm). 


2-Diphenylphosphinoyl-I ,3-oxathiane (7) 


1,3-Oxathiane (2.3 g, 22 mmol) was placed in a 50-ml round-bottom flask provided with a 
rubber septum before the addition of 20 ml of THF under nitrogen. The flask was immersed in 
an acetone-dry ice bath (ca. -78°C) and then 18.lml of 1.22 M t-BuLi in hexane (one 
equivalent) was added. The reaction mixture was stirred at -78 "C for 1 h and then transferred 
via cannula to another flask containing 4-86 g (22 mmol) of chlorodiphenylphosphine in 15 ml 
of THF, at -78°C and under nitrogen. The reaction mixture was stirred at this temperature 
for 1 h, and then quenched with saturated ammonium chloride. Extraction with CHzClz and 
the usual workup procedure afforded a yellowish solid which was recrystallized from ethyl 
acetate to give 2.43 g (36.2% yield) of 7 as white crystals, mp 165-167 "C. 'H-NMR in Table 1 .  
13C-NMR in Table 2. 31P-NMR (36.23 MHz, CDC13) 6 27.19. 


Anal. calcd for CI6HI7O2PS: C, 63.14; H, 5.63. Found: C, 63-04; H, 5-46. 


4-Thioacetyl-2-pentanone 


Following the procdure of Koskimies,28 thioacetic acid (58.0g, 0-76 mol) in 50 ml of ether was 
added to a stirred solution of 50.5 g (0.60 mol) of 3-penten-2-one (prepared from acetone and 
acetaldehyde by aldol condensation; the resulting alcohol was dehydrated by distillation in the 
presence of a trace of iodine) during 45 minutes. The mixture was stirred for 2 h and then the 
solvent was removed in a rotary evaporator. The residue was distilled twice to give 84g (87.6% 
yield) of the desired product, bp 5O0C/O.12 mm (lit."o 121-125 "CD5 mm). 


4-Mercapto-2-pentanoI 


Following the procedure of Koskimies,28 4-thioacetyl-2-pentanone (39-5 g, 0-247 mol) was 
added to a suspension of 9.5 g (0.25 mol) of lithium aluminium hydride in 100 ml of ether. The 
mixture was refluxed for 1 h. Excess reagent was destroyed with ethyl acetate and the product 
was hydrolyzed with 10 ml of water and 300 ml of 15% aqueous sulfuric acid. The ether layer 
was separated and the aqueous layer extracted with chloroform. The combined organic 
solutions were dried over magnesium sulfate, filtered and concentrated on a rotary 
evaporator. Distillation at 90-92"C/28 mm (lit.31 bp 73-81 "C/8 mm) gave cu. 30g (100% yield) 
of a mixture of stereoisomers. 


cis- and truns-4,6-Dimethyl-l ,3-oxathianeZ8 


A mixture of 12.0 g (0.10 mol) of stereoisomeric 4-mercapto-2-pentanoIs, 3.75 g (0.125 mol) of 
paraformaldehyde, 2.5 g of concentrated sulfuric acid, and 8 ml of water was distilled in the 
manner described for the synthesis of 1,3-0xathiane (see above). The crude product, 11-9 g 
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(90% yield) consisted of a mixture of cis- and trans-4,6-dimethyl-l,3-oxathiane. The cis isomer 
was separated by fractional distillation, bp 50 "C/6 mm (lit.28 bp 80 "C/50 mm). 'H-NMR 
(WMHz, CC14) 6 1.14 (d, J = 7Hz, 3 H), 1.29 (d, J = 7.2 Hz, 3 H), 1.60 (m, 2 H), 3-0 (m, 1 
H), 3.41 (m, 1 H), 4.7 (s, 2 H). 13C-NMR (22-49MHq CDC13) 6 21.76, 22.06, 36.97, 42-78, 
70.99, 75-45. 


r-2-Diphenylphosphinoyl-c-4,c-6-dimethyl-1,3-oxathiane (8) 


ck-4,6-Dimethyl-l,3-oxathiane (see above; 1.0 g, 7.6 mmol) was placed in a dry round- 
bottomed flask provided with a magnetic stirring bar and capped with a rubber septum. The 
flask was flushed with nitrogen prior to the addition of 20ml of dry THF via a cannula, after 
which the solution was cooled to -78°C and t-butyllithium (4-73ml of a 1 . 6 0 ~  hexane 
solution, 7~6mmol) was syringed into it dropwise. The resulting solution was stirred for 1 h at 
-78°C following which it was added to a THF solution (ca. 20 ml) of chlorodiphenylphosphine 
(1.36m1, 1-68g, 7.6mmol) also at -78°C. The reaction mixture was stirred at this temperature 
for 1 h and subsequently at room temperature for a further 1 h before being quenched with 
saturated aqueous ammonium chloride. Extraction with CHC13 followed by the usual workup 
procedure afforded 1-76 g (69.9% yield) of 8 as white crystals, pf 159-160°C. 'HNMR in Table 
1. 13C-NMR in Table 2. 31P-NMR (36*23MHz, CDC13) 6 25.34. Amal. calcd for C18H2102PS: 
C, 65.04; H, 6.37. Found: C, 64-81; H, 6.34. 


t-2-Diphenylphosphinoyl-t-4-t-6-dimethyl-l,3-oxathiane (9) 


8 (331mg, 0.99mmol) was placed in a 25ml round-bottom flask provided with a rubber 
septum, and 15ml of THF was added under nitrogen. The flask was immersed in an 
acetone-dry ice bath (ca. -78°C) and then 0.533ml of 2 . 5 ~  n-BuLi in hexane (one 
equivalent) was added. The reaction mixture was stirred at -78°C for lh  and then quenched 
with saturated ammonium chloride. Extraction with chloroform and the usual workup 
procedure yielded 122 mg (37%) of 9 as white crystals: mp 198.5-199.5 "C. 'H-NMR in Table 
1. "C-NMR in Table 2. 31P-NMR (36*23MHz, CDC13) 6 32-01. 


Anal. calcd for C18H2102PS: C, 65.04; H, 6.37. Found: C, 65-02; H, 6-40. 


Note added in proof We have recently found that the tert-butyl group in cis-5-tert-butyl-2- 
diphenylphosphinoyl-1,3-dioxane adopts an axial orientation. Because AGO (5-tert-butyl) = 
1.4 kcal/mol,'* a minimum AG" (2-P(0)Ph2) Z 3.2 kcal/mol is determined. 
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ABSTRACT 


The reaction pathway of urea formation by selenium-catalysed carbonylation of secondary amines with 
carbon monoxide in the presence of oxygen was studied using piperidine as a secondary amine. It was 
established that selenium reacts with carbon monoxide and piperidine to give carbamoselenoate as a n  
intermediate, which affords biscarbamoyl diselenide by the oxidation with molecular oxygen. Aminolysis 
of biscarbamoyl diselenide gives the urea derivative, accompanying the regeneration of selenium catalyst. 


We have found that selenium has excellent catalytic activity for the carbonylation of amines 
with carbon monoxide in the presence of oxygen. ’ This reaction proceeds under mild 
conditions, where primary amines and relatively less hindered secondary srmines are 
carbonylated to give corresponding urea derivatives (1) quantitatively [equation (l)] . 


R‘ 
1 Se(ca1.) 2 ‘Mi + co + 502 F ,”\ + H20 


R2 R* 
1 


R2/ 


R’ = alkyl 


R Z  = alkyl, H 


Since this finding, efforts have been directed toward expanding the scope and synthetic utility 
of this reaction.’ As for the reaction pathway, the intermediacy of ammonium 
carbamoselenoates (2) was strongly supported by the successful isolation of Se-alkyl 
carbamoselenoates by treatment of the reaction mixture of selenium, secondary amine and 
carbon monoxide with alkyl halides. Further mechanistic details proposed so far have been 
deduced from indirect chemical evidence. In this paper we report the results of controlled 
experiments using piperidine, in order to shed light on the reaction pathway of the selenium- 
catalysed carbonylation of secondary amines. 
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The treatment of selenium with 2 equivalents of piperidine in THF at 25 "C under a carbon 
monoxide atmosphere resulted in a colourless homogeneous solution. NMR spectra of the 
solution showed a peak of carbonyl carbon at 178.4ppm from TMS and a 77Se peak at 
172 ppm from dimethyl selenide (0 ppm), which can be assigned to carbamoselenoate (2) 
[equation (2)]. This 77Se NMR chemical shift is reasonable for 2, since those of several alkyl- 
and arylselenoate anions were reported to  appear in the range of about - 500 to  200 ~ p m . ~  No 
formation of the corresponding urea derivative (1) was observed at this stage. 


2 


13c NMR 178.4 ppm (c=o) 
'?Se NMR 172 ppm 


In order to  elucidate the reaction pathway from the intermediate 2 to the product 1, the 
following controlled experiments were performed. When a homogeneous solution of 2 was 
stirred in the presence of molecular oxygen at 25 "C for 4 h, a urea (1) was isolated in 84% 
yield (recrystallization from ethanol) based on the amine used, and selenium (99%) was 
recovered. In marked contrast, the similar reaction conducted at 0 "C gave bis(N, IV- 
pentamethylenecarbamoyl) diselenide (3) in 82% yield (recrystallization from diethyl ether), 
together with a trace amount of the corresponding urea (1) [equation (3)]. This result coincides 
with the fact that selenols are easily oxidized with molecular oxygen to  corresponding 
diselenides. 


3, 82 % 


In order to  confirm diselenide 3 as the precursor of urea 1, aminolysis of 3 was undertaken. 
Diselenide 3 was allowed to react with 2 equivalents of piperidine at 25 "C in the presence of 
oxygen to produce urea 1 in 89% yield, with recovery of selenium (86%). However, a similar 
reaction of 3 (1 mmol) with piperidine (2 mmol) under nitrogen, without oxygen, gave 
carbamoselenoate 2, which was confirmed as Se-benzyl carbamoselenoate (4, 0.76 mmol) by 
treatment of the reaction mixture with benzyl bromide, as well as urea 1 in 50% yield and 
elemental selenium (0.84 mmol) [equation (4)] . 


From these results, we can postulate the following reactions as plausible pathways for this 
step: (a) nucleophilic attack of piperidine at the carbamoyl carbon of 3 gives equimolar 
amounts of 1 and an intermediate (S), which then undergoes deselenation to regenerate 
elemental selenium and 2; (b) nucleophilic attack of piperidine occurs at selenium atom of 3 
to give equimolar amounts of 2 and an intermediate (6), which then undergoes inter- or 
intramolecular aminolysis to give urea 1 and selenium. Our trials to confirm the intermediacy 
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+ CNH 
25%, 4 h 


1 ,89  % 
1.78 mmol 


+ se 


86 % 
1.72 mmoI 


0 
N2 


0 3 2 mmol 


PhCH2Br - czN3 + c NCSeCH2Ph 11 + Se 
0°C 


1, 50 Yo 4 
1.0 mmol 0.76 mmol 0.84 mmol 


of 5 or 6 failed, presumably owing to instability of such an intermediate. In the presence of 
oxygen, the thus formed carbamoselenoate 2 may be oxidized to regenerate biscarbamoyl 
diselenide 3. 


0 


( C N k e S e ) -  ( C N H 2 ) +  C N ! S I ? N ~  


5 6 


The selenium catalysis for the carbonylation from these results may be presented as shown 
in Scheme 1. Selenium reacts with carbon monoxide and amine to give carbamoselenoate 2 as 
an intermediate, probably via nucleophilic attack of amine to carbonyl selenide (7) formed 
from selenium and carbon monoxide. Subsequent oxidation of 2 with molecular oxygen affords 
diselenide 3 accompanied by the liberation of free amine. Finally, the urea derivative 1 is 


1 


Scheme 1 
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formed by the aminolysis of 3 and at this stage 2 and selenium are re-produced. This catalytic 
cycle is pertinent to the carbonylation of secondary amines, and further investigation is now 
underway on the mechanism of the carbonylation of primary amines, where alternative 
pathways may be possible. 
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ABSTRACT 


The mechanism of aromatic nucleophilic substitutions by amines in protic solvents is well established; on 
the contrary the mechanism/s of the reactions in aprotic solvents idare still subject of controversy. The 
present paper describes several systems for which fourth-order kinetics (third-order in amine) were 
observed. A mechanism is proposed to account for this as well as other observations such as: overall 
negative energies of activation, quadratic dependence of k A  with non-nucleophilic tertiary bases, 
spectacular effects of hydrogen-bond donor (HBD) and hydrogen-bond acceptor (HBA) catalysts, etc. 
Other alternative mechanisms are also discussed. 


INTRODUCTION 


The mechanisms of chemical reactions in solution are concerned largely with the sequence in 
which reactants are assembled and dispersed in relation to the bond-making and -breaking 
steps.’ It is now well established that molecular complexes may play a catalytic role in 
chemical  transformation^."^ On the other hand, the solvent in which the reaction is carried 
out plays a critical role in determining reaction mechanisms by controlling the degree of 
aggregation of reactants and the lifetime of the different intermediates that can be formed. 


Some of the most important evidence for the two-step mechanism of aromatic nucleophilic 
substitution (ANS) comes from studies of base catalysis of reactions involving amine 
nucleophiles, but the mechanisds in non-polar, aprotic solvent idare still unclear.6 In spite of 
the several studies carried out on ANS over the last two decades special findings concerning 
the amine concentration kinetic law in some systems has been only recently These 
findings are: a) fourth-order reactions (third-order in arnine) and, usually, b) over-all negative 
energies of activation. The present paper reports some own and literature studies where such 
(and other) results have been observed, The proposed mechanism that accounts for all the 
observations as well as some alternative proposals are discussed. Reasons why the so-called 
dimer nucleophile mechanism is preferred are given. 
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RESULTS AND DISCUSSION 


Fourth-order kinetics 


The classical two-step base-catalyzed ANS by amines, B, follow a third-order kinetic law. The 
overall second-order rate constant, kA, derived by standard steady-state approximation has 
the form of equation (l) ,  and the plot of kA vs. [B] is usually a straight line or exhibits a 
downward curvature.6 


k ,  k2 + kl y ky [Bi] 
kA = 


k-1 + k2 + Z kfi [Bi] 
I 


But several ANS in aprotic solvents recently studied in our laboratory exhibit an upward 
curvature in the plot of kA vs. [B] as is shown in Figure 1 for the reaction of 2,4-dinitroanisole 


i 


Figure 1 .  Reaction of 2,4-dinitroanisole with cyclohexylamine in benzene 
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with cyclohexylamine in benzene. If kA/[B] is plotted vs. [B] straight lines (not shown) are 
obtained for the reactions at 80 and 100°C and a downward curvature for the reactions at 
60°C. A new kinetic law is obeyed showing third-order in amine, equation (2). 


kobs = k [BIZ + k’ [BI3 


This kinetic behaviour was interpreted”” by the mechanism shown in equation (3) where a 
dimer (B:B) of the nucleophile attacks the substrate, S, forming the intermediate, SB2, and a 
third molecule of amine assists the decomposition step, equation (3). Both transition states in 
equation (3) are highly zwitterionic and the extra amine molecules should help to stabilize the 
developing charges in the non-polar solvents. (The participation of the nucleophile as an 
amine aggregate is suggested by further evidence, see below). 


The derived expression for kA is equation (4). 
kl k2 K [B] + kl k3 K [BI2 


kA = 
k-1 + k2 + k3 [B] 


(4) 


Where K = [B:B]/[B]<? stands for the amine auto-association constant. Usually, in the 
reactions of amines with poor nucleofugues the second step is rate determining, the inequality 
k-,  > (k2 + k3 [B]) holds, and equation (4) can be further simplified to equation (5) which 
predicts a linear dependence of kA/[B] vs. [B]. 


If k-l = (k2 + k3 [B]), at high [B] equation (4) may be transformed into equation (6), which 
is responsible for the plateau observed in some cases. (Figure 2). 


The first report of this mechanism was published in 1981 for the reactions of 2,4- and 
2,6-dinitroanisole with butylamine in benzene,’ and afterwards several other systems were 
studied some of which are shown in Table 1. The dimer mechanism does not preclude attack 
by the free amine which is simultaneously operating and a whole kinetic treatment which 
involves the classical (monomer) and the new (dimer) mechanism was subsequently 
reported.” 


It seemed hard to believe that ANS has been so thoroughly studied and this peculiar kinetic 
behaviour had never been observed before. A careful search into the literature’”’’ revealed 
some ‘anomalous’ results (not plotted) ambiguously ascribed by the authors to ‘unspecific 
solvent effects’. The plots of some of those results in Figure 3 as well as other systems gathered 
in Table 2 show that all those ANS exhibit a fourth-order kinetic law. 
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Figure 2. Reaction of 2,4-dinitroanisole with butylamine in benezene 


Table 1. Aromatic nucleophilic substitution in non-polar aprotic solvents. Third-order in amine kinetic 
law 


Substrate, S Amine, B [B] Solvent Temp., "C Ref. 


2,4-dinitroanisole cyclo hexylamine 


n-butylamine 
2,6-dinitroanisole cyclohexylamine 


n-buty lamine 


o-anisidine-pyndine 
2,4-dinitrofluorobenzene a-anisidine 


p-fluoronitrobenzene n-propylamine 
3,5-dinitro-2-methoxypyridine cyclohexylamine 
3,5-dinitro-2-methoxypiridine benzylamine 


0.06451 cyclohexane 
0.05-0-61 benzene 
0-05-0.34 benzene 
0.03-0-46 benzene 
0.03-1.25 cyclohexane 
0.10-0.50 benzene:MeOH" 
0.30470 toluene 
0.10-0.70 toluene-DMSOb 
0.01-0- 17 benzene 
0-01-0-82 benzene 


0-1 -1-5 toluene 
0-01-0.10 toluene 
0.02412 toluene 


60; 80; looC 
60; 80; loo' 
60; 80; looC 
27; 35; 45 
35; 45; 55 


45 
35 
35 


27; 35; 45 
35; 50; 60 


60 
60; 80; 100 


35 
35 


10 
10 
9 


10 
10 
30 
33 
33 
47 
24 
24 
11 
46 
46 


a Up to 30% MeOH; 
Up to 2% DMSO; 
' Overall negative activation energies were observed. 
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I + 
I 


0.1 0.2 0.3 


Figure 3. Reaction of 2,4-dinitrofluorobenzene with p-anisidine in benzene (A). Reaction of 2,6-dinitroanisole with 
cyclohexylamine in benzene (B). Reaction of 2,6-dinitroanisole with butylamine in benzene (C). Reaction of 


2-methoxy-3-nitrothiophene with piperidine in benzene (D). Data from Refs. 35, 10, 49 and 15, respectively 


Table 2. Literature ‘anomalous’ aromatic nucleophilic substitutions” 


Substrate, S Amine, B [B] Solvent Temp., “C Ref. 


2,4-dinitrofluorobenzene 


2,3-dinitronaphtalene 
2-methoxy-3-nitrotiophene 
2-phenoxy-l,3,5-triazine 
1 -fluoro-4-nitronaphtalene 
1-fluoro-4,5-dinitronaphtalene 
2-nitrophenyl-2,4,6- 


3-nitrophen ylether 
4-nitrophenylether 
bis-2,4-dinitrophenylether 
phenyl-2,4,6-trinitrophenylether 


trinitrophenylether 


p-anisidine 
aniline 
morpholine 
piperidine 
piperidine 
piperidine 
n-butylamine 
n-butylamine 


aniline 
aniline 
aniline 
morpholine 
aniline 


0.05 -0.29 benzene 
0-05 -0.30 toluene 
0.0024.20 benzene 
0.02 -3-0 benzene 
0.10 -2.04 benzene 
0.03 -0.330 iso-octane 
0.03 -0-30 benzene 
0.01 -0.24 benzene 


0.02 4 - 0 8  benzene 
0.18 4 - 2 5  benzene 
0.18 4 - 2 5  benzene 
0.10 4 - 6 0  benzene 
0.03 4 - 0 6  benzene 


25 
40 
25 


22; 50; 60 
20 


23; 71 
25 
25 


5, 15, 25, 35 
5, 15, 25, 35 
5, 15, 25, 35 


30 
15; 25; 30 


12 
13 
12 
46 
15 
16 
17 
15 


18 
18 
18 
7 
14 


a Treatment of the reported data shows third-order in amine kinetic laws. 
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Amine aggregates 


The third-order in amine kinetic law is observed only in aprotic solvents: the zwitterionic 
transition states involved in these reactions are species that demand stabilization of the 
developing charges which cannot be provided by the bulk solvent. 


It is now well known4*2*22 that amines may undergo auto-association in aprotic media giving 
rise to aggregates of various stoichiometry, the dominating aggregate being a dimer with 
typical formation constant K - 0.1 M - ~  (value for cyclohexylamine in cyclohexane). The 
structure of the aggregates has been studied in some cases and found to be non-cyclic 
oligomers. 21 


As can be deduced from Figure 2 an overall negative energy of activation is observed in the 
reaction of 2,4-dinitroanisole with n-butylamine in benzene, the same is observed in other 
reactions in Table 1 and 2. Amine aggregations are known20723 to be affected by temperature 
inversely that ANS rates, then, overall negative energies of activation can be observed in 
reactions where a pre-equilibrium, such as (2 B K B:B), exists. 


Mixed dimer 


The dimer of the nucleophile is formed because of the known ability of primary and secondary 
amines to interact through hydrogen bonds. A non-nucleophilic tertiary amine could act as a 
hydrogen bond acceptor (HBA) toward a nucleophilic amine providing that this one is less 
basic than the previous one. This mixed dimer would then be a better nucleophile than the 
pure dimer. Aromatic amines were chosen to test this hypothesis. 


The reactions of 2,4-dinitrofluorobenzene with p- and o-anisidine in benzene show a 
quadratic dependence of kA with [B] which can be explained by the dimer n ~ c l e o p h i l e . ~ ~  
Self-association of o- and p-anisidine has been proven by several  method^,^'.*^ as has the 
formation of mixed dimers with ~ y r i d i n e . ~ ~  Addition of pyridine to the reaction media 
increases the rate of reaction for all the o-anisidine concentrations studied, and preserves the 
quadratic dependence of kA with [B]. kA is linearly related to the pyridine, R3N, 
concentration. Formation of the mixed dimer, R3N . . . H2NAr, which competes with the pure 
dimer, is thought to be responsible for the rate increase. The whole analytical expression for 
kA is shown in a condensed way in equation (7). 


k~ = k ,  [B] + k b  [BI2 + kc [B] [R3N] + k d  [R3NI (7) 
The different k's were evaluated from several runs at constant [B] and variable [R3N] and 


vice versa.24 The values are 0.152 f 0.06 s-' M - ~ ;  0.780 k 0.09 s-' M - ~ ;  9.23 k 0-09 s-' M - ~  
and 13.5 f 0.1 s-' M - ~ ,  respectively. 


An additional test was performed: if equation (7) holds the slope of kA vs. [B] at the origin is 
a measure of k, + k, [R3N] which can be evaluated from the experimental data and found to 
be 4.4 X s-' M - ~  (k, [R3N] = 4.1 s-l M-'). Some experiments were run in the range [B] 
= 0.025-0-1 M at 60 "C in the presence of [R3N] 0.037 and 0.063 M. At these low values of [B] 
the points for kA vs. [B] tend toward a straight line of slope 5.9 x s-' M - ~  and intercept 
3.8 X lo-' s-' M-' ([R3N] = 0.037 M). The satisfactory agreement between both sets of data 
obtained by different procedures allows the conclusion that equation (7) holds in the whole 
range of [B] studied, i.e. 0-025-1 M. 


In the reaction of 2,4-dinitrofluorobenzene with morpholine, M, in benzene" the 
dependence of kA on [R3N] departs from the line (upward curvature), and this was considered 
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to be a medium effect due to the relatively high [R,N] used (up to 0.5 M). Nehrtheless, if data 
are treated as if a 1:l complex between morpholine and pyridine is formed, an empirical 
equation can be formulated, equation (8), for the overall-rate second-order coefficient which 
contains a term in [R3N]'. 


k A  = ko + k M  [MI + k R , N  [ R ~ N I  + kM:R,N P 3 W 2  (8) 


The plot of kAI[R3N] vs. [R3N] gives a straight line which demonstrates the validity of 


Similar mixed dimers between the nucleophile and a tertiary amine have been recently 
equation (8) and the existence of a non-negligible term in [R3N]' for this case. 


proposed for some ester aminolysis in aprotic media.= 


Specific solvent effects 


Interactions between alcohols and amines are known to be stronger than among amines 
themselves and it has been demonstrated that nitrogen-to-nitrogen proton transfers are 
intrinsically slower than nitrogen-to-oxygen proton transfers.'" It was therefore of critical 
importance to determine the effect of the addition of defined amounts of a protic solvent to the 
reaction media. 


A special system where classical solvent effects should be negligible was chosen to test this 
effect. The kA of the reaction of 2,6-dinitroanisole with cyclohexylamine at 45°C and [B] = 
0-4 M has the following values: 5-27. (in benzene) and 5-82 (in methanol) x M-'  s-'. If no 
special effects were operating the reaction rate should increase slightly and steadily on 
additions of methanol to benzene in the reaction media; an increase in rate by additions of 
methanol should be expected since the zwitterionic transition states should be stabilized by the 
more polar solvent. However, a spectacular effect was observed3" for small additions of 
methanol: the reaction rate decreases abruptly on small additions of methanol to benzene, 
reaches a minimum at nearly 25% of methanol and then begins to increase up to the given 
value in pure methanol (Figure 4). 


The huge decrease in rate is the result of competition between auto-association of the amine 
and the amine-methanol aggregates, where the hydroxylic solvent acts as proton donor: 
ROH . . . NH2R, thereby decreasing the nucleophilicity of the amine. Higher oligomers with 
more than one ROH molecule are also possible. In spite of the rate decrease, the third-order 
in amine rate dependence is observed up to 25% methanol: 75% benzene; linearization of the 
amine profiles (kAl[B] vs. [B]) shows decreasing slopes for 0-25% methanol. The continuous 
diminution of the slope with increasing methanol percentage shows the continuous diminution 
in the auto-association constant of the amine, K ,  to be practically nil at 25% methanol. For 
higher methanol content in the mixed solvent the classical mechanism is observed. 


Hydrogen-bond acceptor catalyst 


If the above interpretation is correct, addition of a HBA cosolvent, e.g. dimethyl sulphoxide 
(DMSO), (6 value = O-7Q3l in catalytic amounts should increase the reaction rate by forming 
a mixed aggregate RNHz ... OS(CH3)', B:DMSO, equation (9), where the amine acts now as a 
HBD and therefore increases its nucleophilicity. DMSO has been shown to increase the 
nitrogen electron density of primary and secondary amines.32 


S + [B:DMSO] 2 [SB:DMSO] 3 P (9) 
R 
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%Methono1 (v f i  


Figure 4. Reaction of 2,6-dinitroanisolc with cyclohexylamine in henzcne-methanol mixtures. (Cyclohcxylamine] A: 
0-400 and B: 0.400 M 


The reaction rate of 2,6-dinitroanisole with cyclohexylamine in toluene increases rapidly 
with small additions of DMSO up to 0.5% then the increase with [DMSO] is slower. Studies” 
of the amine concentration rate dependence show that the reactions are strictly third-order in 
amine for DMSO < 2%. For DMSO contents > 10% the reactions show the classical 
behaviour usually found in base catalysed ANS. 


The plot of k A  vs. [ B] in pure toluene, is curvilinear (upward curvature) and has a practically 
zero intercept. An analytical expression consistent with such behaviour is equation (10). 


k A  = k,, + kD [BIZ (10) 
On small additions of DMSO, the quadratic dependence of kA with [B] remains, the 


M - ~  s-’) is less sensitive than k,,. For runs carried out in low DMSO kn (= 2.40 X 
contents a linear correlation was found between k,, and [DMSO] equation ( 1  1): 


k,, [B] = 4.19 X lop4 [B] + 1-75 x lo-* [DMSO] [B] (1 1 )  
These results show the catalytic effect of a HBA cosolvent. Equations (10) and ( 1  1 )  are valid 


in the whole range of [cyclohexylamine] studied (O.O2-O.7 M) and in DMSO-benzene mixtures 
of [DMSO] < 2% ( 0 . 2 8 2 ~ ) .  


R:DMSO 
S + B 2 [SB] P 


R 


DMSO 


D 
S + B:B T)c [SB,]= P 
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Although other mechanisms, such as those depicted in equation (12) and (13), could be 
envisaged to explain the DMSO effect, mechanism (9) is preferred since it also explains the 
'anomalous' catalytic effect of small additions of DMSO (< 0-2 M) observed when the first step 
is rate determining (reaction of 2,4-dinitrochlorobenzene with piperidine in benzene).34 


Further treatment of the kinetic results 


Inversion of equation (4) gives expression (14) which allows some estimation of the different 
k's involved: 


Taking into account that the uncatalysed decomposition is slower than the base catalysed 
one (14) can be simplified to (15). 


A plot of [B]lkA vs. [B]-' should be linear except where the conditions that allow the 
simplification to equation (15) are not fulfilled. Such a plot is shown in Figure 5 for the 


[CHA]-,' M-' 


1 1 I I I I I 1 I I 


2 4 6 8 


Figure 5. Inversion plot for the reaction of 2,4-dinitroanisolc with cyclohexylamine in benzene 
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reaction of 2,4-dinitroanisole with cyclohexylamine in benzene. Estimations of the klk3K/k- 1 


values for this and other reactions are given in the Table 3. 
The reaction at 80 "C exhibits useful behaviour for evaluation of the same expression from 


the plot of kA/ [B]  vs. [ B ] .  Indeed, at low [ B ]  equation (5) holds the independent estimations of 
k - , / k ,  k3K quotient can be made. The agreement between both sets of values can be 
interpreted as evidence that equation (4) holds and that the simplification to equation (5) is 
justified. 


The intercepts allow an estimation of the order of magnitude of k l k 2 K / k k I  and from both 
quotients the ratio k3/k2 can be reckoned (Table 3). The quotient increases with decreasing 
temperatures in accord with the increased association constant. 


In the reaction of 2,6-dinitroanisole with cyclohexylamine and with butylamine in benzene 
the slopes in the curves at  the origin are not nul. For the last case the rate of the reaction allows 
several kinetic measurements at low [B]  and exact evaluation of the slope at the origin of k A  
vs. [B] for a range of [B]  = 0-043 M. At 45 "C a value of 2.2 x lok3 M-* s-I is obtained which 
agrees satisfactorily with the value k lk2K/k - l  = 1.9 X M-' SKI obtained from the 
intercept of the plot of kA/ [B]  vs. [ B ]  constructed with the data obtained at  higher [ B ] .  Similar 
agreement was found for the other systems gathered in Table 3. The satisfactory concordance 
between the quotients obtained from both sets of data obtained under different conditions 
indicates that the assumptions made are correct and the whole treatment is justified. 


Dimer nucleophilicity 


It has been previously ~ u g g e s t e d ~ - ~ > ~ ~  that amine dimers should be more nucleophilic than the 
free amine, since the formation of the hydrogen bond would increase the electronic density on 
the nitrogen atom which partially donates its hydrogen. 


In fact, theoretical calculations by the PCILO method3' showed that the dimers of aliphatic 
amines are linear, stabilized with respect to the monomer (AE ca. 4 5  kcal/mol) and the 
examination of the electron density shows a 0.022 electron transfer. Ab initio theoretical 
 calculation^^^ carried out on ammonia dimers indicate a 0.0136 electron density increase, while 
for the mixed-dirner CH30H ... NH3 the calculations show a three times stronger interaction, 
and the electron transfer from nitrogen to the oxygen." Recent ab initio calculations4' on the 
hydrogen bonding ability of pyridine bases with water showed a 0-03 charge transfer from the 
pyridine to the water molecule and the dimers are again linear, the stabilization energy being 
4-7 kcal/mol. NMR studies4' of butylamine in benzene shows also that aggregation increases 
the amine nitrogen electron density. 


Other reactions where amine dimers have been proposed 


Although amine dimers have not been recognized before in ANS they have been proposed to 
be involved in other reactions. One of the earlier reports is the butylaminolysis of 
p-nitrophenolacetate in chlorobenzene ,43 among the recent ones worth mentioning the 
butylaminolysis of 2-hydroxy-5-nitro-a-toluene sulphonic acid sultone in acetonitrile and 
toluene,44 the butylaminolysis of several nitro-substituted 4-nitrophenyl benzoates and 
~innamates,~**' and the rearrangement of the Z-p-nitrophenylhydraone of 3-benzoyl-5- 
phen yl- 1,2,4-0xadiazole into 4-benzoylamino-2-p-nitrophenyl-5-phenyl-l,2,3-triazole in 
benzene.45 Curiously, in this last reaction, although the authors observed catalysis by two 
amine molecules they said that they 'have excluded the possibility that the arnine behaves as a 
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dimer because in other reactions catalysed by aliphatic secondary amines (e.g. ANS), this kind 
of dependence on amine concentration is not usually observed’. They define the effect as a 
‘catalysis of catalysis’ term which is also used in the observed effect by two molecules of 
piperidine in the reaction of 1,2-dinitrobenzene in n-hexane.’ Since the present results show 
evidence of amine dimers in ANS these last so called ’catalysis of catalysis’ can also be 
interpreted as due to the amine aggregation. 


Other more closely related reactions in which a third-order in amine rate dependence has 
also been found is the piperidine-cine-substitution in 2,3-dinitronaphtalene in benzene.46 The 
common feature to all these reactions is that they are carried out in aprotic solvents. 


Alternative mechanisms 


Other alternative mechanisms have been recently proposed to explain the third-order in amine 
rate dependence in ANS. Hirst et d7 reported an upward curvature in the plot of kA vs. [B] 
for the reactions of 2,4-dinitrophenyl-phenylether with morpholine in benzene. They 
explained it as due to a medium effect superposed o n  base catalysis by the nucleophile, but 
they also offered an alternative explanation that at least part of the electrophilic catalysis of 
the second step could be due to the homoconjugate acid NuH+Nu (where Nu stands for the 
nucleophile). A straight line was indeed obtained when another base different from Nu was 
added. 


Hirst’s proposal, equation (16), would require that the dimer of the amine acts along with 
the monomer in the second step. 


ki kr R 
S + B & [ S B ] D P  


k-1 k,  R:R 


The derived kinetic expression for kA is given by equation (17). 
kl k2 + kl k3 K [B] + kl k4 K [BIZ 


k-1 + k2 + k3 [B] + k4 K [B12 
kA = 


On the other hand, Banjoko and Otiono? propose that two molecules of amine intervene in 
the decomposition of the zwitterionic intermediate to explain similar results, equation (18) and 
(19). 


kt kz 


k- 1 k ,  2 R 
S + B - [ S B ] D P  


Equations (17) and (19) as well as equation (4) account for the quadratic dependence of kA 
with [B] with a zero intercept if the uncatalysed decomposition is assumed to be negligible. But 
in the entire set of systems that we have studied there are some that exhibit a peculiar 
behaviour which allows distinction between mechanisms (3), (16) and (18); that is the plateau 
which is observed for some reactions in the plot of k,l[B] vs. [B] at high [B] and relatively low 
temperatures (see e.g. Figure 3). For these systems equation (4) can be simplified to equation 
(6) which accounts for the plateau. 


Hirst and Banjoko have not observed a plateau in their reactions, therefore their respective 
mechanisms can account satisfactorily for their results. However, only the mechanism of 
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equation (3) is able to account for their and our observations. Furthermore, if the dimer (or 
two molecules) of the amine were acting in the second step, equations (16) and (18), inversion 
plots of [B]lkA vs. [BI-’, equation (15), should not be linear. 


Recently, Banjoko and Ezeani” argued against the dimer mechanism on the basis that the 
dimerization constant K of the amine should be extremely small according to the estimations 
of Bernasconi and Zollinger3’ judging by similar systems. But later2”.23 quantitative 
determinations of K have proved that the dimer concentration is considerable in aprotic 
non-polar solvents. Banjoko and Ezeani’s criticism of the dimer mechanism takes into account 
only our first report on the quadratic dependence of kA with [B] ignoring all the additional 
compelling evidence afforded afterwards. 11.24.30,33,48 


There are some additional observations that cannot be accommodated by the other 
mechanisms. In the recent model of the cyclic mechanism” one of the amine molecules is 
bonded at the oxygen of the phenoxide moiety, if this were the case addition of methanol 
should have an increasing effect on rate since methanol is a better HBD than the amine itself. 
Figure 4 reveals a contrary effect. Similarly, DMSO should have the opposite effect. The same 
can be said about the pyridine effect. 


Finally, the cyclic mechanism ignores the well proven existence of aggregates in non-polar 
solvents, (it would require deaggregation to form each one of the three consecutive 
intermediates suggested) and the known conflicting problems with cyclic intermediates. 


On the other hand, although more preferred, Hirst’s mechanism besides the already 
mentioned shortcomings of equation (17) would not explain the observation of a second order 
term in [pyridine] mentioned above, since it is not possible to think about a pyridine dimer as a 
catalyst in the second step. 


CONCLUSIONS 


Some peculiar findings recently observed in ANS with amines, B, in aprotic solvents, namely: 
1) quadratic dependence of k A  vs. [B]; 2) a plateau in the plots of k,l[B] vs. [B] at high [B]; 3) 
overall negative energies of activation; 4) quadratic dependence of kA vs. [tertiary bases]; 5) 
spectacular effects of HBD and HBA catalysts; 6) steric effects on the base-catalysed step and 
7) catalytic effect of DMSO in the first step, can be rationalized on the basis of a dimer of the 
amine acting in the first step simultaneously with the classical free amine attack. 


Although kinetic data do not prove a mechanism they are important to eliminate 
mechanisms from consideration. Nevertheless, we consider that the case is not closed. This 
paper has the purpose of showing how widespread the occurrence of this peculiar behaviour is, 
as well as to discuss different explanations that were cast. Studies designed to shed more 
insight into the mechanism are in progress. 
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ION PAIRS IN SOLVOLYSIS REACTIONS. 
KINETIC DEUTERIUM ISOTOPE EFFECTS FOR 


DEPROTONATION OF CARBOCATION INTERMEDIATES 
IN AQUEOUS SOLVENT 


ALF THIBBLIN 
Institute of Chemistry, University of Uppsala, P.  0. Box 531, S-751 21 Uppsala, Sweden 


ABSTRACT 


Solvolysis of 2-X-2-phenylpropane (1-X) in 25 vol% acetonitrile in water at 25°C produces 
2-hydroxy-2-phenylpropane (1-OH) and 2-phenylpropene (3). The carbocationic intermediate discrimin- 
ates between different nucleophiles; a i d e  anion, acetate anion, and methanol are more efficient 
nucleophiles than water, kN,lkHO = 42, koAJkH,O = 3, and kMeoHlkHzo = 2.9 (ratio of second-order 
rate constants). The fraction of tke elimination product 3 increases with increasing basicity of the leaving 
group X as well as by addition of general bases. The BrQnsted parameter for this catalysis is small, 
p = 0.13, with substituted acetate anions. The kinetic deuterium isotope effect for the dehydronation.of 
the intermediate has been measured (assuming the reaction from intermediate to alcohol is insensitive to 
isotopic substitution) employing the hexadeuterated substrate d6-l-X as k ~ l k ~  = 3.5 k 0.2 for the 
chloride 1-CI with acetate anion, and, without added base, 3.1 k 0.2 for the acetate 1-OAc, and 
3.1 k 0.2 for the p-nitrobenzoate 1-PNB, respectively, and -5  for the protonated methyl ether 
l-OMeH+. The variation in isotope effect with change in leaving group is discussed in terms of 
elimination from contact ion pairs and 'free' carbocation. The overall kinetic isotope effect for the 
solvolysis was found to be k,"b,/k,Qb, = 1.31 (l-OMeH+), 1-38 (l-OAc), 1.40 (1-PNB), and 5.7 (l-OH;). 
These isoto e effects consist of the isotope effect k$k$ for the formation of the substitution product 


owing to a branched mechanism in which the deprotonation of the carbocationic intermediate competes 
with formation of the substitution product. As large an isotope effect as kE/kf j  -6-5 has been measured 
for 1-OMeH+. 


1-OH and k13/k$, R for production of the olefin 3. It is concluded that the latter isotope effect is enlarged 


INTRODUCTION 


The abstraction of a f3-hydron from a short-lived carbocation or ion-pair intermediate is 
expected, according to the Hammond postulate, to proceed via a transition state that closely 
resembles the high-energy intermediate. Partial carbon-hydrogen bond breaking provides 
stabilization of the intermediate and is expected to have an influence on the product 
composition as well. This hyperconjugation, and not a large degree of proton transfer, 
should be the factor responsible for the high preference of the more stable olefin that is 
generally (but not always) seen in elimination reactions of this 
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The elimination product in a solvolysis reaction may derive from the initially formed ion pair 
(or ion-molecule pair) or from the solvent-equilibrated ('free') ion: 


SOH RX - ion pair(s) - R' + ROS 


olefin 


Kinetic deuterium isotope effects and Brensted parameters constitute potential tools for 
obtaining information about the transition state of the hydron-removal step. Accordingly, the 
magnitude of the kinetic deuterium isotope effect for this step should be a function of, for 
example (i) the acidity of the hydron, (ii) structure and solvation of the hydron-abstracting 
base (which may be the solvent, added base, or the leaving group of the ion pair or 
ion-molecule pair), (iii) the degree of hyperconjugation of the carbon-hydrogen bond, (iv) 
the degree of deviation from linearity of the hydron-removal process, (v) the nature of the 
intermediate (ion pair or free ion). These factors are, of course, correlated but a separation of 
this kind may make it easier to rationalize and understand the relation between isotope effect 
and structure. 


Nearly twenty years ago, Smith and Goon studied the ethanolysis of cumyl derivatives, i.e., 
2-X-2-phenylpropane (l-X).4 The kinetic deuterium isotope effect for the dehydronation step 
was measured for the leaving groups X=Cl, p-nitrobenzoate, and thionebenzoate as 
k y / k $  = 3-15, 2.53, and 1.75, respectively, at 25°C. (After recalculation of the data in 
Reference 4 to 25 "C). These values were obtained from product ratios (3,3,3-2H3)-2- 
phenylpropene to (1 ,1-*H2)-Zphenylpropene employing substrates having one of the methyl 
groups fully deuterated. Isotope effects may also be calculated from the measured product 
ratios of olefin to alcohol that, for the dehydronation step, yield ky/k$ -3.3, 2.6, and 2-2, 
respectively, at 2S°C.4 The question arises: what is the reason to the variation in isotope 
effect? 


In order to favor diffusional separation to 'free' carbocation relative to reactions occurring 
directly from the ion pairs (including internal return), cumyl derivatives are solvolyzed in the 
present work in a highly aqueous medium. Even in this strongly dissociating solvent there is 
variation in kF/k$ with leaving group. The results are discussed in terms of elimination from 
both ion pairs and free carbocation. 


RESULTS 


The solvolysis of 2-X-2-phenylpropane (1-X) at a constant ionic strength of 0.75 M (NaCIO,) in 
25 vol% acetonitrile in water at 25 "C yields 2-hydroxy-2-phenylpropane (1-OH) and 
2-phenylpropene (3) (Scheme 1). Weak bases, such as substituted acetate anions, increase the 
fraction of elimination product. The catalytic effect of AcO- is shown in Figure 1. However, 
the main product is the alcohol 1-OH, even at rather high concentration of other nucleophiles 
or in the presence of strong bases (Table 1). 


Addition of sodium azide (0.75 M) yields a product ratio [1-N3]/[l-OH] = 0.75, sodium 
acetate (0.75 M) gives [l-OAc]/[l-OH] = 0-054, and 25 vol% methanol in water (ionic strength 
0 M) gives [l-OMe]/[l-OH] = 0-44. From these results, the discrimination between water and 
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PhC- X 


x = CI, AcO, PNB, Me'OH, H20+ 


Scheme 1 


2 GOO- 


7 ? 
8 300- 


0 2OO- 


0 


5 -  


l I I 


O' o.bo 0.25 0.50 0.75 
[NaOAcl 


Figure 1 .  The increase in the olefin/alcohol product ratio for the reaction of I-CI and d,-l-CI with increasing 
concentration of OAc in 2 5 ~ 0 1 %  acetonitrite in water; ionic strength 0.75 M maintained with sodium perchlorate 


other nucleophiles for reaction with the carbocationic intermediate can be calculated as 
kN,lkH,O = 42, kOAJkH,O = 3, and kMMeOH/kH,O = 2.9 (ratio of second-order rate constants). 


The kinetics of the reactions were studied by a sampling high-performance liquid 
chromatography (HPLC) procedure. The measured rate constants and reaction conditions are 
shown in Table 2. The chloride I-C1 reacts very rapidly and it was not possible to study the rate 
by HPLC.The isotope effects for the reactions were obtained from kinetic and product data 
wih (1,1,1 ,3,3,3-*H6)-2-X-2-phenylpropane (&-1-X)(Table 2). The calculation of the isotope 
effect on k3 is based upon the assumption that the reaction from the common carbocationic 
intermediate to alcohol is insensitive to isotopic substitution. ',* 
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Table 1. Product compositions and elimination rate constants for the reaction of 
1421, I-OAc, 1-PNB, and 1-OMe in 25~01% acetonitrile in water a t  


25-00 f 0-03°C 


103[3]/[1-OH] 10-6k3,a 
Substrate Salt M-ls-l 


1-CI 0-75 M NaC104 
0-75 M NaOAc 
0-75 M NaOOCCH20Me 
0.75 M NaOOCCH2CN 
0.75 M NaOOCCF-, 
0.75 M NaOH 


1-OAc 0-75 M NaC104 
1-PNB 0-75 M NaC104 


0-71 M NaC104 
0-04 M HC104 


<5b <0-6b.C 
10-9 39 
10.1 34 
8.3 22 
6.6 11 


-30 
35 
19 
1 


"The elimination from the intermediates@); based upon the product compositions and the 
rate constant k;t9 = 1.2 X 108 X 41.67 s-'. 
bUpper limit; it was not possible to show that I-CI was completely free of 3. 
'A water concentration of 41-67 M was used to calculate the second-order rate constant. 


Table 2. Rate constants and isotope effects for the reactions of 143,  1-OAc, 1-PNB, 1-OMe, and 1-OH 
and the (1,1,1,3,3,3-2&)-analogues in 25~01% acetonitrile in water a t  25-00 k 0-03°C" 


Substrateb 106(k12 k13)r  (k12 -k k13)H/(k12 -k k13)d6 k$kS kylkp  ' 
S- 


I-c1, &-l-Cl 3.5 f 0-2 
1-OAC 5.06 1.38 f 0.06 4.1 f 0.2 3.1 f 0.2 


I-PNB~ 105.7 1.40 f 0.06 4.3 f 0.2 3-1 f 0-2 


1-OMe' 110.0 1-31 f 0-06 -6.5 -5 


1-OH' 0.16 5.7 f 0.2 


&-l-OAc 3.66 


& - ~ - P N B ~  75.3 


&-l-OMe' 84.2 


&-l-OHf 0.028 


"Ionic strength 0.75 M maintained with sodium perchlorate. 
bConcentration: 2 mM unless specified. 
'Based upon equation (2) assuming kylk? = 1. 
dConcentration: 0.2 mM. 
e[HC104] = 41.7 mM. 
[HC104] = 83.3 mM. 


DISCUSSION 


The carbocationic intermediate shows a relatively low selectivity toward different 
nucleophiles. The kN,/kHZO value of 42 measured for the chloride 1-C1 is similar to the value of 
-50 obtained in the same medium for the solvolysis of 3-(2-chloro-Z-propyl)indene at 35 OC5 
and to the value of 40 measured for the related l-chloro-l-(4-methylphenyl)ethane in 50% 
trifluoroethanol in water.6 The selectivity is, however, considerably larger than that shown 
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under the same reaction conditions as in this work for 9-(2-chloro-2-propyl)fluorene for which 
a discrimintion ratio of kN,lkHZO -5 has been measured.' It was concluded that this small 
kN,lkH,O value reflects nucleophilic attack mainly at the ion pair stage, i.e. diffusional 
separation does not compete favorably with direct reaction of the highly reactive ion pair. 


Assuming a diffusion-controlled reaction of the cumyl cationic intermediate with azide 
anion, with k d  = 5 x loy M-'s-', makes it possible to calculate approximate rate constant 
values for the nucleophilic attack on the ~ a t i o n . l ' ~ * ~  This assumption is in accord with the 
conclusion that ring-substituted 1-phenylethyl carbocations, which show both larger and 
smaller selectivities than the cumyl cation, react with the a i d e  anion with diffusion-limited 
rate constants.6 Thus the reaction with solvent water to form 1-OH has a rate constant of about 
5 X 109s-l, i.e. kHzO -1-2 X 10' M-~s- ' ;  the reaction with methanol is 2-9 times as fast, 
k M e O H  -3.5 x lo8 M - ~ s - ' .  The latter value is somewhat smaller than that measured for the 
1-(4-methylphenyl)ethyl cation (6.6 X 10' M-'s-').~ The acetate anion is about 3 times more 
effective in attacking the intermediate than a water molecule. 


The increase in elimination to substitution product ratio with increase in basicity of the 
leaving group X (Table 1) indicates that X- is involved in the reaction from intermediate to 
elimination product. Accordingly, a significant part of the elimination seems to occur directly 
from the ion pair, presumably with the leaving group acting as the proton ab~ t rac to r . ' , ~ ,~ ,~  It is 
possible that, to some extent, the substitution products are also formed via a one-step reaction 
from the ion pair. The results of the isotope-effect measurements, which will be discussed in 
detail below, constitute a strong indication that the elimination and the substitution reactions 
are not separate, parallel reactions but are couple via a common intermediate, most 
reasonably of ion-pair type. 


Equation (2) shows a simplified mechanism without any explicit indication of diffusional 
separation of the ion pair. It is kinetically indistinguishable from a more complex reaction 
scheme involving solvent-separated and free ions that continue rapidly to substitution product. 


h 
RX & R+X-k2'- ROH 


k-' l k ?  


olefin 


The small kinetic isotope effects kH/kd6 on the observed rate constants for X = HOMe+, 
OAc, or PNB(-l-OS/@-D) indicate that the hyperconjugative stabilization effect of the 
hydrons of the methyl groups is small. Stepwise solvolysis reactions usually show isotope 
effects of 1-10 +_ 0*05/@-D.* For example, the hydrolysis of 9-(1,l ,1,3,3,3-2&)-9-(2-chloro-2- 
propy1)fluorene under the same reaction conditions as in this work exhibits an isotope effect of 
kHlkd6 = 2.2 (1-14/p-D).1 The fluorene substituent has a destabilizing effect on the ionization 
transition state. Accordingly, a large stabilization effect from hyperconjugation is required. 
On the other hand, it is likely that the small values measured for the 1-X substrates are 
attributable to the stabilization effect of the phenyl group that reduces the need for 
hyperconjugative stabilization from the bonds to the hydrons. The secondary p-deuterium 
isotope effects measured for carbocation solvolysis of p-substituted 1-(chloro-1- 
pheny1)ethanes in 50% ethanol-water are -1-05/p-D,9 the value changing with substituent on 
the benzene ring. 


The mechanistic scheme shown in equation (2) corresponds to the following relations 
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between phenomenological and microscopic rate constants: 


The expressions for the isotope effects are: 


Reaction branching in accord with equation (2) may cause enlarged and attenuated isotope 
effects. Let us assume for simplicity that internal return is slow (k-l << k2, k3). For example, 
the isotope effect k g / k z  (equation (7)) has a maximum value of (ky/kp)  x (k?/ky) for 
k2 >> k3 and k,"-k?, i.e. the isotope effect is a product of the secondary isotope effect on 
ionization and the primary isotope effect on hydron abstraction. If the secondary isotope effect 
is large, the result may be a considerable elimination isotope effect k g / k g .  The isotope effect 
on k12 is equal to the ionization isotope effect under these conditions, k 2 k g  = kp/kp.  On the 
other hand, a considerable amount of elimination causes a decrease in k z / k g  (cf. equation 
(6)) as well as a smaller than maximum k z / k z .  


Branching as the cause of unusually large and unusually small kinetic isotope effects has 
been discussed previously for reactions that are coupled via a common carbanion 
intermediate" and for solvolysis reactions;lP2*" A solvolytic system that is not accompanied by 
substitution but by return may also exhibit an enlarged overall elimination isotope effect owing 
to the competition between return and dehydronation of the carbocation intermediate that 
foIIows a common ionization step.I2 


The large values of k g l k z  (Table 2) strongly indicate that the substitution and elimination 
reactions employ a common intermediate, the ion pair and/or the solvent equilibrated 
carbocation. The ion-molecule pairs formed from the protonated ether and alcohols may be 
intermediates provided that they have lifetimes long enough (k < 1013 s-'); otherwise they are 
only encounter complexes for the reverse reaction, the nucleophilic attack on the 
carbocation. l3 


As is exemplified by the reaction of l-OH;, the competing reaction does not have to be 
visible to cause enlarged isotope effects. Such a reaction is the degenerate nucleophilic 
trapping of the intermediate with solvent water that gives back starting material. Owing to this 
competition from a common intermediate, the isotope effect on k13 is enlarged. If the 
reactions had been parallel instead, an isotope effect on kI3 equal to kplkp would have been 
measured (assuming slow internal return, equation (7)). Accordingly, this type of 
competition, a kind of 'external return', has the same effect on kg/ki!j as that of internal 
return. 


It is difficult to draw any conclusion about the amount of internal return. A sizeable fraction 
of elimination combined with an increasing isotope effect on k12 + k13 with increasing basicity 
of the leaving group should have been a strong indication for the importance of internal 
return. However, the amount of elimination product is very small for all the leaving groups 
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Figure 2. BrGnsted plot for the deprotonation of the carbocationic intermediate(s) formed from I-CI in 2Svol% 
acetonitrile in water; ionic strength 0.75 M maintained with sodium perchlorate. The pK,  values refer to water. l 4  The 
log (slope) of the ordinate is obtained from plots of olefinialcohol product ratios versus base concentration as shown in 


Figure 1 


besides H20+ ,  which gives an intermediate that undergoes external return, i.e. a 'degenerate' 
substitution reaction with solvent water that gives back the starting material. Comparison with 
data for the other leaving groups indicates that this trapping of the cation with water is fast. 
Accordingly, the present results may be rationalized without invoking internal return. 


Smith and Goon have measured h&/k& for ethanolysis of 143, 1-PNB, and 
1-thionebenzoate as 1-46 (25"C), 1.63 (lOO"C), and 1.94 (50"C), re~pectively.~ Since these 
reactions yield a considerable amount of elimination product, which increases with the 
increase in ebs /k i&,  the variation in isotope effect on k&s is presumably the result of partially 
reversible ionization combined with a variation in the fraction of elimination product (cf. 
equation (8)). These results argue against rapid internal return in the much more strongly 
ionizing solvent employed in the present work. 


Figure 2 shows a Brmsted plot for the deprotonation of the carbocationic intermediate 
formed from 1-CI with substituted acetate anions. The deprotonation by water is about one 
magnitude less effective. The value of 0.13 indicates an 'early' transition state for the 
deprotonation step. The value of the Br~nsted parameter is similar to that measured for 
l-chloro-l-(4-methylphenyl)ethane in 50% trifluroethanol in water (p = 0.14)6 as well as to 
p = 0.14 and 0.16, for formation of the Hofmann and Saytzev olefin, respectively, in the 
solvolysis of 3-(2-chlor0-2-propyI)indene.~ As discussed above, the intermediates formed in 
these reactions show similar reactivity toward nucleophiles as the cumyl cation. A 
considerably smaller value (p = 0.05) has been obtained for the highly unstable ion pair 
formed from 9-(2-chIor0-2-propyl)fluorene.~ 


Based upon the low yield of olefin, it is concluded that the proton abstraction is activation 
limited. Accordingly, the calculated rate constants for the proton abstraction are low (Table 
1). The rate for deprotonation by acetate anion is about 600 times slower than the 
corresponding reaction in the solvolysis of 9-(2-chloro-2-propyl)flourene, ' and approximately 
three times faster per proton than the proton removal from the (4-methylpheny1)ethyI cation.6 
The diffusional separation of the ion pair is expected to be much faster than the 
deprotonation; the rate constant should be -10" s-'. 
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The degree of proton transfer from the intermediate in the reaction of l-CI is also expressed 
by the isotope effect kylky = 3.5 (Table 2). This value is somewhat larger than those obtained 
with the more basic leaving groups OAc- and PNB- (Table 2) but is smaller than that 
measured for l-OMeH+. The isotope effect of 5 may seem very large. However, since the 
methyl groups are triple-deuterated, a normal secondary isotope effect is exerted on k3 by the 
two non-abstracted hydrons in addition to the primary isotope effect. For instance, if this 
secondary effect is 10% per deuterium, the primary isotope effect k?lk,d6 for l-OMeH+ is 
5/1-12 = 4.1. It was not possible to measure the isotope effect on k3 for 1-OHZ but it is 
reasonably large owing to the large isotope effect k s k $  of 5.7. A significantly larger isotope 
effect on the deprotonation step for X = OH; than for X = CI has been found previously.2 A 
plausible explanation is that, with a less basic leaving group like OH2 and MeOH, the 
elimination does not occur at the ion-pair stage but from a more dissociated species. The 
chloride anion may be a somewhat more efficient base which, to some extent, abstracts a 
proton before it diffuses away from the carbocation. Added chloride anion has been found to 
be a more efficient catalyst than solvent water for abstraction of a proton.’ However, the 
cation intermediate formed from l-chloro-l-(4-methylphenyl)ethane yields a smaller fraction 
of elimination than the corresponding protonated alcohol.6 Accordingly, the measured isotope 
effect k,”/kp of 3.5 for l-CI may consist of a small isotope effect of -3 for deprotonation by 
C1- and an isotope effect of -4-5 for deprotonation of the ‘free’ carbocation. The smaller 
isotope effects on k3 measured in ethanol4 are in accord with this interpretation. Furthermore, 
only small isotope effects have been reported for the dehydronation step in reactions showing 
rate-limiting hydron abstraction from ion pairs.I5 A reason for a higher isotope effect with the 
free ion than with the ion pair may be difference in linearity and/or symmetry of the transition 
state. 


Dehydronation of carbocations stabilized by one or two ferrocenyl groups has been studied 
by Bunton and coworkers. l6 These carbocations are so stable that they can be isolated as salts. 
An isotope effect kH/kD as large as 6.7 and p = 0.32 have been measured for these ions with 
tertiary amines in 50% water-acetonitrile. A large kinetic deuterium isotope effect on the 
deprotonation step has also been measured for a solvolytic 1 ,Celimination of acetic acid from 
3-(2-acetoxy-2-propyl)indene .* 


The ion pair l+-OAc is formed in the solvolysis of l-OAc but is also an intermediate in the 
reaction of the cumyl cation with acetate anion to give the ester. However, formation of this 
specific ion pair (possibly with the acetate anion in approximately correct position for 
formation of the ester) is probably not required in the base-promoted reaction step giving 
olefin. Data for the acetate-promoted solvolytic elimination of HCl from 3-(2-chloro-2- 
propy1)indene support this hypothesis that the base-promoted deprotonation of a cation may 
occur via an encounter complex (or ion pair) with a geometry different from that of the ion 
pair producing the ester.2 


EXPERIMENTAL SECTION 


General. The ‘H-NMR analyses were performed with a JEOL FX 100 spectrometer 
equipped with a 5mm dual probe (lH,13C) or 5mrn ‘H probe. The high-performance 
liquid-chromatography (HPLC) analyses were carried out with a Hewlett-Packard 1084B 
liquid chromatograph equipped with a variable-wavelength detector on a C8 reversed-phase 
column (3-0 x 200 mm). The mobile phase was a solution of methanol in water. The reactions 
were studied at constant temperature in a HETO 01 PT 623 water thermostat. 
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Materials. Acetonitrile (Fluka, for UV spectroscopy) was used as a solvent without further 
purification. Methanol used for preparation of reaction solutions was of spectroscopic quality, 
otherwise of HPLC grade. All other chemicals were of reagent grade and were used without 
further purification. A stock solution of sodium perchlorate was prepared from perchloric acid 
and sodium hydroxide solution. The pH values of the stock solutions of the acetate anions 
were adjusted to ca. 7. 


2-Hydroxy-2-phenylpropane (I-OH) was purified by recrystallization of commercially 
available material (Aldrich) from pentane. 


2-Phenylpropene (3) (Fluka) was purified by fractional distillation at reduced pressure. 


2-Chloro-2-phenyfpropane (1-Cl) was prepared from 50 mg of I-OH dissolved in 5ml of 
dichloromethane containing anhydrous calcium chloride. Dry hydrogen chloride was bubbled 
through the ice-cold solution for 5 minutes. The filtered product solution was diluted with 
20 ml of pentane and half of the volume was evaporated by a stream of nitrogen. Finally, a 
further portion of 10 ml of pentane was added. This stock solution was stored in the freezer. 


Phenyldimethylcarbinyl p-nitrobenzoate (1-PNB) was prepared from 1-OH and p -  
nitrobenzoyl chloride in pyridine. l7  


Phenyldimethyfcarbinyf acetate (1-OAc) was prepared by ZnC12-catalyzed acetylation of 
1-OH with acetic anhydride (5 min). The method has been used previously for preparation of 
other acetates.'"' Semi-preparative HPLC gave pure material. 


2-Methoxy-2-phenyfpropane (I-OMe) was prepared by methanolysis of 1-C1 or by solvolysis 
of 1-OH in a mixture of conc. hydrochloric acid (1 part) and methanol (10 parts). The ether 
was purified by semipreparative HPLC. 


(I,1,1,3,3,3-2H6)-2-Hydroxy-2-phenylpropane (6-1-OH) was synthesized from (1,1,1,3,3,3- 
2H6)-acetone (Ciba, 99.5% 'H) and phenylmagnesium b r ~ r n i d e . ~  The deuterium content, 
after recrystallization of the product from pentane, was > 99 atom% as determined by mass 
spectroscopy. This purified alcohol was used for the synthesis of d6-l-Cl, d6-l-PNB, d6-l-OAc, 
and d6-l-OMe by the methods described above for the protium compounds. 


Kinetics and product studies. The reactions were run at constant ionic strength in solutions 
prepared by mixing three volumes of water solution of the salt(s) with one volume of the 
organic solvent at room temperature, ca. 22 "C. The reaction vessel was either a 2 ml HPLC 
flask sealed with a tight PTFE septum which was placed in an aluminium block in the water 
thermostat or, in the slower reactions, a 4ml pear-shaped flask, equipped with a PTFE 
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stopcock (high vacuum type). The reactions were initiated by rapid addition of the substrate 
dissolved in acetonitrile with a spring-loaded syringe. The substrate solution of the chloride 
was prepared just before use by evaporation of the pentane from an aliquot of the stock 
solution and dissolving the residue in dry acetonitrile. The concentration of the substrate was 
about 2 mM in all runs except those for measuring the rate constants with 1-PNB, in which the 
concentration was 0.2 mM. At appropriate intervals, samples (400 PI) of the reaction solution 
were transferred by means of a thermostated syringe (water-jacketed) to an HPLC flask (in 
some experiments containing a mixture of aqueous sodium hydrogen carbonate and methanol 
to neutralize the sample) and analyzed. The components of the reaction were chromatographi- 
cally well separated. The mol% of the starting material and each of the products was measured 
by means of the relative response factors, which were determined in separate experiments. 
The rate constants were calculated from plots of ln(area starting material) vs. time and product 
compositions. The azide adduct 1-N3 was not isolated; the response factor was assumed to be 
the same as that of I-OH. Corrected total peak areas in experiments with and without azide 
did not differ significantly, indicating similar response factors. 


Rate constants for the reactions with I-OMe were obtained in the following way. The rate 
constant k23 measured in kinetic runs with 1-OH 


I-OMe I-OH 


was used for simulation of the reactions from 1-OMe. Accordingly, the measured mol% of 
each of the reaction components were compared with the simulated mol% obtained from the 
integrated rate equations of equation (9).19 The rate constants k12 and k13 that gave the best fit 
to the experimental data are recorded in Table 2. 


The estimated errors are considered as maximum errors derived from maximum sytematic 
errors and random errors. 
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ABSTRACT 


The relative rates of hydrogen atom abstraction from a series of twelve saturated cyclic ethers and 
sulfides were determined at 70 "C. The abstracting radical could be generated from bromotrichlor- 
omethane both photolytically or by the thermal decomposition of AIBN. The reaction rates did not show 
a dependence upon method of radical generation. Reaction occurred only at the position adjacent to the 
heteroatom. The reactivity of the cyclic ethers was in the order C4HB0 > C6H120 > C3H60 > C5HI0O. 
This trend would indicate appreciable influence by ring strain, however, the slightly greater reactivity of 
tetrahydrofuran relative to oxepane suggests a contribution by stereoelectronic factors as well. The 
reactivity of the cyclic sulfides, which reacted faster than the corresponding ethers, was in the order 
C4H8S > C5HI& > C6H12S. This would imply little influence of ring strain. The major structural effect 
would be that of variable electron donating ability of the sulfur atom. The rate of reaction of thietane was 
also determined. It was found to preferentially undergo St12 attack at the sulfur atom followed by ring 
opening rather than hydrogen abstraction. The reactivities of both series of compounds were decreased 
by the inductive effect of a second heteroatom beta to the reaction site. 


The effect of ring size on the ease of generation of cycloalkyl radicals has been frequently 
investigated. The means most often employed have been the thermal decomposition of 
1-substituted-azocycloalkanes,* equation (l), and hydrogen atom abstraction from the parent 


cycloalkanes by both electrophilic3 and nucleophilic4 radicals, equation (2). Despite the 
inherent differences between these two reaction types and the variation of substituents or 
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abstracting agents, there exists a common dependence on ring size which may be defined as 
'typical'. This trend, expressed in terms of units present in the ring is 7 > 5 > 6 >> 4. The 
same order has been observed for reactions which generate the corresponding carbo~ations.~ 
The similarity in the ease of forming either of these reactive intermediates is expected in terms 
of Brown's I-strain effect'. since both carbocation and radical are trigonal, planar species. The 
generation of cycloalkyl carbanions, which are presumably pyramidal, does not show the 
'typical' dependence on ring size.' Free-radical reactions of cyclic species in which the 
formation of the cycloalkyl radical occurs after the rate determining step will also not exhibit 
this trend. A well-studied example of this is the thermal decomposition of various t-butyl 
1-substituted-cycloalkanepercarboxylates,8 equation (3). 


n 
COZ + (CH2),,-1 C'-R 


U 
It has long been known that radicals are readily generated on carbon atoms adjacent to 


heteroatoms. The presence of alpha oxygen or sulfur atoms markedly accelerates the 
decomposition of azoalkanes.' Phenyl radicals show a pronounced preference to abstract 
hydrogen atoms from carbons adjacent to such heteroatoms in both acyclic and cyclic 
systems." An extensive literature on hydrogen atom abstraction by t-butoxyl radical from the 
carbinol position of ethers exists."-'4 Many of the more recent investigations have directed 
attention to the fact that the facilitation of radical formation by adjacent oxygen is of a 
stereoelectronic, rather than an electronic That is to say, specific anomeric 
interactions between electron pairs on oxygen and the developing radical are dependent upon 
geometry. A preferred dihedral angle of cu. 30" between the orbitals on oxygen and the 
carbon-hydrogen bond being broken leads to observed optimal rate acceleration. '4 When 
unsubstituted cyclic ethers were allowed to react with f-butoxyl radical, the relative reactivities 
did not show the 'typical' dependence on ring size previously discussed. Walling and Mintz 
reported a reactivity order of 4 > 5 > 6" while Malatesta and Scaiano observed 5 > 7 > 4 > 
6.14 Somewhat surprisingly, the latter group has expressed the opinion that the differences in 
observed reactivity relative to that reported by the earlier workers is small and may reflect 
cumulative errors. This, may indeed, be the case when one takes into account the rather small 
range of reactivities which are being considered (cu. 2-3). It must ako be pointed out that the 
data of Malatesta and Scaiano describe total reactivity. Hydrogen atom abstraction from 
positions other than the carbinol site should add to these values. This should be particularly 
important for tetrahydr~pyran.'~ This modest dependence on ring size, as well as the specific 
rate enhancement found for the four membered system (oxetane), represents a marked 
deviation from the results obtained for the aforementioned cycloalkanes. It seems probable 
that the reactive f-butoxyl radical uses an early transition state in hydrogen atom abstraction 
from the present series of substrates. As a result, ground state considerations, such as 
stereoelectronic effects, are more important than the steric requirements of the more fully 
formed radical although the latter need not be completely absent. It is of interest to note that 
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CH,C-N=N-CCH, N, + 2 CH,~CN 
I I I 


the reactivity observed by Walling and Mintz parallels the basicity of these ethers and may, in 
part, reflect an inherent ability of the electron pair to become involved in the anomeric 
interaction. l5 


If the dichotomy of behavior developed above is valid, it would be of interest to investigate 
the reaction of cyclic ethers with a radical less reactive than t-butoxyl. The potential for greater 
selectivity might lead to a situation wherein the ‘typical’ dependence on ring size is 
encountered. Despite a current controversy as to the identity of the chain carrying (hydrogen 
atom abstracting) species, we have chosen to use bromotrichloromethane as the radical source 
in such an investigation. Traditionally the trichloromethyl radical has been considered to be 
the chain carrying species in this system.16 Tanner and co-workers have suggested, however, 
that the bromine atom is the hydrogen atom abstracting agent in photolytically initiated 
reactions of bromotri~hloromethane.~~ These mechanisms are presented respectively in 
Schemes 1 and 2. Irrespective of the identity of the chain carrying species, the hydrogen atom 


CH3 CH3 CH3 


Br 
I 


I I 
CH3 CH3 


CH,CCN + BrCC1, - CH,CCH + ai, 


Bra + .CC13 photoinitiation hu ’ BrCCl , 


thermal initiation 
with AIBN 


or 


I R+i + -CC1, rds b R -  + HCC1, 


R. + BrCC1, - R-Br + aCC1, 
propagation 


Scheme 1. Traditional mechanism for radical bromination using brornotrichloromethane 


Br- + -CC1, photoinitiation hu ’ BrCCl 


propagation i R. + BrCC1, - R-t3r + aCC1, 


-CC1, + H--Br - HCC1, + B r a  


Scheme 2. Tanner mechanism for photobromination using bromotrichloromethane 
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Li oxetane Es t h  ietane 


Figure 1. Cyclic ethers and sulfides investigated in the present study 


abstraction reactions of bromotrichloromethane exhibit greater selectivity than those using 
r-butoxyl radical." One of the results discussed below suggests that a high concentration of 
trichloromethyl radical is present. This investigation, however, was not undertaken to  
differentiate between the two mechanisms and we hope that the intended purpose of this study 
will not be forgotten. 


The reactivities of six cyclic ethers relative to p-xylene toward bromotrichloromethane at 70" 
were obtained. The systems studied are shown in Figure 1. All studies were carried out in 
replicate under an inert nitrogen atmosphere. Those substrates containing a single oxygen 
atom were examined under conditions of both photochemical and thermal (AIBN) initiation. 
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Because of the known lability of the alpha brominated ethers formed in the reaction, no 
attempt to isolate products was made. Proton NMR spectra of reaction mixtures showed 
characteristic absorption at ca. 6.5 ppm which would be expected for such products. Relative 
reactivities were determined using gas chromatography to monitor the loss of cyclic ether and 
p-xylene relative to an inert internal standard (chlorobenzene or bromobenzene). Chloroform 
should be produced in amounts equivalent to the two substrates consumed. This was 
experimentally verified; however, in several cases small excesses (no more than thirteen 
percent) of chloroform were found. This is due to a modest amount of hydrogen atom 
abstraction from the initially formed products. In blank runs, conducted in the absence of 
initiator, or in vessels protected from light, no disappearance of substrates was observed. The 
rate data is found in Table 1. For purposes of comparison, relative reactivities of the same 
substrates toward t-butoxyl radical are also presented in this table. 


Table 1. Relative rates of hydrogen atom abstraction from cyclic ethers by 
the radical generated from bromotrichloromethane at 70 "C 


Relative rate for 
hydrogen atom 


Relative rate Reactivity abstraction by 
Number rate relative per labile t-butoxyl 


Cyclic ether of runs to p-xylene hydrogen Ref. 11 Ref. 14' 


Oxetane 
(photolytic) 
(thermal) 


Tetrahydrofuran 
(photolytic) 
(thermal) 


Tetrahy dropyran 
(photolytic) 
(thermal) 


(photolytic) 
(thermal) 


1,4-Dioxane 
(photolytic) 


1,3,5-Trioxane 
(photolytic) 


0 x e p a n e 


6 2.10 k 0.07 
6 1.90 f 0.08 


6 4-50 k 0.14 
4 4.39 -+_ 0.25 


14 0-116 k 0.008 
4 0-130 f 0.012 


7 2.64 f 0.18 
4 2.42 k 0.10 


5 0.062 _+ 0-007 


6 0.326 k 0.049 


18.1 3.10 1.45 
- 


38-8 2.13 3-00 
- 


22.8 - 1.64 
- 


0-267 0.31 0.27 


1 a87 - 0.48 


T h e  total values of hydrogen atom abstractions for these systems may include variable 
contributions from abstraction at positions other than those adjacent to the oxygen 
atom. 


Certain definite conclusions may be reached. The similarity in rate data for systems studied 
by both photolytic and thermal initiation strongly suggests that the same radical is functioning 
as the hydrogen atom abstracting agent in the two instances. The mono-ethers show relative 
reactivities in the order tetrahydrofuran 7 oxepane > oxetane > tetrahydropyran (5 > 7 > 4 
> 6). This is the same order as observed by Malatesta and Scaiano; however, the total 
reactivity range is nearly twenty-fold greater! Inclusion of temperature effects further 
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magnifies the overall dependence on ring size since the present findings were obtained under 
conditions nearly 45" higher in temperature. 


The cyclic polyethers 1,6dioxane and 1,3,5-trioxane also yield interesting results. The 
former is appreciably less reactive than tetrahydropyran, though both compounds have 
comparable steric demands. The second oxygen atom in this molecule is confined to a beta 
position and cannot favor radical formation by either stereoelectronic or direct mesomeric 
interactions. It has recently been suggested that a stabilizing interaction can occur between a 
radical center and the LUMO of a beta carbon-oxygen bond.'' In the present case, however, 
it would appear that polar affects are more important and that the second, beta oxygen atom 
disfavors hydrogen atom abstraction by any electrophilic radical. 


Quite a different situation should be found for the 1,3,5-trioxane. Each potentially liable 
hydrogen atom should experience the favorable effect of two adjacent oxygen atoms. In the 
present, photolytically initiated, reaction with bromotrichloromethane, 1,3,5-trioxane is ca. 
1.9 times as reactive as tetrahydropyran per labile hydrogen atom. Literature results for the 
reaction of these substrates with t-butoxyl radical do not yield a consistent picture. Malatesta 
and Scaiano report a relative rate value of ca. 0.49 which is somewhat ~urprising.'~ The earlier 
work of Malatesta and Ingold offers a corresponding value of nearly eleven.'* This appears to 
us to be a more reasonable value. 


It is felt that the present results are in keeping with a late transition state for the hydrogen 
atom abstraction process which is mostly dependent on steric (ring size) factors. Electronic 
factors are not absent as can be seen from the enhanced and decreased reactivity of 
1,3,5trioxane and 1 ,Cdioxane relative to tetrahydropyran respectively. The very large rate 
enhancement of oxetane may be also due to stereoelectronic factors as may also be the 
reversal of the relative reactivities of five and seven membered rings from that found in the 
corresponding cycloalkane systems. 


Although certain recent calculations suggest that an adjacent oxygen atom is slightly more 
effective in stabilizing a carbon radical than is an adjacent sulfur atom," experimental results 
on the decomposition of substituted azoalkanes' and hydrogen atom abstractions" support the 
opposite view. The results of ESR measurements show that a sulfur atom adjacent to a radical 
center can more effectively delocalize the unpaired electron than can a corresponding oxygen 
atom.m Figure 1 shows some cyclic sulfides, analogous to the previously described ethers, 
whose reactions with bromotrichloromethane at 70 "C were investigated. Because of the 
photolability of the alpha brominated sulfides formed in these reactions, it was impossible to 
study to photoinitiated reaction. After short irradiation periods the solutions became 
extremely opaque and all further reaction ceased. Therefore, only the thermally initiated 
(AIBN) process will be discussed. As expected, the sulfides were more reactive than the 
corresponding ethers. This necessitated the use of a more reactive reference compound than 
p-xylene and durene was used in most instances. Other reactions conditions were identical to 
those employed for the corresponding ethers. Relative rates of disappearance of the cyclic 
sulfides and reactivity per alpha hydrogen atom are given in Table 2. 


In addition to showing greater inherent reactivity than the cyclic ethers, the majority of the 
cyclic sulfides exhibited a greater propensity to undergo secondary reaction. Large excesses of 
chloroform (up to seventy percent) were observed in the reactions of these substrates. The 
singular exception to this was thietane. This compound reacted rapidly yet produced 
approximately only fifteen percent of the expected chloroform. In the absence of initiator, 
thietane was completely unreactive. It would thus appear that eighty-five percent of this four 
membered cyclic sulfide is consumed by a competing radical process. 


The interaction of most cyclic sulfides with t-butoxyl radical is a very clean reaction which 
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Table 2. Relative rates of disappearance of and hydrogen atom abstraction from 
cyclic sulfides by the radical generated thermally (AIBN) from bromotrichlor- 


omethane at 70°C 


Relative rate of labile 
Number - Disappearance hydrogen atom abstraction 


Cyclic sulfide of runs relative to durene per hydrogen atom 


- Thietane 7 10.0 k 1-2 
Tetrahydrothiophene 4 3-54 * 0.05 2.83 


Thiepane 7 1-13 f 0.01 0-904 
1,6Dithiane 6 0.239 k 0.031a 0.096 
1,60xethiane 6 0.301 & 0.015" 0-241 


Tetrahydrothiopyran 7 1-25 f 0.06 (1) 


"Disappearance measured relative to p-xylene and then corrected. 


leads exclusively to alpha hydrogen atom abstraction.21,22 In a fashion analogous to the 
present findings, thietane is an exception. In this case ring opened products are formed.23 This 
finding is explicable in terms of the ability of sulfur to act as a site for SH2 reactions by the 
ready expansion of its outer octet of electrons.24 This is shown in Scheme 3. Although a 
primary alkyl radical is formed in subsequent ring opening, this process relieves nearly 
20 kcal/mol of strain energy.= 


m: + . x - - - ,  8' + X-S-CH,CH,~H, 


X-S<H,CH,eH, + BrCC1, -+ XSCH2CH,CH2Br + aCC1, 


X = t-BuO o r  CC1, 


Scheme 3. Radical ring opening reactions of thietane 


We have observed appreciable yields of trichloromethyl 3-bromopropyl sulfide 1 in our 
reaction mixtures. The mode of formation is shown in Scheme 3. 


C13C-S-CH2CH2CH2Br 


1 


It should be pointed out, that while this result cannot be used to assess the identity of the 
hydrogen abstracting species formed from bromotrichloromethane, it requires the presence of 
a high trichloromethyl radical concentration. Characterization of 1 was based on mass 
spectrometric and nuclear magnetic resonance data. Details are given in the experimental 
section. 


The rates of hydrogen atom abstraction from the remaining cyclic mono-sulfides are in the 
order of 5 > 6 > 7 based on ring size. A total reactivity range of only ca. three is found for 
these compounds. Both the smaller dependence on ring size and the specific ordering of 
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individual compounds support the proposition that an earlier transition state is found in 
hydrogen atom abstraction from sulfides than from ethers. The ordering in the former case is 
consistent with stereoelectronic control in terms of probable availability of the electron pair on 
the heteroatom. 


Two six-membered systems containing two heteroatoms were also studied. Like 
1 ,Cdioxane, 1 ,Cdithiane shows a marked decrease in reactivity per active alpha hydrogen 
atom. The electron withdrawing, deactivating effect of the second heteroatom may again be 
blamed. Alone among the compounds examined in this study, 1,Coxethiane has 
non-equivalent potential reaction sites. It has been found, however, that, in reaction with 
t-butoxyl radical, hydrogen atom abstraction occurs only from the position adjacent to 
sulfur .*I Here again the second heteroatom produces a decelerating effect on the hydrogen 
atom abstraction process. 


EXPERIMENTAL 


Materials 


All compounds except thiepane were obtained by purchase. Thiepane was prepared by a 
standard literature method.26 All materials were purified before use and showed no detectable 
impurities on gc analysis. 


Procedure for kinetic runs 


Solutions of the cyclic ether or sulfide, reference (p-xylene or durene), and internal standard 
(bromobenzene or chlorobenzene) were prepared in bromotrichloromethane solvent in 
approximate molar ratio of 1:l:l:lO. For kinetic runs using thermal initiation, AIBN was 
added in an approximate molar ratio of 0.2. The solution was divided among several ampoules 
and then frozen in an acetone-dry-ice slurry. The ampoules were evacuated at 0-5-1-0 mm and 
flushed with nitrogen during three intermediate thawings. They were then sealed under partial 
vacuum. One ampoule was reserved for analysis to determine starting materials concentration. 
The remaining ampoules were placed horizontally just below the surface of an oil bath 
maintained at 70.0 f 0-5 "C. Kinetic runs initiated photochemically were then irradiated with a 
GE 275-W sunlamp placed 20cm from the surface of the oil. Reaction times varied from two 
to twenty four hours which corresponds to between four and ninty nine percent reaction of the 
starting materials. After completion of the reaction, the ampoules were cooled and opened. 
The concentration of the cyclic ether or sulfide and reference compound were measured 
relative to the nonreactive internal standard via gas chromatography. The amount of 
chloroform produced was determined against the internal standard using previously obtained 
calibration curves. Relative rates were evaluated from the above data by standard 
relationships.n 


Identification of trichloromethyl 3-bromopropyl sultide 


A Finnigan 4023 instrument equipped with a quadrupole mass analyzer was used to record the 
positive ion chemical ionization mass spectrum of compound 1. Methane was the reagent gas 
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used. The parent ion was observed as MH2f at mlz 275 rather than at 273. The fragmentation 
patterns are consistent with the proposed structure. 


m/z 275[MH2 26%], 193[(M - Br)+ 11%], 157[(M - CCI3)+ loo%], 


121[(M - HSCC13)+ 46%], 81[Br+ 8%] 


The proposed structure of 1 was also confirmed by NMR spectroscopy. A Bruker AM-400 
spectrometer was used to obtain spectra of solutions of 1 in CDC13 which also contained TMS 
as an internal standard. The proton spectrum of 1 showed two triplets and a pentet of 
approximately equal intensity centered at 63.53,63.32, and 62-33 respectively. Decoupling of 
the signal at 62.33 led to the collapse of the two triplets into singlets. Unambiguous assignment 
of the carbons bearing heteroatoms was accomplished through two dimensional NMR 
techniques (proton-carbon correlated spectra.). 
'H-NMR (CDC13) 6 2*33(p, J = 6.7 Hz, 2H, 2'-CH2), 6 3-32 (t, J = 7.1 Hz, 2H, 3'-CH2), 6 
3-53 (t, J = ~ O H Z ,  2H, 1'-CH2). 
13C-NMR (CDCl3) 6 30.20 (2'-C), 6 31.53 (3'-C), 6 35.23 (1'-C), 6 97-65. 
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CYCLOPENTENES IN METHANOL, ETHANOL AND 
ACETIC ACID 


CHLORINATION OF 4-SUBSTITUTED 


BEN-LI ZHANG*, JTAN QTU AND ZHEN-HENG GAO 
Department of Chemistry, Nankai University, Tianjin, The People's Republic of China 


ABSTRACT 


A set of 4-monosubstituted cyclopentenes, CH=CHCH2CHXkH2, were synthesized and their relative 
rates ( k x l k H )  for bromination and chlorination were determined in methanol, ethanol and acetic acid at 
25 "C by competitive method. log(kxlkH) for most of the substituents can be correlated by means of Taft's 
equation, log(kx/kII) = pI oI + C. In methanol p1,er2 = -2.91, p1,a2 = -0.49, in ethanol pipr2 = -3.07, 
pI.c12 = -0.70 and in acetic acid pI,Br2 = -1.64, pI,c12 = -0-65. The presence of C(<O) is due to 
a constant steric effect. The deviation of X = H is ascribed to the absence of the steric effect and that 
of X = COzMe and CO,Et is accounted for in terms of anchi- 
meric assistance. For chlorination no anchimeric assistance was observed. 


Substituent effects on electrophilic additions of halogens to  olefinic compounds have been 
studied by many workers. In the reported works the systematically studied aliphatic 
substrates were all unsymmetrical and acyclic alkenes. The halogenation in polar hydroxylic 
solvents follows the AdECl mechanism,' which involves an ionic intermediate that may vary 
from a halogen-bridged halonium to an open carbocation (haloniumxarbocation spectrum) 
depending upon the substituents attached to the two unsaturated carbon atoms.3 A 
4-substituted cyclopentene molecule possesses a plane of symmetry passing through carbon 4 
and the centre of the double bond. This cyclic alkene reacts via a bridged halonium 
intermediate in ha l~gena t ion .~  Considering the structural feature of the substrate, one might 
expect the halonium intermediate or related transition state to be symmetric, i.e. that the 
halogen would bridge the two double-bond carbon atoms equally, if there were no other 
specific interactions. It will be interesting to study the structural effects on the reactivity of 
halogenations of this series of compounds. We synthesized a set of 4-substituted cyclopentenes 
and determined their relative rates of bromination and chlorination in methanol, ethanol and 
acetic acid at 25 "C. 
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Table 1 .  Relative rate constants for bromination and chlorination of CH=CHCH2CHXCH2 in 
methanol, ethanol and acetic acid at 25 "C 


Suhstitucnt(X) H Me OH OMc COZMe C0,Et OAc Br CI CN 


MeOH 1.00 0.95 0.59 0.58 0.64 0.51 0.51 0-46 
f0.05 f0.04 f0.03 f0.04 +0.04 f0.04 f0-04 


kxJk,,  of EtOH 1.00 0.85 0-60 0.58 0.5x 0.50 0.39 0.39 0.32 
chlorination f0~03 +0.03 f0.05 50.04 k0.03 k0.02 k0.03 50.02 


AcOH 1W 0.93 0.61 0.58 0.49 0.49 0.47 0.35 
+O.M +0.06 f0.04 f0.03 k0.03 f0.W f0.05 


RESULTS AND DISCUSSION 


The results of relative rate measurements are summarized in Table 1. In both bromination and 
chlorination in all three solvents kMclkH < 1 (4.7-0-9) is always observed. Thus it can be 
concluded that the reactions are decelerated by the methyl group. Although methyl connected 
to a sp3 carbon atom may behave as an electron-withdrawing group in some cases,' in 
halogenations of alkenes methyl attached to a saturated carbon atom appears to be 
electron-releasing. In the bromination of linear alkenes in methanol and acetic acid, 
introduction of a methyl to an a-carbon of the double bond always leads to an acceleration of 
the reaction so long as its steric effect is negligible.6 It cannot be expected that a methyl 
group is electron-releasing when it is connected to a sp3 carbon atom on an open chain and 
becomes electron-withdrawing when the carbon atom is on a ring. Based upon these 
considerations we concluded that the methyl group of 4-methylcyclopentene is electron- 
releasing in the reaction, in accord with its oI (<O). 


The observed deceleration by the methyl should be accounted for in terms of steric effect. In 
syn or anti addition to a cyclic olefinic compound, generally it is more difficult for the reagent 
to attack the more hindered side.' For example, epoxidation of 4-methylcyclopentene gave 
76% addition from the less hindered side and 24% from the more hindered side.' It should be 
so in halogenation too. Thus the 4-methyl deactivates the reactions through steric effects. So 
long as the steric effect of the methyl is not cancelled by its electronic effect, the relative rate 
kM,/kH < 1. Nevertheless, it should be noted that the steric effect of the 4-methyl group is 
small, because (1) the methyl is not a very hindering group and is situated in a remote position 
to the reaction seat; (2) only one side of the cyclopentene ring can be hindered by the 4-methyl 
while the other side is free of this interaction; (3) the steric effect is considerable only when the 
substituent is in an axial position (conformation 1): 


Me 


1 
H 


2 
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For the same reasons the steric effects of other substituents in the series cannot be large and 
should not vary in a detectable way. 


The data obtained in bromination were correlated with the inductive substituent constants 
( I J ~ ) . ~  The results illustrated in Figure 1 show that in all the solvents the points of X = H, 
C02Me or C02Et always lie above the line correlating all the other substituents: 


MeOH log(kx/kH) = -2.91 oI - 0.17 (Irl = 0.992) (1) 


EtOH log(kx/kH) = -3.07 uI - 0.24 (Irl = 0.994) (2) 


AcOH log(kx/kH) = -1.64 q - 0-15 (lrl = 0.980) (3) 


As discussed above, the positive deviation of X = H is due to the absence of steric effect of the 
4-substituent which exists for the other substituents on the line. As this steric effect is 
practically constant (it is so for linear alkenes too"') throughout the series, the substituents can 
satisfy a linear correlation except some points provided by the substituents that may interact 
specifically with the reaction seat. According to Taft's equation: I '  


log(kxlkH) = general inductive + steric + resonance effects (4) 
In the series of 4-substituted cyclopentenes, the resonance effects can be omitted and the 
inductive effect (including field effect) is expressed in terms of pr q. Thus the intercepts of 
equations (1)-(3) should be considered as steric effects of the series. Apparently the absolute 
values of the intercepts are all small ( ~ 0 . 2 ) .  


The deviation of X = C02Me and C0,Et can be plausibly ascribed to the anchimeric 
assistance of carbomethoxyl and carboethoxyl groups. Since the double bond in 
2-(A3-cyclopenteny1)ethyl tosylate and p-nitrobenzenesulfonate can participate directly in the 
solvolysis of these esters," it is not surprising to observe the neighbouring group effect of the 
4-alkoxyl when the double bond is the reaction seat. Moreover, anchimeric assistance in 
electrophilic additions has also been found in addition of 2,4-dinitrobenzenesulphenyl chloride 
to 3,4-dicarbomethoxylcyclohexene'3 and in bromination of y,bunsaturated esters. l 4  From 
Figure 1 it can be seen that the neighbouring group effect is more important in the less 
nucleophilic solvent (AcOH) and is more effective for the more mobile carbomethoxyl group. 
Nevertheless, as shown by the results in another study6a and in this work, the transition state 
stabilization provided by nucleophilic assistance is small since a considerable amount of charge 
is delocalized on the halogen in a halonium. The interaction between halogen and double bond 
is related to charge-transfer complex formation while the nucleophilic assistance should be 
feeble electrostatic interaction. 


We had expected a symmetrical halonium-like transition state for the cyclopentene 
derivatives. In the presence of nucleophilic participation or solvation, can the assumed 
symmetry be maintained? That is, which of the following transition states should be more 
possible? 


BP- 


/o\ /o\ /o\ 
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It seems more reasonable to assume an unsymmetric transition state since (1) the bridging 
ability of the nucleophilic oxygen of the solvent or of the neighbouring group is lower than that 
of the halogen and its interaction with one of the two carbon atoms will influence the 
symmetry of the system; (2) an unsymmetrical transition state is entropically more favourable; 
and (3) this is consistent with an AdECl intermediate m e ~ h a n i s m . ~ " , ' ~  Nevertheless, we still 
believe that the assisted halonium of a symmetrical substrate is more symmetrical than that of 
an unsymmetrical substrate as the nucleophilic assistance is rather feeble. 


For bromination in the two more nucleophilic solvents (MeOH and EtOH) pI = -3 whereas 
in AcOH pr = -1.64. Comparing with pI = -6.7 for the series RCH2CH=CH21h and p1 = 
-5.4 for the series RCH2CH=CHPhhb.I7 in bromination in methanol, the influence of the 
substituents in the series of CH=CHCHzCHXCH2 is considerably reduced. As an olefin is 
more reactive in a solvent of higher ionization power (Y),'" the variation of p1 with Y of the 
solvents does not follow the reactivity-selectivity principle. As in the case of linear alkene 
bromination for which p* is constant in different soIvents,2"~hd~'X this observation can be 
accounted for neither by the position of transition state nor by the degree of charge 
delocalization in the transition state of the rate-controlling step although these factors can all 
be influenced by solvent. In bromination via the AdECl mechanism, the apparent rate 
constant kdPP = Kk,,, where K is the formation constant of the charge-transfer complex and 
k,,, is the rate constant of the rate-controlling step. As long as both logK and logk,,, can be 
correlated linearly with u1, pI.c,pp = p1.K + PI.k,,. If the effect of solvent on pI.K and on P I . k , , ,  


could be studied separately, it would help in understanding these 'anomalous' etfects of 
solvent on pdpp. 


The results of correlation analysis for the data of chlorination are shown in Figure 1. In the 
solvents all substrates can be correlated linearly with uI except X = H: 


MeOH log(kx/kH) = -0.49 at - 0.07 (1.1 = 0-960) (5 )  


EtOH log(kx/kH) = -0.70 UI - 0.07 (Irl = 0.973) (6) 


AcOH log(kx/kH) = -0.65 01 - 0.05 (Irl = 0.981) (7) 


Similar to the discussion for bromination, the intercepts of the equations are related to steric 
effects. The absolute values (0-05-047) of these intercepts are smaller than those in 
bromination. This observation might imply smaller steric effects or could be due to less 
sensitivity to structural effects in chlorination than in bromination. 


In contrast to bromination, in all the solvents the points provided by X = C02Me and 
C0,Et don't deviate from the line of correlation. This implies that anchimeric assistance did 
not take place in chlorination. In their study on halogenation of CH=CH(CH2)30H Williams 
et af. l 7  found that the importance of the neighbouring group effect varies with the electrophile. 
For iodination the effect is considerable while for chlorination it can hardly be detectable. This 
is in accord with the reactivity-selectivity principle. The chlorine, which is a more reactive 
electrophile than the bromine, reacts so fast with the olefin that the olefin molecule has no 
time to reach the conformation the anchimeric assistance needs. IpI/ values for chlorination are 
generally smaller than those for bromination. This is also in harmony with the 
reactivity-selectivity principle and implies that in chlorination the major contribution to pr is  
from PI,k,,,. Since chlorination is faster than bromination, an earlier transition state which 
corresponds to a smaller lpI1 is expected according to the Hammond postulate.'" 
Bienvenue-Goetz et U I . ~ ~ )  compared the polar reaction constant p* for bromination and for 
chlorination of alkenes CHz=CHCH2X and found that /p&,l(= 2.9) is only slightly less than 
IpB,,I(= 3.1) despite the large reactivity difference between the two halogens. This result was 
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explained in terms of the less efficient charge delocalization ability of the chlorine atom which 
is a poor neighbouring group. The difference in selectivity change between the two series 
CH2=CHCH2X and CH=CHCH2CHXCH2 can plausibly be ascribed to their different 
transition state structures of the rate-controlling step. The transition state for chlorination of 
the unsymmetrical linear alkenes should be less symmetric and possess more carbocation 
character than that of the symmetrical cycloalkenes which should be more symmetric and 
possess more chloronium character, even when the feeble nucleophilic solvation is taken into 
consideration. The latter corresponds to a smaller (pI,k,( than the former. 


Although the difference in pI is small, it appears that lpIl decreases as the ionization power 
of the solvent increases. This might support the assumption that PI.k,,,  contributes considerably 
to pr. The rate-controlling step involves ionization of the chaw-transfer complex and is 
promoted by solvents of high ionization power. If the reactivity-selectivity principle is applied, 
the susceptibility to the influence of substituents on the reactivity should decrease as the 
polarity of solvent increases. 


EXPERIMENTAL 


Physical measurements 


IR measurements were made with a Pye Unicam SP3-300 spectrometer. ‘H-NMR spectra 
were recorded on a Joel PMX-60 spectrometer. Chemical shifts are in ppm (6) downfield from 
TMS. MS analyses were carried out on a VG 7070E-HF mass spectrometer. 


Materials 


Cyclohexene and cyclopentene were purchased from Fluka. The following compounds were 
synthesized by literature procedures: 4-hydroxycycIopentene,’’ 4-~hlorocyclopentene,~’ 
4-~yanocyclopentene,~~ 4-metho~ycyclopentene,~~ A’-cyclopentenecarboxylic acid,23 4- 
bromocyclopentene,2s and A’-cyclopentenyl acetate.2s 


4-methylcyclopentene. Lithium dimethylcuprate” prepared from a solution (80 ml) of methyl 
lithium (0.7 M) in diethyl ether and cuprous iodide (1 1.2 g) was cooled to -50 “C. A solution of 
A3-cyclopentenyl p-toluenesulfonate2’ (16 g) in 100 ml of diethyl ether was dropped to the 
cooled etheral solution of lithium dimethyl cuprate. The mixture was stirred at -30°C for 
12 hr. The reaction mixture then was hydrolysed with saturated ammonium chloride solution. 
The organic layer was washed twice with saturated sodium chloride solution, then dried 
(MgSOJ. The solvent was removed and the residue was distilled to yield 4 g  of crude product. 
68% yield. b.p. 6044°C (lit. 62°C). Further purification was carried out on a preparative 
g.1.c. m/z 82(M+, 28%), 67(100). 


Ethyl A”-cyclopentenecurboxylute. A mixture of anhydrous ethanol (8 ml), chloroform 
(10ml), sulfuric acid (1 mi) and A’-cyclopentenecarboxylic acid (1.5 g) was refluxed for 3 hr. 
Then after removal of most ethanol-chloroform by distillation, the residue was mixed with 
water and extracted with diethyl ether. The extract was washed with 5% aqueous sodium 
carbonate solution and water, and dried (MgS04). Ether was removed by distillation and the 
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residue was purified by chromatography on a column of SiOz, using light petroleum (b.p. 
3(MO°C)-acetone (6:1), to yield 1.4g of yellow oil. 75% yield. mlz 140(M+, 21%), 111(8), 
95(18), 67(100). 


Methyl A-’-cyclopentenecurhoxylute was prepared by the same procedure as the preparation 
of ethyl A’-cyclopentenecarboxylate except that methanol was used in place of ethanol. 1.2 g 
of light yellow oil was obtained. 70% yield. m/z 126(Mt, 21%), 111(12), 94(42), 67(100). 


IR and NMR spectral data of these compounds are listed in Table 2. 


Relative rate measurements 


All solvents had been treated by standard procedures before use. Two olefins and an internal 
standard were dissolved in the solvents to prepare stock solutions (in methanol and ethanol the 
concentration of each olefin is 0.01 M while in acetic acid it  is 0.02 M). In each run 2 ml of stock 
solution was introduced into a thermostatted water-jacketted dark reactor equipped with 
magnetic agitator. For bromination the solution of bromine ( 0 . 5 ~ )  placed in a 
constant-temperature bath was added via a syringe and for chlorination chlorine gas was 
bubbled through the solution. In all experiments the consumption of the more reactive 
substrate was never more than 2/3. In chlorination the addition of a radical scavenger did not 
influence the results, so the scavenger was not used. G.1.c. analysis was carried out on a 


Table 2. IR and NMR data of CH=CHCH2CHXCH2 


Substituent 
(X) IR.vmax cm-’ NMR 


OH 


Br 


CI 


CN 


Me 


OAc 


OMe 


C02H 


CO2Et 


C02Me 


3340,3070, 1620,950,840 


3065,2880,1610,910.678 


3080,2900, 1610,690 


3080,2870,2250, 1620,670 


3080,2840, 1620,1360 


3080,2860,1740,1620, 1250 


3060,2820,1620,960 


3080, 1700, 1620,1240,940 


3070, 1730, 1620,1200 


3060,1730, 1620,1200 


G11(CDC13) 5.7(s, 2H, =CH X 2), 4.5 (heptet, IH, CH), 
3.5(s, IH, OH) 24!-2.9(m, 4H, CHZ x 2 )  
SI4(CCl4) 5.8(s, 2H,=CH X 2 ) ,  4.5 (m, IH, CH), 
2.&-3-2(m, 4H, CH2 x 2) 
8tI(CC14) 5.8(s, 2H,=CH X 2), 4.5 (m, 1H. CH), 
2.3-3.2(m, 4H, CH2 x 2) 
St4(CCI4) 5-7(s, 2H, =CH X 2), 2.7-3.3(m, 5H, CH2 x 
2, CH) 
Gll(CCI4) 5.7(s, 2H, =CH x 2), I .7-2.8(m, SH, CH, x 
2, CH), I.0(d, 3H, CH?) 
6t4(CC14) 5.8(s, 2H, =CH x 2), 5.3 (heptet, IH, CH), 
2-1-3.l(m, 4H, CH2 x 2), 24(s, 3H, CH?) 
611(CC14) 5.7(s, 2H,=CH x 2), 4-1 (m, IH, CH), 3.3(s,  
3H, OCH3), 24)-24(m, 4H, CH2 x 2) 


2+3.4(m, SH, CH2 x 2, CH) 
&(CCI4) 5.8(s, 2H, =CH x 2), 4.2 (quartet, 2H, 
OCH2), 2.5-3.2(m, SH, CH2 X 2, CH), 1.3(triplet, 3H, 


fi~~(CCI4) 5.7(~, 2H,=CH X 2), 12-3 (s, IH, OH). 


CH?) 
hll(CC14) 5 . 7 ( ~ ,  2H,=CH X 2), 3.8 (s, 3H, OCH?), 
2.5-3.2(m, SH, CH2 x 2, CH) 
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Shimadzu GC-9A with flame ionization detection. In most cases a 3m PEG 20M column 
(sometimes a SE-30 or a liquid crystal column) was used. In methanol and in ethanol n-butanol 
or i-pentanol was used as internal standard; in acetic acid generally ethylene glycol diethyl 
ether (in some cases nitrobenzene or p-chlorotoluene) was used. G.1.c. analysis was in 
triplicate for each competitive experiment. Four independent runs under the same reaction 
conditions were used to evaluate each relative rate constant together with experimental error. 
The relative rates, k A / k R ,  were calculated according to the relationship: 


kAlkB = [log(SA.dSr.0) - log(sA/sr)]/[log(SB.~~s~.~)) - 1°g(SBisr)l I 


where SA,O and SA, Ss,o and Ss, Sr," and S, are initial and final peak areas of olefin A, olefin B 
and the internal standard. Since it was difficult to separate cyclopentene (H) from the other 
olefins or solvents by g.1.c. under our working conditions, all rates relative to that of 
cyclopentene were determined by indirect competition via cyclohexene (ch), i.e. kx/kH = 
kx/kch X kch/kH. For the relative rates, kx/kH, which are less than 0.1, kx/kH = kx/kxe X 
kxJkch X kch/kH. Generally, the experimentally determined relative rates (kx/kch, kx/kx,, 
kch/kH) are between 0.1 and 10. Some olefins reacted with the solvents, for example, 
A3-cyclopentenecarboxylic acid reacted with all three solvents, so in these cases the relative 
rates could not be measured. 
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OF PYRIDINES BY TRIMETHYL PHOSPHATE 
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Department of Chemistry, University of Pretoria, Pretoria 0002, South Africa 


ABSTRACT 


The rates of N-methylation of pyridine and its ring-substituted derivatives by trimethyl phosphate were 
measured in D20 and in CDC13. Relative rates, together with the solvent activity coefficients of 
substrates for the transfer from chloroform to water, were used for determining the solvent activity 
coefficients of the activated complexes for this SN2 reaction. The results indicate early activated 
complexes for all pyridines, with the most nucleophilic substrate showing the most reactant-like activated 
complex. 


Studies of solvent effects on the rates of quaternization of tertiary amines are almost a century 
old,‘ and the Menschutkin reaction, equation (l), proved to be a well tested and convenient 
model for studies of medium effects on the reactivity of organic systems.’ 


R3N + R’X - R3NR’+ + X- (1) 


The suitability of reaction (1) to mechanistic studies stems from the fact that it offers structural 
variations in both the nucleophilic and the electrophilic reagents, as well as that its rate can be 
measured in a great variety of solvents. It is generally accepted that the Menschutkin reaction 
can be described as a classical sN2 reaction3 with a rather early activated complex (AC), 
occurring not further than at cu. 0.2-0.3 of the way along the reaction ~oord ina te .~  Scrutiny of 
the available data revealed that studies of sN2 reactions between non-ionic reactants seldom 
involved aqueous media, and that for reactions involving ions only in one isolated case the 
dialkylphosphate group was chosen as a leaving group (demethylation of trimethyl phosphate 
by azide ions).5 Because of our interest6 in the alkylating properties of organic phosphates, 
and because of the importance of the nucleophilic O-demethylation step in the ‘triester’ 
method of oligonucleotides ~ynthesis,~ we decided to investigate the effect of solvents on the 
reaction of methylation of the nitrogen atom in pyridine by trimethyl phosphate (TMP), 
equation (2). 


‘Author for corespondence. 


089&3230/89/05037746$05 .OO 
@ 1989 by John Wiley & Sons, Ltd. 


Received 9 May 1988 
Revised 8 July 1988 







378 A .  M. MODRO AND T. A.  MODRO 


X-(@ + (Me0)3P0 - X N-Me+ (Me0)2P02- 


Y Y 


1- 2a-e 


a , X = Y = H  
b, X = Me, Y = H 
c, X = Et, Y = H 
d, X = Y = Me 
e, X = Me2N, Y = H 


Since we have recently observed' significant rate acceleration for the methyl group transfer 
from phosphate oxygen to nitrogen in water relative to other, even highly polar solvents, 
reaction (2) was studied in water and chloroform was selected as a weakly polar, aprotic 
solvent of reference. 


RESULTS AND DISCUSSION 


The methylation reaction (2) could be followed easily by 'H-NMR spectroscopy because of the 
appearance of the signal of the N+CH3 group (s, 6 cu. 4-4), the reduction in the intensity of the 
TMP signal (d, 6 cu. 34) ,  the appearance of the signal of the dimethylphosphate ion (d, 6 cu. 
3.6), and the appearance of the new set of signals in the range 6 7.0-9-0, due to the aromatic 
protons of the pyridinium ion. We have found, in agreement with the earlier report,' that (le) 
undergoes methylation exclusively at the pyridine nitrogen atom. The results of the kinetic 
measurements obtained for (la)-(le) in D20 and in CDC13 are listed in Table 1. 


Table 1. Rate constants ( M - I  s-l)a of methylation of pyridines by trimethyl 
phosphate at 40.0"C 


la 3-11 1.00 2.78 1.00 112 
lb 5 1 1  1.64 6.94 2.50 74 
lc 4.02 1.29 4.75 1-71 85 
Id 7.34 2.36 10.0 3.60 73 
le 9.72 3.12 68-6 24.7 14 


"Average of at least two runs; f < 5% 


It is interesting to note that the relative rates of methylation observed for substrates (la),  ( lb)  
and (le) in CDC13 are practically identical to those reported" for the same substrates in 
ethylation by iodoethane in dichloromethane at 25 "C (krel = 2-7 and 23.9, respectively). The 
same authors" found that in methanol the substituents had almost no effect on k2 (k(le)lk(la) 
= 1.3) and attributed this to the hydrogen bonding of pyridine substrates by the solvent. Since 
in the aqueous medium, i.e. under conditions of an even stronger involvement of the pyridine 
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nitrogen in hydrogen bonding," we observe significant substituent effects on the rate 
(k(le)/k(la) = 3-12), it seems that hydrogen bonding effects are not sufficiently strong to 
cancel the rate-accelerating effects of the ring substitutents. 


Solvent effects on reaction rates can be dissected into substrates and activated complex 
contributions by means of introducing solvent activity coefficients, orSi,2a proportional to the 
change in the standard chemical potential of a species, i ,  on transfer from a reference solvent, 
0, to another solvent, S .  For reaction (2) the relative rates of methylation, k,], can be 
expressed by equation (3).*" 


ig kre, = ig(k,/k,) = igorsN + igorSTMp - igorSAC (3) 
where S and 0 refer to D 2 0  and CDC13, respectively, as reaction media, and N, TMP and AC 
are related to the pyridine substrate, to trimethyl phosphate, and to the activated complex of 
reaction (2), respectively. Solvent activity coefficients of substrates (la)-(le) and of TMP were 
determined by measuring their distribution coefficients between water and chloroform,'2 and 
are included, together with the desired activity coefficients of the activated complex, 
calculated from equation (3), in Table 2. The last column of Table 2 gives solvent activity 
coefficients (also determined by distribution measurements) for the reaction products: 
N-methylpyridinium dimethylphosphates, (2). 


Table 2. Solvent activity coefficents of species involved 
in reaction (2) at 40-0°C. S = D20; 0 = CDCl3 


Nucleophile lgorSN Igorswp lgopAC lgorsp 


la 1 -20 0-57 -0-28 -4.17 
lb 1-80 0.57 0-51 -4.43 
lc 2-29 0.57 0.93 -3.58 
ld 2.12 0.57 0.83 -3.98 
le 1.52 0.57 0.94 -4.50 


Table 2 shows that all nucleophilic substrates are strongly destabilized, and TMP is moderately 
destabilized, upon transfer from chloroform to water. The reaction products, on the other 
hand, are very strongly stabilized in aqueous medium, so significant rate acceleration should 
be expected when reaction (2) is transferred from chloroform to water. The values of lgorSAC 
show that in the case of pyridine the activated complex is weakly stabilized, and in four other 
examples moderately destabilized, upon transfer from CDC13 to DzO. The results indicate that 
in all cases the activated complexes occur rather early on the reaction coordinate, but are still 
far from the ionic products (2). Nevertheless, the oxygen to nitrogen methyl transfer seems to 
be more advanced in the AC of reaction (2) than is the ethyl transfer from iodoethane to 
triethylamine, where the destabilization of the activated complex upon transfer from 
chloroform to water is almost as big as is the total destabilization of both  substrate^.'^ Data 
included in Table 2 show that the position of the AC, although 'early', is not constant within 
this reaction series. Considering the average between the sum of the lgopi  values for 
substrates (i = N, TMP) and the lgorsp value as a value expected for the ideally symmetrical 
AC, it follows that the advancement of the methyl transfer decreases from 35 to 30,28,27 and 
17% for (la), (lc), (la), (lb) and (le), respectively. This variation in the position of the AC is 
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in agreement with the Reactivity-Selectivity Prin~iple,'~ and with the earlier ~bservation'~ 
that in the quaternization of substituted pyridines by iodomethane the most nucleophilic 
substrates showed the most reactant-like activated complexes. 


EXPERIMENTAL 


NMR spectra were recorded on a superconducting FT Bruker AC300 spectrometer with TMS 
or sodium 3-(trimethylsilyl) propanesulfonate as internal standards. UV spectra were recorded 
on a Beckman Acta MIV spectrophotometer. Pyridine (M&B) was distilled from potassium 
hydroxide pellets and stored over molecular sieves. 4-Methyl- (BDH), 4-ethyl- (Aldrich) and 
3,4-dimethylpyridine (K&K) were distilled immediately before use. 4-Dimethylaminopyridine 
(Aldrich) was recrystallized from ethyl acetate; mp 112-1 13 "C. Chloroform (Merck, Uvasol 
grade), chloroform-dl (Aldrich, Gold Label), deuterium oxide (Merck, Uvasol grade) were 
used as supplied. Trimethyl phosphate (BDH) was distilled immediately before use; bp 37 "C 
(0.6mm). 


N-Methylpyridinium dimethyl phosphates, 2a-2e were prepared as follows. Equimolar (0.01 
mole) amounts of (1) and TMP were placed in sealed tubes and heated at 105 "C for 53 h.The 
crude products were washed several times with dry ether, dried over P4Ol0, dissolved in 
chloroform and passed through a silica gel column using methanoVchloroform (2:l) as eluting 
solvent. All salts (2) were highly hygroscopic solids and no good elemental analysis results 
could be obtained for anhydrous products. Satisfactory results could be however, obtained for 
hydrated salts. 


(2a). 'H-NMR (D20): 6 3.58 (6H, d, JHp = 10.75 Hz, 2 X OCH3), 4.40 (3H, S, NCH3'), 


Hz, 2-H, 6-H). Found: C, 36-82; H, 7.23; N, 5.56. Calc. for C8Hl4NO4P.3H20: C, 35-17; H, 
7.38; N, 5.13%. 


8.05 (2H, t, JHH = 5.4 Hz, 3-H, 5-H), 8.54 (lH, t ,  JHH = 5.4 Hz, 4-H), 8.80 (2H, d, JHH = 5.4 


(2b). 'H-NMR (D20): 6 2.65 (3H, S, 4-CH3), 3.59 (6H, d, JHp = 10.8 Hz, 2 X OCH3), 4.32 
(3H, s, NCH,'), 7-86 (2H, d, JHH = 6-5 Hz, 3-H, 5-H), 8-59 (2H, d, JHH = 6-5 Hz). Found: C, 
36.16; H, 8-06; N, 4.95. Calc. for C9H16N04P.4H20: C, 35-41; H, 7.92; N, 4.59%. 
(2c). 'H-NMR (D20): 6 1.32 (3H, t, JHH = 8-5 Hz, CH3), 2.95 (2H , q, JHH = 8.5 Hz, 


CH2), 3.58 (6H, d, JHP = 12.0 Hz, 2 X OCH3), 4.32 (3H, S ,  NCH3'), 7.88 (2H, d, JHH = 7.2 
Hz, 3-H, 5-H), 8.55 (2H, d, JHH = 7.2 Hz, 2-H, 6-H). Found: C, 41.20; H, 7-79; N, 5.05. Calc 
for C10H18NO4P.2H20: C, 42.20; H, 7.83; N, 4.95%. 


(2d). 'H-NMR (D20): 6 2.43 (3H, S, 3-CH3), 2.54 (3H, S, 4-CH3), 3.58 (6H, d, JHp = 
12-0 Hz, 2 X OCH3), 4-27 (3H, S, NCH,'), 7.77 (lH, d, JHH = 7.2 Hz, 5-H), 8-40 (lH, d, 
J m  = 7.2 Hz, 6-H), 8-47 (lH, s, 2-H). Found: C,42.82; H,7-80; N,5.07. Calc. for 
C1&18N04P*2H20: C, 42.40; H, 7.83; N, 4.95%. 


(2e). 'H-NMR (D20): 6 3.20 (6H, S, N(CH&), 3-60 (6H, d, JHp = 10.76 Hz, 2 x OCH3), 
3.91 (3H, S ,  NCH,'), 6.87 (2H, d, JHH 8.1 Hz, 3-H, 5-H), 7.96 (2H, d, JHH = 8.1 Hz, 2-H, 
6-H). Found: C, 39.01; H, 8.40; N, 8.98. Calc. for C10H19N204P.2H20: C, 40.27; H, 7.77; N, 
9.39%. 


Rate measurement 


The equimolar solutions of both substrates were equilibrated in a water bath at 40-0°C and 
mixed in an NMR tube to give the initial concentration of (1) and TMP ca. 0.3 M. The tube was 
placed in a water bath at 40.0"C and the NMR spectra of these solutions were recorded 
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periodically. The progress of reaction was monitored by recording the integration curves 
corresponding to the selected signals of substrates and products. For all runs good 
second-order kinetics were obtained and the runs were reproducible to +<5%. The runs were 
followed to at least 60% completion, except for the reaction of pyridine with TMP in C D Q ,  
where the reaction was so slow that it was followed to only 25% completion. 


Distribution coeficients 


0.1-0-2 mmol of (1) was distributed between two solvents by shaking it with a mixture of DzO 
and CDCI3 (10 ml each) at 40°C; each solvent being previously saturated with the 
countersolvent. The concentrations of the solutes in the aqueous and organic phase were then 
determined by separating the two phases and recording their UV spectra. The following values 
of the molar extinction coefficients (at given absorption maxima) were used: (la) 2700 (256 
nm), D20; 2000 (258 nm), CDC13. (lb) 2400 (255 nm), D20;  2100 (256 nm), CDC13. (lc) 3500 
(254 nm), D,O; 2300 (254 nm), CDC13. (Id) 2700 (260 nm), D 2 0 ;  2700 (265 nm), CDC13. (le) 
17300 (279 nm), D,O; 16400 (260 nm), CDC13. 


For products (Z), because of their poor solubilities in chloroform, a large excess of 
chloroform was used for the distribution experiments, and in order to determine the 
concentration of a solute in the organic phase, the products were re-extracted from chloroform 
to a small volume of water. The following values of extinction coefficients were used: (2a) 2100 
(258 nm); (2b) 1900 (255 nm); (2) 3600 (255 nm), D,O; (2d) 3600 (262 nm), D20; (2e) 18200 
(276 nm). 


The distribution coefficient of TMP was determined by measuring the relative 
concentrations of the solute in the aqueous and organic phase using 'H-NMR spectroscopy. 
The relative concentrations were determined by comparing the intensity of the TMP signal (6 
cu. 3.77, d) with the intensity of the standard (acetic acid, 6 cu. 2.1, s) which was added in 
equal amounts to both phases after the separation. 


All distribution experiments were made at least in triplicate and the distribution coefficients 
were reproducible to f5%. 
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MECHANISM OF REACTIONS BETWEEN 
1-PHENYLETHYL BENZENESULFONATES WITH 


N,N-DIMETHYLANILINES 
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Depurtmenl of Chemistry, lnha University, Inchon, 402-751, Korea 


ABSTRACT 


The kinetics and mechanisms of the reactions between 1-phenylethyl benzenesulfonates ( 1  -PEB) with 
N,N-dimethylanilines are investigated in methanol a t  35-0°C. Reactivity and selectivity trends were 
found to be similar to those for the reactions of 1-PEB with anilines, but the magnitudes of cross 
interaction constants, pxz, between substituents X in the nucleophile and Z in the leaving group were 
substantially smaller indicating no hydrogen-bond bypass bridge formation in the transition state. 
However, the magnitude of pxz suggested a direct electrostatic interaction between the reaction centers 
in the nucleophile and leaving group in the frontside nucleophilic attack with a loose transition state 
structure. 


In a previous report' we interpreted the unusually large magnitudes of cross interaction 
constants pxz, equation (l),' between substituents X in the nucleophile and Z and in the 
substrate for the nucleophilic substitution reactions of 1-phenylethyl benzenesulfonates 
(1 -PEB) with anilines in methanol-acetonitrile mixtures, equation (2), as evidence in support 
of the intermolecular SNi mechanism3 involving a four-center transition state (TS), (I). 


l o g ( k X Z / H H )  = P X a X  + PZOZ + P X Z o X u Z  (1) 


2XChH4NH2 + YChH4CHCH30SOZChH4Z 2 YChH4CHCH3NHChH4X + 
XChH4NH: + -0S02ChH4Z (2) 


I 
H-N H 


I 
'gH4' 
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A similar TS has originally been proposed by Okamoto et u L 4  in their phenolysis studies of 
various 1 -phenylethyl derivatives, to account for the net retention of the product 
configuration. In this type of TS, the approach of the nucleophile is restricted to frontside SO 


that the product configuration is retained and the nucleophile provides a hydrogen atom which 
can hydrogen-bond to the leaving group (LG) forming a bypass bridge. In the structure, (I), 
the two substitutents X and Z can interact via two routes through -N-C-0- and 
-N-H-0-; an additional interaction route provided by the hydrogen-bond bridge 
enhances the intensity of interaction between the two substituents and leads to a remarkably 
large magnitude of cross interaction constant pxz. 


One way of confirming the involvment of this four-center TS, ( I ) ,  in reaction (2) is to 
compare the magnitude of pxz with those for the reactions having no hydrogen atom for the 
bridge formation in the nucleophile. 


In this work we report the results of our kinetic studies on the reactions of 1-PEB with 
N,N-dimethylanilines (DMA),s reaction (3), in which no such hydrogen-bond bridge 
formation is possible. We have discussed the structure of the TS in detail using various 
selectivity parameters, especially the cross interaction constants. 


X C ~ H ~ N ( C H ~ ) Z  + YC6H4CHCH30SO&jHdZ 2 YC,jH4CHCH3+N(CH3)2C6H4X 


+ -0SOZC6H4Z (3) 


RESULTS AND DISCUSSION 


Second order rate constants k2 for the reactions of 1-PEB with DMA, ( 3 ) ,  are summarized in 
Table 1 .  Reference to Table 1 reveals that the rate increases with a stronger nucleophile 
(X = p-OCH3) and with a better LG ( Z  = p-NOz). The rate decreases, however, with a more 
electron-withdrawing substituent in the substrate (Y = p-CI). All these reactivity trends are 
similar to those for the reactions of 1-PEB with anilines.' 


The Hammett pXha values obtained by varying substituent X in the nucleophile are 
presented in Table 2. The magnitudes of px values (px < 0) are relatively large" but 
somewhat smaller than those for reaction (2);' the size of px increases with a better LG and 
with a more electron-withdrawing substituent in the substrate suggesting a greater degree of 
bond formation. 


The pz values for substituent ( Z )  variations in the LG are given in Table 3. The magnitude 
of pz with a more electron-donating substituent in the nucleophile and with a more 
electron-withdrawing substituent in the substrate, implying a greater degree of bond breaking. 
Thus a stronger nucleophile (px < 0) is accompanied by a greater degree of bond breaking, 
i.e. Aryz > 0, and a better LG (pz > 0) leads to tighter bond formation, i.e. Arxy < 0. Here 
cj denotes the distance between reaction centers R, and R, in ( I I ) ,  where we have 
schematically shown the TS structure for normal s N 1  or s N 2  reactions with backside 
nucleophilic attack (inversion) comprising three fragments, the nucleophilic with substituent X 
(ax) and reaction center Rx, the substrate with Y (oy) and Ry, and the LG with Z (oZ). These 
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'Table 1. Second order rate constants (k2 x lo2 M - ' sec-') for reactions of 
1-phenylethyl benzenesulfonates with N,N-dirnethylanilines. (3), in MeOH 


at 35.0"C 


5-06 
3.53 
1.84 
0.723 


4.68 
3.22 
1.65 
0664 


4-12 
2.75 
1-38 
0.541 


3.44 
2.23 
1.08 
0.413 


9.69 15.9 76-2 
6.68 10.8 50.4 
3.41 5.54 25.1 
1.36 2.08 8.69 


9.04 15.0 72.9 
6.14 10.0 47.3 
3.10 5.18 23.2 
1.18 1.88 7.91 


8.07 13.6 67.5 
5.33 8.89 42.5 
2.64 4.13 20.4 
0-998 1-59 6.76 


6.90 11.9 60.3 
4-42 7.58 36.8 
2.13 3.41 17.1 
0.71 1 1.27 5.45 


Table 2. The Harnmett px values" for reaction (3) 


~ 


p-OCH3 -1.69 -1.70 (-2.13)h -1.76 -1.84 
-1.71 -1.77 (-2.15) -1.81 -1.97 


p-c1 -1.88 -1.92 (-2.24) - 1.99 -2.08 


P-CH3 
H -1.77 -1.80 (-2.19) -1.87 -1.95 


aCorrelation coefficients > 0.998. 
bValues in parentheses are those for reaction (2). 


Table 3 .  The Harnmett pz valuesa for reaction (3) 


X Y p-OCH3 p-CH.3 H p-CI 


p-OCH.3 1.21 1.23 1.25 1.28 
p-CH3 1.19 1-20 1.22 1.25 


H 1.17 1.18 1.20 1.23 


p-CI 1-10 1.11 1.13 1.17 
(0.95)" (0.95) (0-97) (1.00) 


"Correlation coefficients > 0.997. 
"Values in parentheses are those for  reaction (2) 
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F ragmen t X 
(Nuc leoph i l e )  (Leaving group) 


F ragmen t Z 


Fragment Y 
( S u b s t r a t e )  


substituent effects on the TS variation are consistent with those for an intrinsic controlled 
reaction series,’ for which the following relations are shown to hold.x 


Arxy  = h uz 


ATyz = h’ ux (4) 
where A and A’ are negative constants. 


The variation of substitutent in the substrate from Y = p-OCH3 to Y = p-CI seems to cause 
a smaller increase in pz compared to that in px, indicating that bond formation is enhanced 
more than bond breaking by a more electron-withdrawing substitutent in the substrate. This is 
reasonable since bond breaking has already progressed much further than bond formation in 
the TS, so that further increase in bond breaking will be small. This is supported by a smaller 
lpyl, in Table 4, for a better LG due to a greater increase in bond formation than bond 
cleavage with an increase in the LG ability. Log (kylkH) vs oy was better correlated with 
normal Hammett substituent constants rather than with at ,  albeit the TS will be shown to 
have a very loose structure (vide infra).’ 


The cross interaction constants for the reactions of 1-PEB with DMA are determined by 
multiple regression analysis’ of the k2 values in Table 1 using equation (1) and its analogs. 


The results of the multiple regression analysis are summarized in Table 5.Comparison of px, 
py and pz values in Table 5 with the corresponding values obtained by simple linear Hammett 
plots in Tables 2-4 shows very good agreement between the two. Table 5a shows that the 


Table 4. The Hammett py values” for reaction (3) 


P-OCH~ -0.33 -0.29 -0 .25 -0-20 
P -CH~ -0.40 -0.36 -0.31 -0.27 


H -0-46 -0.41 -0.44 -0.33 
(-0.39)’ (-0-41) (-0.36) (-0.32) 


p-CI -0.49 -0-50 -0.43 -0.40 


“Correlation coefficients > 0.994. 
hValues in parentheses are those for reaction (2) 
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Table 5. The cross interaction constants, pij, for reaction (3) 


a 


Z 
Corr 


coeff * 


P - C h  -1.76 -0.45 -0.35 (-0.22)' 1 *oo 
p-CI -1.87 -0.38 -0.37 (-0.23) 1 .oo 
P-NO2 -1.99 -0-32 -0.39 (-0.25) 1-00 


H -1.81 -0.40 -0.36 (-0.21) 0.999 


b 


X PY Pz PYZ C.C. 
~ 


p-OCH3 -0.30 1.25 0.13 (0*10)+ 0.998 
p-CH3 -0.36 1-22 0.13 (0.11) 0.998 


H -0.42 1.20 1.13 (0.13) 0.998 
p-C1 -0.50 1.13 0-13 (0.14) 0.998 


C 


p-OCH3 -1.71 1.15 -0.23 (-0.55)' 0.999 
P-CH3 - 1 -74 1-16 -0-24 (-0.55) 0-999 


H -1.80 1.19 -0.24 (-0.56) 0.999 
p-CI - 1.88 1-21 -0.25 (-0.56) 0.999 


*A test for statistical significance indicated a confidence level of 99% in all cases: S. 
Wold and M. Sjiistrom. Correlution Analysis in Chemistry, ed. by N. B. Chapman, 
and J .  Shorter, Plenum, New York, 1978, Chapter I .  
*Values in parentheses are those for reaction (2). 


magnitudeof pxy is relatively small, /pxy/ = 0.35, which is approximately half the value for 
the normal SN2 type reaction series ()pxul = 0.70)."'This suggests that bond formation in the 
TS is much less for the reactions of 1-PEB with DMA than in the SN2 type reactions. The size 
of pxy is, however, somewhat greater than that for the reactions of 1-PEB with anilines, " 
implying some increase in the degree of bond formation. The magnitude of pxy, and hence the 
degree of bond formation in the TS. rxy, is greater for a better LG (aZ > O ) ,  which is in accord 
with our conclusion based on the magnitudes of px and pz; thus the correlation ( 5 )  holds for 
the reaction series (3). 


log IPXYI = k 02 (5)  
where k is a positive constant.% This is in line with equation (4), which has been shown to hold 
for an intrinsic controlled reaction series. 


The magnitudes of pyz values in Table 5b are the smallest among the three cross interaction 
constants, )pxyl, lpyzl and Ipxzl, and comparable to those for the dissociative SN2 reactions of 
benzyl benzenesulfonates with anilines (0.1 1)" and for the reactions of 1-PEB with anilines 
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(0.13) , I  indicating the grossly dissociative nature of this reaction. Relatively little bond 
formation (small Ipxul) and large bond cleavage (small /puzl) therefore suggest an open 
'exploded' TS structure that closely resembles that of an SN1 type reaction.I2 The lpuz/ values 
are, however, nearly constant with respect to the substituent (X) variations in the nucleophile. 


Since the polar and resonance effects of the substituents are transmitted through reaction 
centers Rx, RY and RZ, the magnitude of cross interaction will be inversely proportional to 
the distances between the reaction centers,2a.13 the lengths of carbon chains connecting 
substituents to the reaction centers remaining practically constant in the activation process. l 3  


Thus the size of pxz should be the smallest since the distance between Rx and RZ is the 
longest, which is indeed true for the reactions of benzyl benzenesulfonate with anilines. I '  


On the contrary to the smallest lpml expected for an SN2 reaction, the pxz values for the 
reaction of 1-PEB with anilines were the greatest.' This remarkable enhancement of the cross 
interaction between X and Z was rationalized by a four-center TS, (I), involved in the 
intermolecular SNi mechan i~m.~  


With the use of DMA as a nucleophile in this work, there will be no such enhancement of 
the cross interaction between X and Z in the four-center TS, ( I ) ,  and the smaller lpxzl values 
corresponding to those for a dissociative SN2 reaction series (-0.1 1)" are expected. This 
expectation is indeed borne out in the low lpxzl values of Table 5c; the size of Ipxzl is however 
still substantially greater than those for the normal SN1 or dissociative SN2 reactions with the  
backside nucleophilic attack,"(II). 


Steric hindrance by the methyl group of 1-PEB should be enhanced with DMA as the 
nucleophile as compared to the aniline, since two methyl groups surrounding the reaction 
center nitrogen will be more bulky, This implies that with the DMA the frontside approach of 
the nucleophile is even more likely to be enforced in the TS and the reaction will proceed with 
retention of the product configuration. The only difference between structure (I)  and that of 
the TS with the DMA reaction (111) will be the absence of the H-bonded bypass bridge in the 
DMA reaction series. In the type of retentive sN2 TS structure, however, there is .a possibility 


n 


of a direct electrostatic interaction2' between Rx and RZ since the distance between them is 
now diminished substantially unlike in the case of (11); the cross interaction between X and Z 
should be enhanced somewhat, and hence a little greater lpxzl will be obtained, as we find in 
Table 5c for this reaction series. 


EXPERIMENTAL 


Materials were as described in the previous report.' N,N-Dimethylanilines were prepared 
from anilines using dimethylsulfate by the known method.'" The melting points and boiling 
points are summarized below. 
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Table 6 


-- ~ ~~~ 


XCJ34N(CH3)2 


X = p-OCH3 P-CH3 H PC1 


(lit)" 49 21 1/76Omm 1941760 mm 33.5 
m.p. or B. ("C) 48-49 93-9411 5 mm 79/13 mm 33 


color white pale yellow pale yellow white 


Rare constants. Rates were measured conductometrically at 35-0°C. Pseudo-first order rate 
constants, k;"", were determined by the Guggenheim method'" with a large excess of aniline 
and second order rate constants, k2, were obtained from the slope of a plot of kl," vs [aniline], 
equation (6). 


kYh' = k l  + k2[aniIine] (6) 
k ,  is the rate constant for methanolysis, which was found to be negligibly small compared to 
the second order term as evidenced by zero intercepts ( k ,  = 0)  in all cases. Good second order 
kinetics with linear correlation coefficients of better than 0.999 for the plots of equation (6) 
indicated that the reaction is free from an ionic strength effect or from the base catalysis by 
aniline. 
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ABSTRACT 
Norbornadiene, isolated in argon, xenon and nitrogen matrices at 20K, was irradiated with UV light. 
Characterized by UV-VIS-IR absorption spectroscopy the photoproduct, representing a single species, 
was assigned to quadricyclane. This result is compared with the literature data on photochemistry of 
norbornadiene in the gas and liquid phase. The role of the rigid matrix environment on selectivity of the 
photochemical reaction is  discussed. 


INTRODUCTION 


The valence isomerization between norbornadiene (NBD) 1 and quadricyclane (a) 2 has 
attracted much attention as a chemical energy storage system. Light-induced isomerization 
of NBD has been extensively studied in the liquid phase both under direct and sensitized 
e x c i t a t i ~ n . ~ ~  Q has been characterized as a major photoproduct however cyclopentadiene 3, 
acetylene 4 and toluene 5 have been detected also. In contrast to the observation in the liquid 
phase the photoreaction in the gas phase leads mostly to 3 and 4.8*9 Small amounts of 5 and 2 
have been recovered also. An explanation offered assumes participation of vibrationally 
excited states in the photoreaction of NBD in the gas It has also been proposed that 
formation of 3, 4 and 5 involves biradicals 6 and 7 as intermediates. Recent studies on the 
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overtone vibrational photochemistry of Q indicated the importance of the hot NBD 
intermediate in controlling the overall gas phase reaction. '(I 


The aim of this work is to present the studies of photochemical transformation of NBD in 
the solid phase. The matrix-isolation technique has been used for that purpose."-14 Since 
vibrational excitation plays an important role in the phototransformation of NBD we expected 
that this reaction will be useful for testing the excited guest-host interactions in rigid matrices. 
On the other hand the cryogenic conditions should facilitate interception of unstable 
intermediates. 


EXPERIMENTAL SECTION 


Materials 


NBD and Q purchased from Aldrich was used as received. Argon, xenon and nitrogen 
supplied by Gazy Techniczne (Poland) was purified by passing the gas through low 
temperature traps. 


Sample preparation 


A gas mixture of known amounts of the substrate vapor and matrix gas was deposited from a 
vacuum line (background pressure of 5 x lo-' torr) onto a cesium iodide or sapphire window 
mounted on the expander stage of a Spectrim (Cryogenic Technology) cryostat. The gas 
mixture was deposited at a flow rate 50-70 pmol/min and the total amount deposited varied 
from 3 to 7 mmol. The irradiation and measurements were performed at 20K. 


Irradiation and measurements 


Photochemical reactions were carried out with a high pressure mercury lamp HBO-200 
(Narva, GDR). Interference filter UV-KSIF (Carl Zeiss Jena, GDR) at maximum 
transmittance at 254 nm was used. IR spectra of matrix-isolated species were obtained with a 
Specord M-80 (Carl Zeiss Jena, GDR) spectrophotometer working at a resolution of 2 crn-l. 
UV-VIS spectra were measured with a Carry 2300 (Varian) spectrophotometer and the 
baseline correction due to light scattering caused by a matrix was made. 


RESULTS AND DISCUSSION 


UV and IR spectra of NBD isolated in Ar-matrix are shown in Figures 1 and 2. Irradiation 
with UV light caused profound changes in the spectra. As is shown in Figure 1 a gradual 
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I 1 


200 210 220 230 240 250 260 270 


A rnmi 
Figure I .  UV spectrum of argon matrix-isolated NBD (NBD: Ar = 1:400): A-before irradiation, B-after 


irradiation for 10 min, C-after irradiation for 45 min 


decrease in NBD absorption is observed upon photolysis and the only observable distinct 
change in the spectrum is manifested by appearance of a shoulder at 202nm. Prolonged 
irradiation (2 h) also caused formation of two tiny bands at 256 nm (A = 0407) and 266 nm (A 
= 0.01). The IR spectrum of the irradiated sample of NBD (Figure 2B) shows a set of newly 
formed bands. Observed vibrational frequencies of NBD and its photoproduct are presented 
in Tables 1 and 2. 


Figure 3 shows the IR spectrum of matrix-isolated Q. Some bands presented in this 
spectrum are characteristic for NBD. During sample preparation Q isomerized to NBD to the 
extent of a few percent every time. No traces of NBD were seen in the sample of Q prior to 
sample preparation. Even very careful sample preparation, repeated for many times, never 
allowed isolation of Q without a noticeable amount of NBD. This fact was also manifested in 
the UV spectrum of matrix-isolated Q. Most probably Q isomerized to NBD during sample 
preparation when the gas mixture was exposed to a surface of the metal parts in the deposition 
line. 


We omit in the present discussion vibrational assignment of the bands observed in the IR 
spectra, simply because this is not directly relevant to the problem presented and one can find 
such discussion elsewhere.’ 


Careful analysis of the spectra allows for unambiguous assignment of Q to a major product 
of NBD photolysis. All bands assigned to the photoproduct in the IR spectrum of photolyzed 
NBD have the same positions and relative intensities (Table 2) as the bands of matrix-isolated 
Q (Table 3). Also the picture presented in Figure 1 is consistent with the fact that Q absorbs 
below 205nm5 and the only observable change in the spectra is seen in that region. 
Photochemical reaction of NBD was very selective in Ar, Xe and N2 matrices and only 
prolonged irradiation produced a trace of the side product, observed only in the UV spectra, 
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Figure 2. IR spectrum of argon matrix-isolat NBD (NBD: Ar = 1 :400): A-before irradiation, B-after irradiation 
for 90 min. Dots indicate newly observed bands. In the region of 2800-3200cm ' the spectrum was taken with 


ordinate expansion 1.25 


Table 1. Observed vibrational frequencies (cm-') of 
argon matrix-isolated NBD 


3142 vw 2885 m 901 w 
3121 vw 1552 s 881 s 
3082 w 1316 s 805 m 
3028 w 1232 m 736 vs 
3005 m 1212 m 665 vs 
2987 m 1158 vw 
2955 m 945 w 
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Table 2. Observed vibrational frequencies (cm-') 
assigned to the photoproduct of argon matrix-isolated 


NBD 


3085 m 1246 s 806 s 
2948 m 915 m 778 vs 
2884 m 902 m 


* 


3200 3000 2000 17M3 1500 1300 1100 900 700 


1) [cm- ' I  


Figure 3. IR spectrum of argon matrix-isolated Q (0: Ar= 1 : 400): The bands of NBD are marked with an asterisk. In 
the region of 2800-3200 cm ~ ' the spectrum was taken with ordinate expansion 1.25 


Table 3. Observed vibational frequencies (cm-') of 
argon matrix-isolated 0" 


3085 m 1316 rn* 881 m* 
2987 w* 1246 s 806 s 
2948 rn 946 w 778 vs 
2884 m 915 m 736 m* 
1552 m* 902 m 665 s * 
aAsterisks indicate the bands of NBD 


in amount estimated as less than 1%. We tentatively assigned this product to cycloheptatriene 
(266 nm) and its open ring isomer, i.e. 3,5-heptadien-l-yne (256 nm). Photochemical 
isomerization NBD 4 Q was almost equally effective in all matrices studied. 


Since vibrational relaxation of matrix-isolated species in rare gas matrices is often relatively 
S ~ O W ' ~ "  it seemed that behavior of excited NBD may parallel the gas phase observation. 
Under such expectation the studies might be primarily aimed at stabilization of biradicals 6 
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and 7, proposed as reactive intermediates. Surprisingly the photolysis of NBD in matrices 
almost exclusively produced Q in a very high yield. The selectivity of photochemical reaction 
of NBD can be rationalized in terms of matrix rigidity. One may expect that a rigid matrix 
environment exerts constraint on the transition state and the preference is given to the 
reaction leading to  the product of a shape which best fits the matrix site occupied by reacting 
molecule. Obviously it is easy to imagine that Q well satisfies such a requirement. On the other 
hand the amount of energy introduced to molecule by electronic excitation well exceeds the 
energy of the matrix crystal lattice."*'* So, this excess energy should be sufficient even to  melt 
the matrix locally and then to satisfy every steric demand. This may not be the case when the 
energy transfer to the crystal lattice is relatively slow. There are known examples of sterically 
demanding photochemical reactions which effectively proceed in rare gas matrices. 
However, there are also reports suggesting a crucial role of the rigid matrix environment on 
the photochemical processes. At present it is difficult to specify exactly how the matrix 
perturbs the photochemical reaction, nevertheless the reported observation seems to 
contribute to further understanding of this problem. 
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SHORT COMMUNICATION 


TWISTED INTERNAL CHARGE TRANSFER EMISSION 
IN B ,B-BIS(MES1TYL)PYRROLOBORANES 


DAVID R. BRITTELLI* AND DAVID F. EATONt 
E. I .  du Pont de Nemours and Company, Central Research and Development Department, Experimental Station, 


Wilmington, Delaware 19898, USA 


ABSTRACT 


Spectral characteristics of several simple substituted B ,B-bis(mesity1)pyrroloboranes are reported which 
support a theoretical treatment by Bonacic-Koutecky and Michl (J .  Am. Chem. SOC. 107, 1765 (1985)) 
describing the excited states of simple aminoboranes as an example of twisted internal charge transfer. In 
the aminoboranes the pyrrolo moiety functions as the electron donor group and the empty p-orbital of 
the boron atom as the acceptor. 


The phenomenon of dual emission,' once thought to be anomalous, is in fact ubiquitous.* 
Organic donor-acceptor systems, D-A, often exhibit such behavior. Franck-Condon 
excitation of these systems gives an excited state (D-A); which is highly polar but whose 
geometry is near that of the ground state. For appropriate D-A materials, a second state 
(D-A); can be attained by geometry change, for example a rotation or pyramidalization 
process. The second state is best described as a fully charge separated ionic state (D+-A-)*. A 
prototype of this phenomenon is p-dimethylaminobenzonitrile (D = Me2N; A = PhCN). 
More subtle examples range from the exceedingly simple case of twisted C-C double bonds 
(sudden polarization3) to the highly organized systems represented by photosystem I1 in green 
plants and by the isomerization of the pigment of the visual process4. 


A computation by Michl and Bonacic-Koutecky' has addressed the case of twisting in the 
excited states of aminoborane, an isoelectronic counterpart of the sudden polarization 
phenomenon in olefins. We report the observation of spectral characteristics of several simple 
substituted B,B-bis(mesityl)pyrroloboranes, 1, which support the theoretical picture. In the 
aminoboranes 1, the pyrrolo moiety functions as the electron donor group and the empty 
p-orbital of the boron atom as the acceptor. 


1 a . R - H  
N-BAr2 b. R - Me c R Ar = Mesityl 


*Currently in the Medical Products Department at the same address. 
?Author for correspondence. 


0894-3230/89/0 1 OOSW$OS.OO 
@ 1989 by John Wiley & Sons, Ltd. 


Received 6 June I988 







90 SHORT COMMUNICATlON 


Pyrroloboranes 1 were synthesized by stoichiometric reaction of potassio pyrrole derivatives 
with fluoro-B ,B-bis(mesity1)borane. Compounds were purified by repeated crystallization. 
The compounds are air stable. The ground state of colorless la  is probably planar with a small 
degree of N-+B double bond character: YB-N = 1313cm-'; 6("B) = 53.9ppm; S(I4N) = 
18lppm; 6(13C) = 136-4ppm (for the carbon bonded to boron); uv in hexane (h ,  E) 271, 
15,200), in ethanol 272 (13,200). Pale yellow compound Ib may be slightly skewed from 
planarity in the ground state: YB-N = 1294cm-'; 6("B) = 56.4ppm; 6(14N) = 177ppm; 
6(13C) = 139-3 ppm (carbon bonded to B); uv in hexane (A, E) 290 (17,300), 350 (730, sh) and 
in ethanol 290 (16,700), 350 (710, sh). The appearance of the new absorption near 350nm in 
l b  can be interpreted in terms of Michl's treatment to directly support the idea of significant 
ground state twisting in this m~lecu le .~  


Fluorescence spectra of la  and Ib in a nonpolar (n-hexane) and a polar (acetonitrile) solvent 
are shown in Figure 1. Spectral maxima in these and other solvents are listed in Table 1. In all 
solvents, absorption and emission bands are observed at short wavelength (absorption near 
280 nm and emission near 325 nm) independent of solvent polarity. At longer wavelengths, a 
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Figure 1. Fluorescence spectra (excitation 270nm) of la (-) and l b  (---) in n-hexane (top spectra) and 
acetonitrile (bottom spectra) solvent. The features marked X are second order peaks. Intensities are relative only 
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Table 1. Absorption and emission data for pyrroloboranes la  and lb 


Compound Solvent Absorption Emission 
A,,,= (nm) E(l/m . cm) Band 1 Band 2 


l a  n-hexane 


dioxane 


CH2C12 


CH3CN 


n-hexane 


dioxane 


CHZC12 


CH3CN 


l b  


276 1.71 X lo4 
212 4.1 x 104 


276 6-18 x 104 
240 7.08 x 104 
276 3.86 X lo4 
232 3-90 X lo4 
274 1.02 x 104 
206 4.84 x 104 


212 4-00 x 104 
292 1.42 x lo4 


294 1-52 X lo4 
240 8.1 X Id 


232 2-31 X lo4 


286 4.66 X lo4 
206 4.96 X lo4 


294 2.00 x 104 


326 429 (0.39)" 


316 478 (0.13) 
326 
326 483 (0.25) 


312 623 (8) 


326 536 (1-5) 


327 -580 (5 )  


318 635 (9) 


316 662 (8) 


"The number in parenthesis is the approximate ratio of the area of band 1 emission 
to band 2. 


new emission band (or series of bands) is observed which shifts to significantly longer 
wavelength as solvent polarity is increased. In all cases, the emission of l b  is at longer 
wavelength than l a  in the same solvent. The relative yield of the red emission (band 2) 
decreases compared to the short wavelength emission (band 1) as solvent polarity increases, 
and the total emission yield is qualitatively much smaller in polar solvents than in the nonpolar 
ones. Absolute emission yields were determined for l a  and lb  in n-hexane to be 0.038 and 
0-023, respectively (emission lifetimes were obtained by single photon counting techniques, 
for a description of our apparatus see Reference 6). Lifetimes in the same solvent were 9.7 ns 
(320nm) and 11.211s (430nm) for la and 11.3 ns (320nm) and 14-0ns (520nm) for lb. We note 
that the lifetime determined is apparently independent of which emission band is monitored. 
TICT emission lifetimes are kinetically correlated (Reference 2, and references therein). Our 
lifetime data was adequately fitted to single exponential decays in the temperature range 
examined in this work. Further data will elaborate this point. We were unable to determine 
emission lifetimes for l b  in any of the more polar solvents (too few counts in the red region for 
reasonable statistical photon counting). For l a  we determined the following lifetimes: dioxane 
(480nm), 30.5 ns; CH2Cl:! (530nm), 49 ns; no lifetime could be determined in acetonitrile. We 
tentatively conclude that the lifetime is increasing with increasing polarity while the quantum 
yield for emission decreases. 


The emission properties of pyrroloboranes 1 qualitatively support the theoretical treatment 
of Bonacic-Koutecky and Michl. The broad, longer wavelength emission is assigned to 
fluorescence from a twisted, dipolar excited state based on the following criteria. The emission 
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exhibits a large Stokes shift, which implies that a large geometrical reorganization, such as a 
rotation, occurs on excitation. Second, the longer wavelength emission of l b  is always 
observed to the red of that of la, as would be expected for the more electron rich (lower 
ionization potential) dimethylpyrrole as a donor compared to pyrrole. Finally, each of la and 
Ib exhibits a strong red shift of the long wavelength emission as solvent polarity increases. 
From the solvent dependence of the emission maximum we roughly calculate that the excited 
state dipole moment of compounds 1 is 10-12 debye. The dipole moment calculation followed 
Lippert’ and Mataga;8 see also Reference 2, Figure 9. The value of the Onsager cavity radius 
was taken as 4 A. This evidence supports the calculated picture4 for the lowest excited singlet 
state of 1 as a perpendicular, charge separated dipole. 


We note that compounds 1 also emit short wavelength fluorescence. We tentatively assign 
the nature of this emission to the initial Franck-Condon state (the planar state) produced on 
excitation of the species, although we can not rule out emission from an upper state such as a 
locally excited aromatic (mesityl) chromophore. We consider the latter explanation unlikely 
based on precedent. The fact that emission yields decrease in polar solvents is to be expected 
for a TICT process, but would not be anticipated apriori for the short wavelength emission if it 
originated from a locally excited state such as a x-x* mesityl chromophore. 


The pyrroloboranes 1 provide ample experimental support for the theoretical treatment of 
twisted internal charge transfer derived by Mich14 for simple aminoboranes. They also provide 
a new example of materials which exhibit TICT processes outside the clasies of simple 
hydrocarbons observed to date. 1.2 
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EXPERIMENTAL DETERMINATION OF CARBON 
vs. OXYGEN REGIOSELECTIVITY IN REACTIONS 


OF GAS-PHASE ENOLATE IONS 


MARK D. BRICKHOUSE AND ROBERT R. SQUIRES* 
Department of Chemistry, Purdue University, West Lafayette, Indiana 47907, USA 


ABSTRACT 
A gas-phase experimental investigation of the competition between carbon and oxygen alkylation of a 
series of cyclic and acyclic enolate ions is described. Perfluoropropylene is shown to react in a 
characteristic way with oxyanions and carbanions to produce distinctive ionic products. The relative 
yields of these products formed in reactions with ambident enolate ions provides a measure of their 
intrinsic carbon vs. oxygen regioselectivity. The results for a series of enolates derived from aldehydes, 
ketones, esters, amides and related compounds show a wide range of reactivity which is a function of the 
nature of the central substituent. Most aldehyde and ketone enolates react mainly through oxygen, while 
enolates with a-acceptor of n-donor type central substituents react mainly through carbon. Ring-size in 
cyclic ketone enolates also influences C vs. 0 regioselectivity, i.e. small-ring enolates react mainly 
through carbon, while larger ring enolates (C7-G) react preferentially through oxygen. The enolate 
reactivity patterns can be generally accounted for by the ketc-enol energy differenc-5 for the parent 
carbonyl compounds, although some exceptions are evident. The origins of the highly variable, 
kinetically determined regioselectivities are discussed. 


INTRODUCTION 


Enolate ions are among the most important intermediates in synthetic organic chemistry. 
Considerable effort has been devoted to controlling the carbon vs. oxygen regioselectivity and 
the stereoselectivity in reactions of these ambident ions with alkylating agents. The main 
emphasis in the majority of studies has been on steric-approach control, the influence of the 
electrophile, and on the effects of solvent, counter-ions and sequestering agents. There have 
been fewer systematic studies of the intrinsic properties of the enolate ions themselves which 
may affect C vs. 0 alkylation preferences2 Recently, Ellison and co-workers reported the 
remarkable result that cyclohexanone enolate ion reacts with CH3Br in the gas phase to 
produce exclusively the neutral vinyl ether product from kinetic O-alkylation, equatign (1) . 3  


+ CH3Br - 100% $' + Br- (1) 
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Subsequent computational studies of the hypothetical reaction between CHBF and 
acetaldehyde enolate by Houk and Paddon-Row led to the conclusion that 0-alkylation was 
kinetically favored since the calculated transition state was 3-9 kcalhol lower than that for the 
thermodynamically favored C-alkylation p a t h ~ a y . ~  In contrast, Bartmess reported significant 
contributions from C-alkylation in gas-phase Claisen condensations involving enolate ions and 
neutral esters.' 


In the course of our own studies of gas-phase carbanion chemistry using the flowing 
afterglow technique, we recently discovered a convenient chemical method for interrogating 
the carbon vs. oxygen reactivity preferences of certain enolate ions. Inspired by Ellison's 
elegant experiment and curious about the generality of the result, we have applied our 
regiochemical probe to a variety of cyclic and acyclic enolate ions. The results of these studies 
show that the nature of the central substituent in acyclic enolate ions and the ring size in cyclic 
systems can exert a significant influence on their kinetically determined C/O reactivity ratios in 
the gas phase. 


EXPERIMENTAL SECTION 


Most of the experiments were carried out with use of a flowing afterglow apparatus which has 
been fully described previously.6 Unless stated otherwise, the standard conditions in the 
helium flow reactor were /'(He) = 0.40 torr, v(He) = 9600 cm/s and T = 298 k 2 K. Most of 
the negative ion reactants were generated from the corresponding conjugate acid by proton 
abstraction with either OH- ( P A  = 390.7k~al/mol)~ or NH2- ( P A  = 403-6k~al/mol).~ 
Hydroxide ion was produced from addition of a mixture of N 2 0  and CH4 to the electron 
impact source, and amide ion was generated by electron impact ionization of ammonia. 
Ethoxide (C2H50-), r-butoxide (t-C,H,O-), and acetate (CH3C02-) anions were produced 
by reaction of OH- with diethyl ether, di-t-butylperoxide, and acetic anhydride, respectively. 
The hydroperoxy anion (HOO-) was produced by reduction of molecular oxygen by 
deprotonated 1,3-~yclohexadiene (C6H7-).8 Each of the enolates could be prepared by proton 
transfer from the parent carbonyl compound to OH- or NH2-. When homoconjugate cluster 
ion formation was problematic (as in the case of the aldehydes) lower flows of the neutral 
reagents were used and phenetole (PhOCH,CH,) was added to attenuate the residual OH- by 
an elimination reaction to form the unreactive phenoxide ion (C6H50-). In order to avoid 
uncertainty regarding the site of proton abstraction with 3-butenone, CH2=CHCOCH3, an 
'authentic' enolate ion corresponding to abstraction at C-1 (CH2=CHCOCH2-) was 
prepared by NH2--initiated desilylation of the corresponding trimethylsilylenol ether, 
CH2=CHC(OSiMe3)CH3.9 The reactivity of the ion produced in this way and by proton 
abstraction did not differ, indicating that abstraction of a proton from 3-butenone occurs 
predominantly at the C-1 position. 


Primary product distributions for reactions between negative ions and CF2=CFCF3 were 
determined by monitoring the observed product ion abundances at low and high conversions 
of the reactant anion. Plots of the normalized product ratios versus C3F6 flow rate or 
percentage reactant ion conversion for several enolate ions show that secondary reactions 
between C3F6 and the primary product ions are usually absent." Thus, the product ion 
abundances obtained from a single mass spectrum at low conversions of the reactant ion 
represent a satisfactory measure of the branching ratio for the reaction. The reported product 
ion percentages are estimated to be accurate to within +lo%; with typical precision better 
than +5%. The mass spectrometer was operated with the lowest practical resolution and a 
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consistent set of lens potentials in order to minimize mass discrimination. In order to 
standardize the detection system prior to each day’s experiments, the reaction of OH- with 
C3F6 was initiated with the neutral reagent located at a distance of 23cm from the mass 
spectrometer sampling orifice. Sufficient C3F6 is added to react away most of the initial OH-, 
and the detector tuning is adjusted so that the lowest mass primary product ion F- (miz 19) 
and the highest mass secondary product ion CC,Fl3- (miz 319) are in a ratio of l : l O . *  


Kinetics measurements were made by the variable reaction distance method with use of a 
moveable reagent inlet.” Bimolecular rate coefficients measured with our instrument have an 
estimated accuracy of f20% and a typical precision of +5%.‘ 


During the latter stages of this study, an Extrel triple quadrupole analyzer was incorporated 
into the instrument, and some of the results described in this paper were obtained with the new 
apparatus. Briefly, the triple quadrupole analyzer consists of three coaxially aligned 
quadrupoles, with the first (Ql) and third (Q3) units operable in mass resolving mode, and the 
middle quadrupole (Q2) serving as a focusing collision cell by operation in ‘rf-only’ mode.13 
Q2 is a gas-tight quadrupole, and may contain up to a few millitorr of an inert target gas such 
as argon, or  reactive neutral  reagent^.'^ The axial kinetic energy of an ion selected from the 
flow reactor by Q1 may be varied over a range of <1 eV to 150 eV. For the present study the 
triple quadrupole analyzer was operated in the daughter-ion mode (Ql mass fixed; Q3 mass 
scanning) for obtaining collision-induced dissociation (CID) spectra of selected ions with 
argon collision gas, or for examining bimolecular reactions of certain negative ions with C3F, 
in Q2 at low kinetic energies (<1 eV lab). 


Gas purities were as follows: He (99.995%), Ar (99.995%), N20 (99-O%), CH4 (9%5%), 
NH3 (99.99%), CF2=CFCF3 (99.5%), CH2=CHCH3 (99-0%), and CH2=C(Me)CH3 
(99.9%). The liquid reagents and volatile solids were obtained commercially and used without 
further purification, except for degassing just prior to use. In  almost all cases, the mass spectra 
resulting from reaction of these compounds with OH- and/or NH2- showed no significant 
ionizable impurities that might interfere with the C3F6 analyses. 


RESULTS AND DISCUSSION 


A wide variety of enolate ions of ketones, aldehydes, esters, amides, etc. can be generated in 
the gas phase by proton abstraction from the parent compound or by fluorodesilylation of an 
appropriate trimethylsilyl derivative.’ Since alkylation of these ions with the usual 
electrophiles such as methyl halides results in a neutral organic product, neutral collection 
techniques are necessary to evaluate the C/O alkylation ratio in the products because only 
charged species are directly detected in most gas-phase ionlmolecule reaction experiments. 
This is precisely how Ellison and co-workers determined that the enol ether was the exclusive 
neutral product of reaction (1) . 3  While neutral product analysis provides the information 
which is most directly relevant to the corresponding alkylation reaction taking place in 
solution, it requires painstaking care in identifying the ionholecule reaction products, a 
means for distinguishing these products from possible neutralheutral reactions, and a highly 
sensitive detector for the minuscule amount of product which can be collected from the 
reactor .3 


In would be desirable to have a chemical method for evaluating C/O regiochemical 
preferences of enolate ions which involves the more straightforward analysis of ionic products. 


*The flow rate of  C3F6 required to achieve this product ratio is 1.2 X lo-’ STP cm3/sec, corresponding to a 
concentration of 8.0 X 10” moleculesicm’. This is in good agreement with the results of Su et uf.” 
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An ideal reagent for this approach would be one which reacts rapidly and completely with a 
wide variety of enolate ions to yield distinct ionic products depending upon whether reaction 
occurred at carbon or at oxygen. 


Recently, Nibbering and co-workers described the rich gas-phase reactivity exhibited by 
polyfluorinated aromatic and olefinic compounds such as pentafluoroanisole, per- 
fluorobenzene and tetrafluoroethylene in the presence of various negative ions in an ion 
cyclotron resonance (ICR) spectrometer. I s  Certain of the reactions that were reported in these 
studies and in earlier ICR investigations by RiverosI6 and Beauchamp17 suggested to us that an 
unsaturated, polyfluorinated reagent might satisfy the requirements specified above for a 
chemical probe of carbon vs. oxygen reactivity in ambident ions. 


We have found the perfluoropropylene CF2=CFCF3 does indeed provide the desired 
reactivity patterns, and in the following sections we outline the principles of its use in 
determining C/O reactivity ratios for gas-phase enolate ions. The protocol is to first establish 
the distinct products, scope, and mechanisms of perfluoropropylene reactions with pure 
oxyanions and pure carbanions, and then use this information in interpreting the outcome for 
reactions involving ambident enolate ions that possess both oxygen and carbon charge-bearing 
sites. 


REACTIONS WITH OXYANIONS: 0-/F EXCHANGE 


The general reaction of C3F6 with oxyanion nucleophiles is illustrated by the results for OH-, 
alkoxide ions (RO-) and carboxylates (RC02-) shown in the upper part of Table 1. These 
ions span a range of more than 50kcal/mol in their proton aff ini t ie~,~ and involve both 
localized and delocalized negative charges which reside exclusively on oxygen. Hydroxide ion 
reacts rapidly with C3F6 (k = 1.3 X loe9 cm3/s) to yield two ionic products, equation (2). 


HO- + CFZ=CFCF, 3 C3FsO- + HF (2) 


-% C3FSOH + F- 


Table 1. Reactions of oxyanions and carbanions with CF2=CFCF3, 0-4 torr, 298 * 2 K  


Anion 
CJFSO-( %) [M + C3Fh - nHF]-(%) 


0-1 F exchange F n = O  n = l  n = 2  n = 3  


95 5 
99 1 


100 
100 
100 
76 11 


96 4 
95 5 
99 1 


2 98 
1 32 67 


"An additional product at mlz166 (C,F,O-) is observed (13%) 
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With higher C3F6 flow rates, secondary products at m/z 169 (C3F7-) and m/r 319 (CAF13-) 
appear, corresponding to reaction of F- with one and two additional C3FA molecules, 
respectively. 


Nibbering and co-workers have emphasized the importance of F- ionlmolecule complexes 
as intermediates in nucleophilic substitution reactions involving polyfluorinated aromatic 
compounds,'s and it is likely that such intermediates also play a role in perfluoropropylene 
reactions. Accordingly, the addition-elimination mechanism shown in Scheme 1 is proposed 
for reaction (2). Initial attack by the nucleophile at the terminal position of the 
electron-deficient double bond is followed by elimination of F- to produce the perfluoroenol 
complex 1. The F--ion/molecule complex may dissociate directly, or first undergo proton 
transfer to yield HF and the perfluoroenolate ion. The alternative rnethanism involving OH- 
addition to the 2-position of CF2=CFCF3 followed by HF loss to form F3C(0)CF2- (instead 
of CF,CFCFO-) is ruled out by the fact that the C3F50- product ion of reaction (2) undergoes 
CID in  the triple quadrupole to yield CF3- (mlz 69, 66%), GF3- (mlz 81, 21 %) and F- (m/z 
19, 13%), while an authentic CF3C(0)CF2- ion (generated from reaction of NH2- with 
CF3CH(OH)CF3) fragments under identical conditions to yield only CF3-. In  addition, 
perfluoropropylene is known to undergo nucleophilic addition preferentially at the terminal 
position in solution.'x It is perhaps instructive to view the reaction shown in Scheme 1 (and any 
like it) as a formal exchange of the isoelectronic 0- ion and F-atom. 


Alkoxide ions also yield C3Fs0- as the major or, in some cases, exclusive ionic product 
from reaction with C3F6. For example, CH30- reacts rapidly (k = 1.1 x lo-" cm3/s) to yield 
nearly 100% C3F50- and a trace of F- equation (3). Methyl fluoride 


CH30- + CFZ=CFCF3 -+ CH3F + C3FSO- (3) 
is the only sensible neutral product for reaction (3). It can be readily accounted for by a 
mechanism similar to the one shown in Scheme 1 ,  but with a nucleophilic displacement of 
C3F50- from the enol ether by F- instead of a proton transfer as the final step. With larger 


HO- + CF,=CFCF, 


F -  


F- + HOCF=CFCF3 HF + -O-CF=CFCFj 


m/z 147 


Scheme 1 
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alkoxide ions such as EtO- and t-BuO-, C3F50- is the only ionic product observed. In these 
reactions, the neutral products could be either the corresponding alkyl fluoride, formed by the 
0 - / F  exchange mechanism described above, or an olefin plus HF that may arise from a 
p-elimination reaction within an F-/en01 ether complex. Scheme 2 illustrates these alternatives 
for the CH3CH20p reaction. Path a is the more exothermic decomposition route for the 
intermediate F-/enol ether complex 2 by 10 kcal/mol,* however the overall free energies of the 
two channels are comparable. 


A direct analogy may be drawn between the behavior of alkoxide ions with C3Fh and their 
reported behavior with other polyfluorinated compounds that have been examined previously. 
Riveros observed an analogous fluoroenolate product ion, CH,=CFO-, from reactions of 
RO- (R = CH3, CD3, CZHS, C2D5, i-C3H7) with CH,CI-; in an ICR." Based on  the apparent 
insensitivity of the rates of these reactions to the size of the alkyl group, Riveros suggested that 
a preference exists for displacement rather than (3-elimination as the main decomposition 
mechanism for the intermediate Fp/RO-CF=CF2 complexes. However, in their studies of 
the gas-phase reactions between aliphatic alkoxide ions and CF2=CF2, Sullivan and 
Beauchamp favored the occurrence of both SN2 displacement and (J-elimination mechanisms 
since the overall rates were observed to increase with increasing numbers of 0-hydrogens in 
the alkoxide ion (with the exception of f-BuO-). '' Similarly, Nibbering and co-workers 
concluded that elimination was the favored mechanism for formation of the fluorinated 
phenoxide ion, CH30C6F40-,  in reactions between alkoxide ions and pentafluoroanisole, 
CH30C6F5, since it  was found that blocking the (3-position of the alkoxide, as in 
(CH&CCH20-, results in the disappearance of CH30C6F40- from the product ion 
mixture. 15b 


CH3CH20-CF2-SF-CF3 I 
CH~CHZO-CF=CF-CF~ 


J 
-O-CF=CFCF3 + CH3CH2F -O-CF=CFCI:3 + CH,=CH, + HF 


Scheme 2 


'AH, (C,F,) = -266 kcal/molly; AH, (C3F50-) = -341 kcalimol, based on AHf (CF,CHFC(O)F) = -304 kcaUmol'" 
and an estimated acidity for this compound of 328 kcal/mol. All other heats of formation taken from reference 21. 
AH,,, (path a) = -93 kcalhol;  AH,,, (path b) = -84 kcal/mol. 
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Carboxylate ions such as CH3CO2- also react with C3F6 to produce exclusively C,F,O-, 
equation (4). As with the alkoxide ions, 


CH3C02- + CFz=CFCF3 C3FSO- + CH3COF or HF + CH=C=O (4) 


two likely options exist for the neutral product(s) accompanying C3FSO- formation: acetyl 
fluoride or ketene plus HF. Here, an elimination (E2) reaction may compete with a 
nucleophilic acyl substitution (BAc2) in the formation of C3FsO-, equation (4). Both reaction 
routes are strongly exothermic.* We favor the elimination mechanism for this reaction since i t  
has been shown that BAc2 mechanisms are relatively slow compared to ketene-elimination in 
bimoleculur gas-phase reactions of negative ions with carbonyl compounds possessing 
alpha-hydrogens.22 


From the consistent reactivity pattern described above, we assign the C3F50- ion as the 
characteristic product of reactions between oxyanion nucleophiles and C3F,. Its appearance in 
reactions with ambident enolate ions will be construed as an indication of initial reaction at the 
oxygen end. 


REACTIONS WITH CARBANIONS: CONDENSATION 


We have chosen allyl anion (CH2CHCH2-), isobutenyl anion (CH,C(Me)CH2-), benzyl 
anion (PhCH2-), phenide (C6H5-) and cyanomethyl anion (NCCH2-) as representative cases 
for evaluating the reactivity of C3F6 with pure carbanions. The general reaction observed in 
each case is condensation involving the addition of C3Fh to the carbanion followed by loss of 
one or more HF molecules, As shown in the lower part of Table 1, addition with loss of two 
HF molecules dominates for most carbanions, while for phenide ion (C6Hs-), F- is the major 
product. Each of these reactions occur rapidly. The measured rate coefficients for the 
reactions of C3F6 with ally1 ion and benzyl ion are 8-9 X lo-"' cm3/s and 6.3 X lo-'' cm3/s, 
respectively. 


Our view of the mechanism for the C3F6 reaction with allyl anion is shown in Scheme 3. 
Initial attack by the carbanion at the C-1 position of C3F6 is presumed by analogy with the 
oxyanion results described earlier, and the established reactivity of C3F6 nucleophiles in 
solution.23 Sequential HF-loss may occur by linear (path a) or cyclic (path b) mechanisms. 
Nibbering and co-workers also observed that certain allylic carbanions will undergo 
addition/HF-elimination reactions with fluorocarbons such as C6F6, C6Fs0CH3 and 
CF2=CF2.15 The use of unsymmetrically labelled carbanions demonstrated that linear and 
stepwise cycloaddition mechanisms compete in the reactions between CF2=CF2 and 
deprotonated methacrolein. 


Benzyl anion (C6H5CH2-) can also produce linear and/or cyclic [M + C3F6 - 2HF]- 
products, shown as structures 4a and 4b. 


- 
Ph -C=C-CF-CF3 


4i3 \ 
CF3 


- 4b 


' A H ,  (CH,CO,-) = -120-8 k~a l i rno l ;~~  A H ,  (CH,CFO) = -106k~al/mol;~' A H ,  (CH,CO) = -11~4kcalfrnol;2' 
AH,,, (BAc2) = -60 kcal/mol, AH,,, (E2) = -30 kcalimol. 
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[M + C3Fg - 2HFl- 


Scheme 3 


Thermochemical estimates indicate that cyclopentadienyl anion structures such as 3b and 4b 
are more stable than the linear isomers and thus represent the thermodynamically favored 
products. * 


In order to distinguish between structures 4a and 4b as the product of the benzyl anion 
reaction, C3F, was allowed to react with C6H5CD2- (made by in situ H/D exchange between 
C6H5CH2- and D20)24 in the collision chamber of the triple quadrupole at low ion kinetic 
energies (< 1 eV). The product ion resulting from C3F6 addition and loss of two DF molecules 
(m/z 201), which must correspond to structure 4a, was six times more abundant than the 
adduct minus (HF + DF) (mlz 202) which corresponds to structure 4b. Thus, the linear 
mechanism is favored for the benzyl anion. Linear condensation is also considered likely for 
the reaction between C3F6 and the cyanomethyl anion, since cyclization would require the 
intermediacy of a high-energy , small-ring cumulene. 


Based on the observations outlined above, we assign the addition/HF-elimination reaction 
(henceforth referred to as ‘[M + C3F6 - nHF]-’) to be a characteristic indicator for reaction of 


*Heats of formation for neutral fluorocarbons estimated from Benson equivalents.m AHf (3a) = - 144 kcal/mol, based 
on AHf {parent acid) = -138 kcaYmol and an estimated acidity of 360 kcalimol. AHf (3b) = -187 kcalimol, based on 
AH, (parent acid) = - 161 kcal/mol and an estimated acidity of 340 kcai/mol. AH, (4a) = - 171 kcal/mol, based on AH, 
(parent acid) = -160 kcaYmol and an estimated acidity of 355 kcal/mol. A H f  (4b) = -185 kcal/mol, based on AHf 
(parent acid) = -155 kcal/mol and an estimated acidity of 335 kcal/mol. 
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C3F6 with carbanion nucleophiles. Thus, the appearance of [M + C3F, - nHF]- ions from 
reaction between C3F6 and an enolate ion shall be interpreted to mean that the initial reaction 
occurred at the carbon end. 


REACTIONS OF ENOLATE IONS: PRODUCT STRUCTURES AND MECHANISMS 


Having established the distinct product of the reactions of C3F6 with pure oxyanions and 
carbanions, we now present the results of its reactions with acyclic and cyclic enolate ions 
derived from aldehydes, ketones, esters, amides and related compounds. Table 2 and Table 3 
summarize the ionic product yields obtained from reactions of C3F6 with twenty-five different 
enolate ions. These reactions are all generally fast, with measured rate coefficients in the range 
6 x 10-'"cm3/s to 8 X lO-"'cm'/s. The observed product ions for each enolate are listed 
according to the two general pathways illustrated by equation (9, and the derived C/O 
reactivity distributions are given in the final two columns. 


Table 2. Reactions of acyclic enolate ions with CF2=CFCF,, 0.4 torr, 298 k 2 K 


Enolate 
C3F50-(%)" [M + C3F6 - ~zHF]-(%)~ 


0 - I F  exchange n = O  n = l  n = 2  %C %Oc 


HCOCHZ- 
H C 0 C H M e - 
HCOCMe2- 
MeCOCH2- 
EtCOCHMe- 
i-PrCOCMe2- 
t-BuCOCHZ- 
CH2=CHCOCH2- 
c-C~HSCOCH~- 
Me2NCOCHz- 
MeOCOCH2- 
MeOCOCHMe- 
PhCOCHZ- 
CF3COCH2- 
FCOCH2- 
MeCOcHCOMe 


93 
80 
11 
84 
67 
69 
20 
31 
23 
4 
8 
9 
2 


2 
6 


1 4 2 
16 2 2 
86 3 
3 6 7 
16 8 9 
22 8 1 
18 60 2 
4 54 11 
9 62 6 


12 83 
79 13 
43 48 


9 88 1 
3 97 


94 4 
3 84 7 


6(8)  
5(1) 
21(0) 


W4) 


13(20) 
20( 19) 


76(79) 
68( 70) 
75 (76) 


92(99) 
91( 100) 
98(97) 


100 
98(100) 
94 


95(99) 


aPath b, equation (5), indicating initial attack at oxygen. 
bPath a, equation (5), indicating attack at carbon. 
'Relative percentages for attack at carbon and oxygen, neglecting adduct (see text for discussion). Values in 
parentheses are the C/O percentages determined for the reaction of the selected enolate with C,F6 in the collision 
chamber of the triple quadruple at low kinetic energy. 
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Table 3. Reactions of cyclic enolate ions with CF2=CFCF3, 0-4 torr, 298 k 2 K  


Enolate 
C3F50-( %)” [M + C3F6 - ~zHF]-(%)~ 


0-IFexchange n = 0 n = 1 n = 2 n = 3 %C %O“ 


14 76 10 86(93) 14(7) 


4 1 62 30 3 96(100) 4 


4 18 66 6 6 95(100) 5 


13 51 25 6 1,4d 73(64) 27(36) 


58 33 6 3 13(3) 87(97) 


75 9 7 7 2 18 82 


0 
69 9 13 8 1 24 76 


6 
1 11 74 10‘ 1 99(100) 1 


8 40 12 40 92(99) 8(1) 


“Path b, equation (S), indicating initial attack at oxygen. 
bPath a, equation (5 ) ,  indicating initial attack at carbon. 
‘Relative percentages for attack at carbon and oxygen, neglecting adduct (see text). Values in parentheses are the 
C/O percentages determined for the reaction of the selected enolate with C,F, in the collision chamber of the triple 
quadrupole at low kinetic energy. 
dn = 4. 
‘An additional product corresponding to an adduct minus (2HF + CO) or (HF + C,H,) is observed (4%). 


Before proceeding with a discussion of the trends in these data, we must first consider the 
structures of the product ions and the mechanisms by which they form from ambident enolate 
ions. Note, however, that the ultimate interpretation of the product distributions in Tables 2 
and 3 does not rely upon a complete knowledge of the product ion structures. Rather, it 
depends solely upon the premise that the two families of products (O-/F exchange and [M + 
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C3F6 - nHF]-) arise from distinct channels that are initiated by attack at either the carbon or 
oxygen ends of the enolate. Clearly, were synchronous (2x + 4x1 cycloaddition mechanisms 
responsible for some or all of the products, then the observed yields would have little bearing 
on the question of relative carbon vs. oxygen reactivities. However, since the C3FsO- product 
ion necessarily arises from a discrete oxygen attack pathway, and linear condensation 
mechanisms have been found for reactions with the structurally related allylic carbanions," 
then synchronous cycloaddition mechanisms are unlikely for enolate/C3F6 reactions. In fact, 
[2x + 4x1 cycloaddition reactions involving enolate ions are less likely than for allylic 
carbanions since they would initially produce a destabilized a-alkoxy carbanion cycloadduct.2s 
Moreover, HF loss from this intermediate would have to proceed by a disfavored four-center, 
four-etectron elimination mechanism.26 


Another conceivable complication is that if addition to C3F6 through oxygen is ever 
accompanied by HF-loss, then the overall product distributions would not be indicative of the 
distinct carbon and oxygen alkylation pathways. However, HF-loss does not occur with any of 
the pure oxyanions listed in Table 1, despite the availability of relatively acidic hydrogens in 
certain of the F- ion-molecule complexes that must precede C3Fs0- formation. For example, 
the putative intermediate in the reaction involving acetate ion contains a-hydrogens that are 
sufficiently acidic for deprotonation by F-. Nevertheless, no [M + C3F6 - nHF]-  products are 
formed. The reaction between H02- and C3F6 provids a more striking example. Despite the 
presence of an acidic hydroxyl hydrogen in the intermediate F- ion-molecule complex 
(F- . . . HOO-CF2=CFCF3), only elimination to produce C3F50- and (presumably) HOF, is 
observed. 


As with the allylic carbanions described earlier, both linear and cyclic structures are possible 
for the enolate ion C3F6-condensation products. Most of the acetyl derivatives, XCOCHz-, 
produced both single and double HF-loss products. These are likely to have the general 
structures 5 and 6 shown below. For enolate ions with alpha-carbon substitutents such as 


0 
II - 


X-C-CH-CF=CF-CF3 


&, X=H a. X=Me 


HCOCHMe- or EtCOCHMe-, or those in which X is a hydrogen or an alkyl group such as in 
HCOCH2- or CH3COCH2-, alternative product structures involving loss of other hydrogens 
are conceivable (e.g. 6c and 6d). A pertinent observation by Nibbering and co-workers is that 
pentafluoroanisole reacts with both DCOCH2- and CD3COCH2- in the gas phase by addition 
followed by loss of both HF and DF from the benzoannelated furan product ions." Thus, 
hydrogens other than those on the original alpha-carbon in the enolate may become inolved in 
HF elimination with pentafluoroanisole. Similar possibilities exist with perfluoropropylene. 


Scheme 4 outlines our view of the mechanism by which acetyl enolate ions condense with 
C3F6 through both linear and (stepwise) cycloaddition pathways, and Scheme 5 shows an 
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9- 
CH+-X + CFz=CFCF, 


I 
1 


\ 
[M + CJF6 - 0 


X-t-CM-CFCF3 


[M + C3F6- WF] - 


Scheme 4 


CH2=C-X 9- + CF~=CFCFJ 


-O-CF=CFCF, + X--C-H + HF -O-CF=CFCF3 + F-C-X 


a 2  


Scheme 5 
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addition-elimination mechanism for C3FsO- formation. Here, we again presume that the 
initial addition to CRFh occurs at the C3F6 occurs at the C-1 position (vide supra).27 The key 
feature of these mechanisms, and the basis for the utility of C3Fh as a C/O reactivity probe, is 
the initial partitioning of the reaction between the distinct intermediates formed by addition of 
either the carbon or oxygen termini of the ambident reactant ion. Once this occurs, the overall 
product distribution is determined. Formation of an F- ion/molecule complex rapidly follows 
addition in both cases. Sequential loss of HF molecules proceeds from the carbon adduct, 
while C3F50- dissociation from the oxygen adduct takes place by an F- induced elimination 
to form a neutral acetylene product. Direct ips0 displacement of C3Fs0- to form a vinyl 
fluoride does not appear to be important (vide infra). In cases where the X group is a 
hydrogen-bearing alkyl group, the final C3Fs0- elimination step may also occur by way of an 
allene, equation (6). 


(6)  I + C3FsO- 


CH3 F- 
c3F6 


0 


CH2=&--cH3 - k 2 = ~ - o - c F - c F c r ,  - CHZ=C=CH2 + HF 


For some enolates, the number of observed HF losses exceeds the number of 
alpha-hydrogens, as in the case of methyl propionate enolate (MeOCOCHMe-). To explicate 
the order and type of HF loss, the monodeuterated methyl propionate enolate was produced 
in the flow tube by in situ HID exchange between the enolate and MeOD.24 The deuterated 
enolate (mlz 88) was then allowed to react with C3F6 in Q2 at low collision energy. Product 
ions are observed at m/z 217 (l%), m/z 197 (80%), m/z 163 (18%) and m/z 119 (1%). We 
interpret the absence of a product ion corresponding to [M + C3F6 - HFJ- (mlz 218) as an 
indication that DF-loss occurs initially, and that the remaining products arise from the 
resulting intermediate (mlz 217). Scheme 6 summarizes a plausible mechanism and 
product-ion structure assignment. The major product ion (mlz 197) is shown to extrude CH3F. 
Formation of an F-- ionlmolecule complex from this intermediate cannot lead to a second 
HF-loss since the remaining (vinyl) hydrogens in the neutral molecule are weakly acidic. 
Instead, nucleophilic attack at the ester methyl group occurs to yield a carboxylate (mlz 163). 
Sufficient internal energy apparently remains in the organic ion at this point to drive the final 
decarboxylation reaction that yields the carbanion productz8 (mlz 119). 


CARBON VS. OXYGEN REACTIVITY DISTRIBUTIONS 


The absolute yields for the 0-/F exchange and [M + C3Fh - nHF]- condensation products 
are listed for each enolate in Table 2 and Table 3. Many of the ketone and aldehyde enolates 
produce adducts with C3F6 under the relatively high pressure conditions of our experiments. 
For example, isobutyraldehyde enolate produces an 80% yield of the adduct at miz 233. 
Formation of C3Fs0- probably proceeds by ips0 substitution in the nascent adduct since no 
protons are available for elimination, equation (7). Substitution is generally slower than 
e~imination?~ so 
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1 -OF 


e -  
CH,OC-C-CF=CFCF, m/z 217 


I'H, 


1 H F  


P 
CH$K-$?=GCFCFJ mh 197 


- CH2 


- CH3F 1 
m/z 163 


tl 
0-C-C-CRC-CF~ 


12 


CH~=C--(S~C-CF~ mlz 119 


Scheme 6 


that much of the oxygen-addition intermediate is 'trapped' by collisional cooling rather than 
fragmenting to C3Fs0-. The fact that this reaction produces mainly adduct, yet occurs rapidly 
(k = 5-8 x 10-'"cm3/s) suggests that the intermediate adduct must have a relatively long 
lifetime, ie that addition is essentially irreversible. 


We have neglected the contribution of the adduct ion in calculating the overall C/O 
reactivity distributions that are shown in the last two columns in the tables. This is justified by 
the following observations: i) As shown in Table 4, collision-induced dissociation of the 
adducts in the triple quadrupole yields C3F50- and HF-loss daughter ions (in addition to free 
enolate)' in relative yields that closely match the final C/O product ratios shown in Table 2 
and Table 3. For instance, CID of the C3F6 adduct with isobutyraldehyde enolate yields only 
free enolate and C3F50- as the lowest energy daughter ions under single-collision conditions. 
In contrast, the acetophenone enolate/C3F6 adduct fragments to produce only the enolate and 


*Table 4 shows that enolates which readily produce C3F,0- yield less free enolate from CID of the C3F6 adduct than 
those enolates which produce mainly C-alkylation or enolates for which C3F,0- formation is disfavored. Acetone 
enolate/C,F, adduct produces mainly C3F50- with a small amount of free enolate and adduct -2HF. However, 
isobutyraldehyde enolate/C3F, adduct produces mainly free enolate, presumably because the substitution process to 
form C3FsO- is kinetically disfavored with respect to direct cleavage. For the C-alkylated adducts, fragmentation by 
HF-loss also appears to be relatively inefficient compared to direct cleavage. 
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Table 4. Fragment ion yields resulting from collision-induced dissociation of enolate ion/C3F6 adductsa 


[M + C3F6 - nHF]- (%) 
Enolate Enolate(%) C3F50-% n = 1 n = 2 n = 3 n = 4 %C %O 


MeCOCH2- 
HCOCHMe- 
HCOCMe2- 
i-PrCOCMe2- 
t-BuCOCH2- 
CHZ=CHCOCH,- 
c-C~H&OCH~- 
PhCOCH2- 


-no 


5 
10 
68 
28 
39 
46 
16 
39 


48 


43 


53 


7 


53 


25 


92 
88 
32 
65 7 
10 40 
15 12 
30 38 


58 


23 


42 


3 
2 


11 
27 
16 
3 


30 


6 9 


3 97 
2 98 


100 
12 88 
84 16 
72 28 
64 36 


100 


100 


100 


7 


92 


12 


35 


47 


15 6 7 85 15 


1 1 99 


11 1 loo 


28 100 


"All experiments performed under single collision conditions with Ar collision gas and a 1-2 eV center-of-mass 
collision energy. 


HF-loss products. Thus, the observed adducts most likely exist as mixtures of structures that 
reflect the final 0- /F exchange and [M + C3F6 - nHF]- product ratios produced in the 
bimolecular reactions. ii) Reactions of selected enolate ions with C3Fb in the collision chamber 
of the triple quadrupole at low ion kinetic energies (< 1 eV) yield C3F50- and [M + 
C3F6-nHF]- n 3 1 product ions which also closely match the relative C/O reactivity ratios 
from the flow tube experiments. These data are shown in parentheses in the last two columns 
of Tables 2 and 3. This is significant because C3F6-adducts are not produced at all under the 
relatively low pressure conditions (P = torr) and with the shorter reaction times (ca. 


s) in Q2. For example, 3-pentanone enolate produces 19% condensation products and 
81% C3F50- from reaction with C3F6 in Q2, and isobutyraldehyde enolate yields 100% 
C3F50-. These observations validate the practice of neglecting the adduct ions in computing 
the overall C/O reactivity distributions since the same results are obtained when the C3F6 
reactions are carried out under conditions where stabilized adducts are completely absent. 
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The relative C/O reactivity distributions for enolate ions listed in Table 2 and Table 3 span 
the full range of values from 95% reaction at oxygen to 100% reaction at carbon. In general, it 
can be seen that most of the acyclic ketone and aldehyde enolates react mainly (or exclusively) 
at oxygen, while all of the acetyl enolates (XCOCH2-) bearing electron-withdrawing or 
n-donating central substituents yield predominantly carbon condensation products. Furth- 
ermore, a general decrease in the amount of oxygen reactivity is observed in the small-ring 
enolates relative to the larger-ring enolates. 


These results parallel the trends observed in condensed-phase studies of regioselectivity in 
enolate ion alkylations. For example, it is well-known that ketone and aldehyde enolates are 
subject to oxygen-alkylation or silylation under conditions which yield only carbon-alkylation 
or silylation of ester enolates.”) Also, a greater preference for carbon alkylation of 
cyclopentanone enolate relative to cyclohexanone enolate has been observed in dipolar, 
aprotic 


The present results also bear a close similarity to the results described previously for enolate 
ion reactions with 6,6-dimethylfulvene (DMFU).32 That is, a wide range of reactivity is 
exhibited by the enolates that appears to be a sensitive function of the nature of the central 
substitutent as well as the enolate geometry (as opposed to size). Just as in the DMFU 
reactions, the behavior of the amide enolates, ester enolates and small-ring enolates is quite 
different from that of aldehyde enolates, ketone enolates and larger-ring enolates. 


It is important to note that both the carbon and oxygen condensation channels in equation 
(7) are strongly exothermic. For example, using Benson group-equivalents*’ and reasonable 
estimates of gas phase acidities, we calculate that addition followed by HF-loss to form 
structures like 5 or 6 is more than 40 kcal/mol exothermic for most of the ions listed in Table 2 
(see footnote on page 396). Furthermore, formation of C3F50- from enolate/C3F6 reactions as 
shown in Scheme 5 is generally exothermic by 30-45 kcaVmol, depending upon which neutral 
products are formed. Therefore, we are dealing here with highly variable, kinetically 
controlled product distributions that arise from a competition between two strongly 
exothermic reaction channels. The rapid rates found for these reactions are consistent with this 
view. 


Most of the variation in the C/O reactivity ratios can be understood in terms of expected 
trends in the keto-enol energy differences for the parent carbonyl compounds, AH,,, 
equation (8). 


Experimentally determined values of AH,, are available for acetaldehyde (9.8 kcallmol) and 
acetone (13.9 k ~ a l / m o l ) , ~ ~  and from the recently evaluated thermochemical group equivalent 
for an enolic oxygen,33 values for other carbonyl compounds can be estimated. In order to 
facilitate discussion of the C3F6 results, we have summarized, measured and estimated 
keto-enol energy differences in Table 5. An insightful discussion of substituent effects on 
AH,, has been published recently by Heinrich and c o - ~ o r k e r s . ~ ~  In general, almost all 
aldehydes and simple acyclic ketones have AHKE values from 10-15 kcallmol, while acetyl 
compounds bearing x-donating substituents on the carbonyl carbon have AH,, values nearly 
three times larger (30-35 kcal/mol). Alpha-branching reduces AH,, somewhat by specific 
stabilization of the enol tautomer. A smooth increase in AH,, with decreasing ring size is 
evident for the cyclic ketones which arises from strain-effects in the smaller-ring en01s.~’ 
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Table 5. Calculated and experimental ket-no1 
energy differences 


compound AHKE (kcallmol)" 


CH3CHO 
CH3COCH3 
cH3C0t -B~  
CH~CO(C-C~HS) 


CH3COOCH3 
CH3CH2COOCH3 
CH3COCF3 
CH3COF 


CH3CONMe2 


dicyclopropyl ketone 
cyclobutanone 
cyclopentanone 
cyclohexanone 
cycloheptanone 
cyclooctanone 
cyclononanone 
2-norbornanone 
ar-butyrolactone 


9*gh 
13-9b 
12.3 
13.6 
35.2 
29.4 
26.5 
5.0 


28.0 
23.1 
18.7 
12.0 
10-2 
14.6 
16.0 
16.7 
19.2 
28.0 


"Estimated from thermochemical group-equivalents, 
references 20, 33. 
bExperimental values, reference 33. 


Comparison of the data in Tables 2-5 shows that, with few exceptions (vide infra), enolates 
derived from compounds with low values of AH,, (10-15 kcal/mol) react mainly (80-95%) 
through oxygen, while those derived from compounds with high AH,, values (>20 kcaymol) 
exhibit a strong preference (85-100%) for carbon condensation. It should also be noted that 
weakly basic enolates such as CF3COCH2- (PA =350 kcal/rn01~~) show only carbon alkylation 
regardless of keto-enol energy difference of the parent acid. A general correlation of this type 
is not surprising and implies that, even though the overall C3F6 condensation reactions are 
substantially exothermic, the kinetically controlled product ratios are largely determined by 
the energetics of the initial step involving addition of C3F6 to either the oxygen or carbon end 
of the enolate, equation (9). These energies, in turn, must be 


&,, (kcaVmol) 


&H X=OCH3 


O-CF2-&CF3 -34 -2 1 


0 X 
- I I  


CHZ-CF~CFCF~ -43 -50 


c&cxx + CF2=CFCF3 


X 


(9) 


correlated with the relative thermodynamic basicities at the carbon and oxygen termini, viz., 
the C3F6 and proton binding.energies to an enolate are evidently proportional. While there are 
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insufficient thermochemical data available to confirm this hypothesis completely, it is a 
reasonable conclusion in view of the many well-established correlations between proton 
binding energies and other Lewis acid binding energies of negative ions and neutral 
compounds.M 


Estimates for the heats of formation of the tautomeric ions shown in equation (9) show that 
C3F6-addition through carbon is strongly exothermic for ketone (X = CH3), aldehyde (X = H) 
and ester (X = OCH3) enolates (cu. 45-50 kcal/mol). However, C3F6-addition through oxygen 
is considerably more exothermic for the ketone enolates (cu. 35 kcal/mol) than for the ester 
enolates (cu. 20 kcal/mol). Thus, the partitioning between the two reactive channels in the 
course of an enolate iOn/C3F6 collision cannot be the result of one or the other adduct being 
energetically inaccessible. Rather, it is likely that the partitioning arises from the presence of 
kinetic barriers impeding addition of C3Fb to either of the two ends of the enolate, and that the 
relative magnitudes of these barriers are directly proportional to the overall addition energies. 


The AHKE values serve as good general predictors of C vs. 0 regioselectivity in reaction of 
most acyclic enolates with C3F6. However, the results for t-BuCOCH,-, CH2=CHCOCH2-, 
c-C3H5COCH2- and PhCOCH2- are aberrant. That is, based on their AHKE values, one 
might predict that these ions would behave like other ketone enolates and show >SO% 
reaction at oxygen. However, carbon alkylation dominates by a factor of 2-3 for the first 
three, and is almost the exclusive reaction for PhCOCH2-. We also note that while the overall 
trend for the cyclic enolates is reasonable, the dominance of carbon alkylation in 
cyclopentanone and cyclohexanone enolate ions is ~nexpected.~ 


One possible explanation is that for these systems the initial C3F6 addition through oxygen is 
followed by HF-loss. This would result in an erroneously skewed C/O product distribution as 
determined by our criteria. We can test this experimentally by examining the structures of the 
[M + C3F6 - HF]- product ions observed with the anomalous enolates, since quite different 
structures would be expected depending upon whether HF-loss is preceded by oxygen or 
carbon addition. For the cyclohexanone enolate system, we consider the two structures shown 
below to be likely alternatives for the observed [M + C3F6 - HF]- ion (7). CID does not allow 
a distinction to be made, as only additional HF-loss is observed. Ion 7 does not exhibit any 


H/D exchange with D20 or MeOD,22 and it is unreactive with both N2037 and ~ Z - B U O N O . ~ ~  
While these are negative results, they are more consistent with C-alkylated form 7b since an 
allylic carbanion such as 7a would be expected to show reactivity with each of these reagents. 
Similar results are obtained with [M + C3Fb - HF]- ions derived from the other anomalous 
enolates. We therefore conlude that the C/O product ratios shown in Table 2 for these systems 
correctly reflect the final amounts of carbon vs. oxygen condensation and not a mixing of the 
oxygen addition and HF-loss pathways. 


The question still remains as to the origin of the unexpectedly low oxygen-alkylation 
percentages in these systems. For the cyclic enolates the answer may be in specific hindrance 
of the C3F50--formation channel due to ring-strain effects. That is, F--induced elimination of 
C3F50- from a cyclic enol ether (Scheme 5 )  would necessarily produce a cyclic alkyne or 
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allene. For medium-ring (C5, C,) systems these are prohibitively high in energy39340 and, as a 
result, C3F50- formation must proceed through a slower ips0 substitution mechanism. For the 
C,-C, ring system the cyclic alkynes and allenes are energetically accessible ,39,40 C3F50- 
elimination can proceed normally. The abnormally high percentage of C3F6-adduct formed by 
cyclohexanone enolate is consistent with this hypothesis (cf. isobutyraldehyde enolate). Thus, 
the abrupt change in the C/O alkylation ratio between cyclohexanone enolate and 
cycloheptanone enolate appears not to reflect the intrinsic nucleophilicities of the carbon and 
oxygen termini, but rather the relative availability of the C3F50- formation routes. Such an 
interpretation suggests that our C3F6 probe is biased towards carbon-alkylation when it is 
applied to cyclic enolates, and offers an explanation for the disparity between our results for 
cyclohexanone enolate (73% C, 27% 0) and Ellison’s neutral collection experiment (100% 


We see no obvious obstacles to C3F50- formation in the acyclic enolates t-BuCOCH2-, 
CH2=CHCOCH2-, c-C3HSCOCH2 and PhCOCH2-. Alpha-hydrogens are available for 
eliminating C3FsO- via the acetylene pathway (Scheme 5). While it is true that the a’ 
hydrogens in CH2=CHCOCH2- and c-C3H5COCH2- have reduced kinetic acidities, and 
they are absent altogether in t-BuCOCH, and PhCOCH2-, this is not likely to be a factor since 
aldehyde enolates also lack a’ hydrogens, yet C3F50- formation is facile. It is possible that the 
keto-enol energy differences for the parent acids of these enolates are actually much larger 
than the estimated values shown in Table 5. If this were so then a greater amount of carbon 
alkylation would result. The group equivalent method used may not adequately 
account for n-conjugation and/or steric effects in either tautomer. For this reason, 
experimental measurements or reliable calculations of the gas-phase keto-enol energy 
differences for these particular systems are of interest. 


0). 


CONCLUSION 


Perfluoropropylene is a versatile neutral reagent for gas-phase negative ion studies that yields 
characteristic ionic products in its reactions with oxyanions and carbanions. The ambident 
enolate ions show a wide range or reactivity with C3F6, from near complete oxygen alkylation 
to exclusive carbon alkylation. The preference for reaction with C3F6 at the carbon or oxygen 
end of an enolate is strongly influenced by the nature of the central substituent, i.e. most 
aldehyde and ketone enolates react mainly through oxygen, while ester enolates, amide 
enolates and enolates bearing electronegative central substituents react preferentially through 
carbon. Ring-size in cyclic ketone enolates also exerts a significant effect. Small ring enolates 
react through carbon and larger ring enolates react through oxygen. The keto-enol energy 
difference for the parent carbonyl compound appears to be a good predictor of C vs. 0 
regioselectivity, although some notable exceptions are evident. Compounds with low A H K ~  
values (10-15 kcal/mol) tend to react through oxygen, while higher values of AHKE 
(30-40 kcal/mol) are associated with reaction through carbon. The apparent general 
preference for carbon alkylation by the medium ring (C5, c6) enolates appears to be an artifact 
of the C3F, probe reaction that arises from ring strain effects in the reactive intermediates. 
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ABSTRACT 


The cation radical vinylcyclobutane (VCB) rearrangement is found to be a reaction of substantial scope, 
synthetic utility, and exceptional kinetic facility. In conjuction with cation radical cyclobutanation, it 
constitutes an effective method for net (indirect) Diels-Alder addition to electron rich dienophiles. 
Reactions can be carried out with either aminium salt or photosensitized electron transfer (PET) 
initiation and are powerfully facilitated by ionizable substituents such as p-anisyl, phenylthio, and 
phenoxy at the 2-position of the vinylcyclobutane. The intramolecularity of the reaction is clearly 
established and in four discrete systems preferred sr (suprafaciallretention) stereochemistry is observed. 
A theoretical basis for sr stereochemistry in the cation radical VCB rearrangement is advanced. The 
transition state for the reaction is considered to be similar to that for the direct cation radical Diels-Alder 
cycloaddition, another cation radical pericyclic reaction which converges on the same product. This 
model of the VCB rearrangement transition state is used to rationalize the strong rate-retarding effect of 
a 2-methyl substituent attached to the vinyl group and of a methyl substituent at the 4-position of the 
vinylcyclobutane ring cis to the vinyl substituent. 


INTRODUCTION 


Cycloadditions involving olefinic and dienic cation radicals have already been shown to have 
tremendous kinetic impetus and are found to provide efficient and selective synthetic routes to 
three-, four-, and six-membered carbocycles. '-' Much less is known of other pericyclic 
reactions of cation radicals, but the encouraging prediction has been advanced that a wide 
range of pericyclic reaction types should be powerfully accelerated by ionization to the cation 
radical state.' One of the theoretical reaction path studies upon which this prediction was 
based involves the cation radical Cope reaction ([3,3] sigmatropic shift). An instance of this 
type of sigmatropic reaction has subsequently been observed.' Many examples of cation 
radical [ 1,3] sigmatropic shifts have been reported, but these almost exclusively involve matrix 
isolated cation radical excited The present work focuses on ground state cation 
radical p.31 sigmatropic shifts and, more particularly, on the vinylcyclobutane (VCB) 
rearrangement. The results, a brief and partial account of which has been published 
el~ewhere, '~ provide strong confirmation of the predicted facility of cation radical sigmatropic 
shifts and imply potential synthetic utility €or the reaction. 
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Historical precedents 


Very few observations have been reported relevant to [1,3] sigmatropic shifts of 
carbon-carbon bonds of ground state cation radicals; however, the PET (photosensitized 
electron transfer) induced rearrangement of 3-phenylcyclopropenes to indenes (Scheme 1) 
may well be one such in~tance. '~ The tentative mechanistic proposal invokes a stepwise 
process involving cIeavage to a carbene cation radical, followed by cyclization of the latter 
functionality to the ortho position of the 3-phenyl ring. 


Scheme 1 


The cation radical vinylcyclobutane rearrangement has apparently also been observed 
(Scheme 2). CIDNP studies of the rearranged product have been interpreted to suggest a 
stepwise (non-pericyclic) mechanism. l6 


I 
PET + 


chbranil, hv 
PET 


END0 2 :  ANTI - 
Scheme 2 


In retrospect, two additional observations can also be considered as possible examples of 
cation radical [1,3] sigmatropic shifts of the VCB type. The reaction of the 1,3-butadiene 
cation radical with neutral 1,3-butadiene has been studied by MS/MS techniques and found to 
yield the 4-vinylcyclohexene (Diels-Alder adduct) cation radical." However, since the diene 
exists principally in the s-trans conformation, the molecular ion must also be assumed. to have 
this conformation. Reaction between the s-trans cation radical and the s-trans diene, of course, 
can not directly afford the Diels-Alder adduct. Further, since cation radicalheutral 
cycloadditions (either cyclobutanation or Diels-Alder addition) are predicted and found to 
have extraordinarily small activation e n e r g i e ~ , ' ~ ' ' ~ ~  it is unlikely that conformational 
isomerization (s-trans to s-cis) in either the neutral or the cation radical could occur at a rate 
comparable to cycloaddition. Consequently, the cycloaddition which occurs is highly likely to 
be a cyclobutanation and the cycloadduct (at least initially) the 1,2-divinylcyclobutane cation 
radical (cis andlor trans). The latter could then undergo a rapid VCB rearrangement to the 
Diels-Alder (DA) adduct (Scheme 3).19b 


Still more recently, a careful study of the cyclodimerization of 1,l-diphenylethene (DPE) 
has revealed that a mixture of CB and DA adducts are formed and, importantly, that the latter 
is formed exclusively from the separated DPE?, while the former derives primarily from the 
geminate ion radical pair (DPEf/S;).20 The mechanism proposed (Scheme 4) invokes 
competition between, on the one hand, reaction of the germinate ion pair with DPE to yield 
an acyclic dimer cation radical geminate pair (D$S-) and, on the other hand, diffusional 
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Scheme 3 


I DPE 1 DPE OPE (D) 


* . .  ,,-RPh 4- D-D 


* 
Scheme 4 


separation of the geminate ion pair (DPE+/S-) to separated ions (DPE'), which then react 
with DPE to yield separated acyclic dimer cation radicals (D i ) .  The latter are considered to 
cyclize predominatly to DA adducts, but the geminate ion pairs undergo rapid back electron 
transfer to give an acyclic dimer diradical, which cyclizes exclusively to CB adducts. These 
important results appear to be equally consistent with a mechanism involving initial 
cyclobutanation (Scheme 5), followed by facile phenylcyclobutane rearrangement. The latter 
would be most likely for longer-lived CB cation radicals, i.e., those which have escaped the 
solvent cage. In accord with this general proposal, numerous examples of probable cation 
radical phenylcyclobutane to hydronaphthalene rearrangements have been 
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RESULTS 


A mixture of the syn, anti cyclobutane (CB) dimers of 1,3-cyclohexadiene (CHD, from triplet 
sensitized dimerization, 21 Scheme 6) was initially subjected to attempted VCB rearrangement 
using the standard initiator system consisting of tris(4-bromopheny1)aminium hexachloroanti- 
monate (Ar3N~)/dichloromethane/O" C.6 The cyclobutanes proved completely stable under 
these conditions. Since DA cyclodimerization of CHD occurs smoothly under just these 
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conditions, this experiment nevertheless serves to confirm that the DA adducts are formed 
directly in this system, and not indirectly via the CB adducts. The large difference in the 
oxidation potentials of Ar3N:(1.05V vs. S.C.E.22) and the CB adducts (>2*0V) suggests that 
the failure to observe the VCB rearrangement in this system may simply be the result of the 
inability of the aminium salt to generate the required VCB cation radicals. Consequently, the 
much more powerfully oxidizing aminium salt tris(2,4-dibromophenyl)aminium 
hexachl~roantimonate~~ (ArjN?; Ellz = 1-47V vs. S.C.E.) was employed. Rearrangement to 
the corresponding DA adducts occurs within minutes at 0°C when this initiator is used. An 
essentially pure (93%) sample of the syn-CB and a sample enriched in the anti-CB dimer 
(83%) were then obtained by preparative GC and rearranged individually. The reactions are 
both sr stereoselective, the anti-CB yielding essentially only the endo-DA adduct and the 
syn-CB yielding (+5%) only the em-DA adduct. The experiment with the pure syn isomer is 
the more critical one, since the em-DA isomer is produced only in very small quantities (4-5:1, 
endo:exo) in the aminium salt initiated cyclodimerization of CHD.6 Consequently, a 
mechanism involving retrocyclobutanation/DA addition is decisively excluded. 


The mixture of syn-, anti-CB dimers derived from the fluorenone triplet sensitized 
cyclodimerization of 2,4-dimethyI-l,3-pentadienea (Scheme 7) rearranges quantitatively even 
using the milder aminium salt (Ar3N+). The DA adduct formed is constitutionally isomeric 
with that formed in the aminium salt catalyzed cyclodimerization of this diene.25 Therefore, 
retrocyclobutanation/DA addition is again ruled out. The special ease of ionization of these 
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Syn and Anti 


Scheme 7 


CB's must derive in part from relief of steric repulsions in the 1,1,2,2-tetrasubstituted 
cyclobutane, but also in part from the stabilization of the resultant VCB cation radical by the 
numerous alkyl groups. More specifically, the suggestion is advanced that ionization occurs 
from the hindered sigma bond, thus permitting all of the alkyl groups to stabilize the resulting 
cation radical via the long bond structure.26 


VCB rearrangement of 2-anisylvinylcyclobutanes 


As would be expected, the presence of a p-anisyl group at the 2-position of a VCB greatly 
facilitates ionization to the VCB cation radical and makes feasible initiations via the milder 
aminium salt and by PET. The syn and anti isomers of Scheme 8 were prepared by distinct 
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routes involving direct photoaddition of 1,3-butadiene and E-anethole via the exciplex ( ~ y n ) ~ '  
and cation radical cycloaddition (aminium salt) of these same two addends (anti)." Both 
stereochemistries have strong precendents from the methods of synthesis. In addition, the 
benzylic hydrogen of the anti-CB typically experiences a characteristic relative upfield 
chemical shift as a result of the anisotropy of the vinyl double bond. (This has been 
consistently observed in this laboratory when the alpha substituent is phenoxy, phenylthio, 
and N-methyl-N-acetamido). Rearrangement of both isomers to the same DA adduct occurs 
smoothly under either PET or aminium salt (Ar,Nf) conditions. Added 2,6-bis(tert- 
butyl)pyridine, incidentally, has no effect on the results, thus excluding a Bransted acid 
catalyzed Under PET conditions (100 mol% 1,4dicyanobenzene = DCB; 
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substrate, 100 mol%; acetonitrile, 0-13 M, Pyrex, hv), the yield of DA adducts is quantitative 
up to at least 70% conversion, which is attained in only 10 mins of irradiation. Under aminium 
salt conditions (Ar,Nf, 7.4 mol%; substrate, 100 mol%; dichloromethane, 0 . 1 2 ~ ;  O'C, 2 min) 
the same reactions are quantitative up to at least 30% conversion. In both cases, attempts to 
carry out the reaction beyond about 80% completion results in extensive decomposition of 
both the CB and DA adducts. The mechanistic possibility of retrocyclobutanation/DA 
addition was investigated once more by trapping experiments in which an excess (800 mol%) 
of 2,3-dimethyl-173-butadiene (DMB) was included in the reaction mixture. The VCB 
rearrangement occurs normally and, despite the much greater (2.98: 1) reactivity of the 
trapping diene than 1,3-butadiene toward the E-anethole cation radical, only slight traces 
(<1%) of the E-anetholelDMB cycloadduct were formed. Even these minute amounts appear 
to derive from traces of E-anethole present in the VCB substrates (cf. method of preparation). 


Stereochemistry 


The observation has been consistently made that the cation radical VCB rearrangements are 
intramolecular. Of further interest from both mechanistic and synthetic viewspoints is the 
reaction stereochemistry. Accordingly, the syn-CB cycloadduct of E-anethole and E, E-2,4- 
hexadiene was synthesized via direct (exciplex) photoaddition. The rearrangement of this CB 
under PET conditions is also extremely efficient (quantitative yield up to 85 % conversion, 30 
min) and affords predominantly (7:l) the e m  adduct, again via an sr stereochemical course 
(Scheme 9). Even the small amount of endo product obtained almost certainly arises from 
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impurities in the starting material, since this product cannot be obtained by any intramolecular 
VCB rearrangement. Consequently, the sr stereochemical preference must be essentially 
100% in this system. The intramolecularity of the rearrangement was again decisively 
established by trapping experiments. In this case the trapping diene included in the reaction 
mixture was nans-1,3-pentadiene, a diene found to be 13-4 times as reactive as 
E, E-2,4-hexadiene toward the E-anethole cation radical. The rearrangement proceeded as in 
the absence of the trap, and cross adducts of E-anetholeltrans-l,3-pentadiene were not 
observed in more than trace amounts. 


The corresponding anti-VCB would ordinarily be accessed via the cation radical 
cycloaddition route, but proved inaccessible in this instance because of the incredibly rapid 
VCB rearrangement under the cation radical conditions. Initial exclusive cyclobutanation has 
also been established in the aminium salt initiated cycloaddition of E-anethole to 
1,3-butadiene (-30°C, 55s). In this case, however, the CB adduct could be isolated from a 
synthetic run ( - I O T ,  10 min) and fully characterized by NMR and mass spectrometry.2x In 
either the PET or aminium salt (Ar,N;f) initiated cycloaddition of E-anethole and 
E, E-2,4-hexadiene (Scheme 9), GUMS investigation of the product composition at very short 
(on a synthetic time scale) reaction times (Ar3N.+, 5 s ,  -30°C; PET, 5 min) reveals that the 
DA adducts ultimately formed are not the initial products. Instead, the adducts which appear 
first at very short times (5s) are isomeric with the known Diels-Alder adducts, and appear, 
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according to the usual mass spectroscopic criterion to be CB adducts." One of these CB 
adducts is presumed to be the unknown anti-CB adduct of interest, but the other, somewhat 
surprisingly, is not the known syn-CB isomer. The structure of this new isomer is presently 
unknown. At only slightly longer reaction times (15s) the em-Diels-Alder adduct is the next 
detectable cycloadduct, followed (30s) by the known syn-CB adduct. At longer times, the 
endo-DA isomer finally appears. Apparently, the syn-CB, which has already been shown to 
rearrange to the em-DA isomer, is much more susceptible to rearrangement than the anti-CB, 
and escapes detection for a time as the result of its very rapid rearrangement. All the CB 
intermediates very quickly begin to rearrange, at extremcly low conversion, to the DA adducts 
(1: 1, endo:exo). Since it has already been established that the syn-cyclobutane rearranges 
predominantly to the 'em'-Diels-Alder adduct, the anti-CB must presumably rearrange at 
least predominantly to the 'endo'-DA adduct. 


It  is both interesting and instructive to compare the cycloaddition/VCB rearrangement of 
E-anethole and E, E-2,4-hexadiene with the corresponding reaction of E, Z-2,4-hexadiene. 
Whereas terminally Z-substituted dienes are notoriously slow to react via a direct Diels-Alder 
mechanism, E,Z-2,4-hexadiene reacts with E-anethole (PET conditions) at least as rapidly as 
does the E,E isomer. Further, the CB intermediates now persist much longer and are more 
numerous. Included among these CB adducts are the three formed in the reaction of the E, E 
isomer. Nevertheless, the only adducts present after a time are the same 'endo' and 'em'-DA 
adducts (1Q1.4) isolated from the E, E isomer (Scheme 10). That E,Z to E, E isomerization is 
not occurring during the reaction is indicated by analysis of the recovered diene after partial 
reaction. Thus, after 70% conversion, the recovered 2,bhexadiene had an E,Z:E,E ratio of 
96:4, as compared to the 97:3 ratio found for the starting diene. 


VCB rearrangement of 2-(phenylthio)vinylcyclobutanes 


Second only to the p-anisyl group in providing facilitation to the cation radical VCB 
rearrangement, as observed in this work, is the phenylthio s~bstituent.~" In the addition of 
phenyl propenyl sulfide to 1 ,l'-dicyclopentenyl (Scheme 1 l) ,  cyclobutane adducts are again 
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detectable as the sole primary products at very short reaction times and low conversions. Very 
quickly, these primary products give way to the Diels-Alder adducts, strongly suggesting a 
facile VCB rearrangement. The extreme rapidity of the rearrangement again precludes 
isolation of the VCB adducts for independent study. However, the CB adducts of phenyl vinyl 
sulfide (PVS) and E, E-2,4-hexadiene are readily available from cation radical cycloaddition. 
The anti isomer predominates (2.18:l) in this product mixture. The syn isomer, however, is 
not available via direct exciplex addition. Rearrangement of the anti enriched mixture under 
PET conditions is quite facile (78% conversion in 20 min) and produces preponderantly (3: 1) 
the 'endo' adduct, again via an sr stereochemical course (Scheme 11). In this instance, the 
trapping experiments which demonstrate intramolecularity utilize the triene 1-ethenyl-4-(2- 
propeny1)cyclohexene as a reactive trap. This triene has previously been found to react 
extremely efficiently with the phenyl vinyl sulfide cation radicals which would presumably be 
produced in a retrocyclobutanation reaction (the E l , 2 ' ~  are 1-42 and 1.59 for PVS and 
E, E-2,4-hexadiene, respectively). Quantitative competition experiments reveal that the 
relative reactivities of the trap and E,E-2,4-hexadiene toward PVS? are in the ratio 19.2. 
When the rearrangement is carried out in the presence of the trap, no cross adducts of PVS 
with the trap could be detected by GCMS. Similarly, N-methyl-N-vinylacetamede (MVA) is 
an excellent trap for E, E-2,4-hexadiene cation radicals. If any of the 2,4-hexadiene cation 
radicals are formed via retrocyclobutanation, cross adducts with MVA would be observed. In 
fact, the rearrangement occurs normally in the presence of MVA, and no cross adducts with 
MVA are formed. 


VCB rearrangement of a 2-(phenoxy)vinylcyclobutane 


The cation radical cross cycloaddition of 1,l '-dicyclopentenyl and phenyl vinyl ether (PVE) 
has previously been shown to yield predominantly (82%) CB ad duct^.^' The cation radical 
VCB rearrangement (Scheme 12) of this syn, anti (7:l) adduct pair is inefficient, in a synthetic 
sense, where either of the aminium salts is employed at 0°C (Scheme 12). With Ar3Nf, for 
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example, smaller amounts of the initiator (5-10 mol%) effect only modest conversions 
(4040%) to DA adducts. Consequently, though yields (based on starting materials 
consumed) are good (>go%), the product is typically a ca. 2:l DA:CB mixture. When larger 
amounts of this initiator are used (1&20%), the CB's are completely consumed but yields 
drop precipitously because of product decomposition. A highly effective solution lo this 
dilemma was developed which uses Ar;" at -45°C. The more conventional aminium salt 
(Ar,"), incidentally, is too insoluble in dichloromethane for use at these low temperatures. 
Under the revised conditions, complete conversions of CB to DA adducts is achieved in high 
yield (67%; 50% isolated). For best yields, the initiator is added (as the solid) in small (ca. 2.5 
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mol%) portions at intervals of 1-2 minutes until a total of 20mol% has been added or, even 
better, until G C  monitoring indicates an appropriate level of conversion. This procedure may 
well represent the optimum one for synthetic exploitation of the cation radical VCB 
rearrangement, generally, since the D A  adducts appear to be rather stable under these 
conditions. Especially significant, in the context of the present reaction, is the fact that in this 
system the syn-CB is the predominant isomer, and that it rearranges preferentially to the 
em-DA adduct, but again via sr stereochemistry. In this single instance, decisive confirmation 
of the intramolecularity of the VCB rearrangement could not be obtained. The powerful 
initiator AriNf is capable of ionizing any of the potential trapping molecules, thus causing 
destruction of the trap and inhibition of the rearrangement. 


Rate retardation by addends 


It is a matter of some curiosity that VCB's can be prepared under cation radical conditions 
which formally (Ar,N* or PET) are the same as those subsequently used to bring about 
efficient VCB rearrangement. The basis for this anomaly appears to be the presence, under 
cycloaddition conditions, of substantial concentrations of the ionizable addends. The latter, 
being usually far more ionizable than the VCB adducts, suppress the formation of VCB cation 
radicals and therefore strongly suppress the VCB rearrangement. The complete removal of 
these addends is therefore an essential aspect of the purification of the VCB adducts in 
preparation for the VCB rearrangement. Strong rate retardation by added E-anethole 
(Schemes 8 and 9), PVS (Scheme lo), and 1,l'-dicyclopentenyl (Scheme 11) have, for 
example, been established under both aminium salt and PET conditions. The unusual aspect 
of the additions involving E-anethole is that, under cycloaddition conditions even in the 
presence of a large excess of the highly ionizable substrate E-anethole the initially produced 
CB adducts quickly start to rearrange to DA adducts. Apparently, these CB adducts are 
substantially more ionizable than the other CB adducts studied, andlor the 2-anisyl group is 
uniquely effective in accelerating the VCB rearrangement. Consequently, we originally failed 
to detect the formation of these CB adducts.28 


DISCUSSION 


The cation radical VCB rearrangement emerges as extremely facile in a variety of cases when 
ionization to the VCB cation radical is provided. The electron transfer whereby the latter is 
formed need not be, and perhaps preferably is not, exothermic. In fact, facile reactions are 
observed when this electron transfer is endothermic by as much as 0 .W.  However with less 
ionizable, hydrocarbon, VCB substrates a powerful electron acceptor such as tris 
(2,4-dibromophenyl) aminium hexachloroantimonate (AriN') may be required in order to 
maintain the endothermicity at or below this level. The presence of readily ionizable 
substituents at the 2-position of the VCB provides ionization under milder conditions, 
including both tris(4-bromophenyl) aminium hexachloroantimonate (Ar,Nf) and PET 
initiators. These substituents include p-anisyl, phenylthio, and phenoxy. In related work, the 
less readily ionizable substituents ethoxy and N-methyl-N-acetamido have been found not to 
induce facile VCB rearrangement. An effective synthetic procedure for achieving complete 
conversion of CB to D A  adducts in high yields appears to be available in the 
Ar;NF/-45 "C/dichloromethane procedure. 
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Cation radical mechanism 


Mechanistically the VCB rearrangements are decisively characterized as occurring via cation 
radicals by the observation that they occur under both PET and aminium salt conditions and 
with analogous stereochemical  result^.^' BrQnsted acid catalysis is specifically excluded by the 
observation that hindered pyridine bases do not suppress or even strongly affect the majority 
of the  reaction^.^^"^^'^ 


Intramolecularity 


The intramolecularity of these reactions is also confirmed and retrocyclobutanation/DA 
addition excluded by means of several discrete criteria. The stereospecificity embodied in 
Schemes 6 and 9 is, of course, inconsistent with the retrocycloaddition mode. Stereoselective 
formation of the exo-DA dimer of CHD from the syn-CB dimer (Scheme 6) is particularly 
decisive, since the aminium salt-initiated cation radical DA cyclodimerization of CHD yields 
predominantly ( 5 :  1) the endo adducL6 Similarly, the cycloaddition of E, E-2,4-hexadiene and 
E-anethole eventually yields a 1.0: 1-0 endo:exo-DA mixture, while the VCB rearrangement of 
the syn-CB adduct (Scheme 9) yields mainly the e m  adduct. The aminiurn salt-initiated 
cyclodimerization of 2,4-dimethyl-l,3-~entadiene actually yields a different constitutional 
isomer than that obtained in the VCB rearrangement of the CB (triplet) dimer. 
Intramolecularity is clearly established in the rearrangement of the E-anetholell,3-butadiene 
and E-anetholelE, E-2,Chexadiene CB cycloadducts by in situ trapping experiments. 
Retrocyclobutanation should produce the appropriate diene along with the E-anethole cation 
radical. Inclusion in the reaction medium of an appropriate trapping diene which is, 
preferably, more reactive towards the E-anethole cation radical than is the diene produced by 
retrocyclobutanation should result in the formation of cross adducts between E-anethole and 
the trapping diene and at least partial inhibition of any rearrangement proceeding via a 
retrocyclobutanation/Diels-Alder addition mechanism. In the case of the 1,3 butadiene 
adduct, the trapping diene is 2,3-dimethyl-l,3-butadiene (reactivity toward E-anetholef 
versus 1.3-butadiene, 2-98: 1). Not even traces of the known28 cross adduct involving the 
trapping diene and E-anethole are formed, and the rearrangement proceeds normally. In the 
case of the E, E-2,4-hexadiene adduct, the trapping diene is E-l,3-pentadiene (relative 
reactivity 13-4: 1 versus E, E-2,4-hexadiene towards E-anethole?). For the phenyl vinyl 
sulfidelE, E-2,4-hexadiene adduct, two discrete trapping procedures were used. In one case, 
the trapping diene 4isopropenyl- 1 -vinylcyclohexene was used. The very slightly decreased 
reactivity of this trap toward PVS? versus E, E-2,4-hexadiene (0-5:l-0) should be easily offset 
by the much greater concentration of the trapping diene than any diene generated by 
retrocyclobutanation. Again, not even traces of cross adduct involving the trap are found. In 
the second type of trapping experiment, N-methyl-N-vinylacetamide (MVA), an excellent 
caticophile for both the PVS and E,E-2,4-hexadiene cation radicals was used as the trapping 
agent. Identical results were observed. In only one case, the rearrangement of the phenyl vinyl 
ether/l , l  ‘-dicyclopentenyl adduct, was a definitive trapping experiment not accessible. In this 
case, the extremely high reactivity of the ArSN? initiator caused ionization of the various traps 
investigated, completely decomposing them and preventing consummation of the valid 
trapping experiment. 
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Stereochemistry 


The stereochemical results for four distinct systems (Schemes 6, 9, 11 and 12) reveal a 
consistent preference for sr (suprafacial/retention) stereoselectivity. The results in the CHD 
dimer system (Scheme 6) are inherently less informative in regard to stereospecificity than 
those for the acyclic systems, since the rigidity of the former system effectively precludes both 
antarafacial and invertive stereochemical elements. This reservation does not apply to the 
three acyclic systems, of course. Of these latter systems, the most definitive results derive from 
the rearrangement of the E-anetholelE, E-2,4-hexadiene adducts (Scheme 9), in which case 
the stereospecificity is essentially 100%. The PVS/E, E-2,chexadiene (Scheme 11) and 
PVE/l,l '-dicyclopentenyl adducts (Scheme 12) rearrange with net sr stereoselectivity but the 
extent of the sr stereochemical preference is considerably less clear, since CB adduct mixtures 
were employed in both of these cases. Stereospecificity (as opposed to stereoselectivity) is 
therefore not demonstrated. The stereospecificity of the E-anetholeiE, E-2,Chexadiene 
adduct rearrangement strongly suggests a concerted process with preferred sr stereochemistry. 
The remaining results all appear, because of the consistent sr stereochemistry observed, to be 
consistent with the generalization of a concerted sr cation radical VCB rearrangement and 
thus is the tentative interpretation adopted here. Nevertheless, it is possible that the PVS and 
PVE adduct rearrangements have a significant stepwise, non-stereospecific component. This 
possibility will be investigated in future work. 


Using a straightforward application of Woodward and Hoffman's 'HOMO' approach, which 
was originally applied to electrocyclic reactions, it has been predicted that [ 1,3] sigmatropic 
shifts of ground state cation radicals should occur preferentially with si (suprafacial/inversion) 
or ar (antarafaciaketention) ~tereochemistry.~' This simple approach has previously been 
found inadequate for doublet pericyclic  reaction^,"^^^ and the generation of an erroneous 
prediction in the present instance is therefore not surprising. The experimental results are, 
however, in excellent accord with the extensive observations in the field of cation radical 
cycloadditions that allowedness/forbiddenness is, at most, of marginal significance. l4 More 
specifically, even forbidden pericyclic reactions such as cation radical cyclobutanation' often 
proceed with the negligibly small activation energies.'' It appears logical to assume that, for 
cation radicals, that path should be preferred which most efficiently synchronizes the 
development of overlap in the bond being formed with the attenuation of overlap in the bond 
being broken, irrespective of aromaticity/antiaromaticity considerations. Intuitively, for a 
small cyclic system, this appears to be the sr path, since the introduction of antarafacial or 
invertive elements in such systems typically disrupts efficient cyclic conjugation. The [ 1.31 
sigmatropic shifts of ground state singlets are also formally allowed in the si and ar modes and 
forbidden in the sr and ai modes. Nevertheless, violations of orbital symmetry (viz. sr 
stereochemistry) are common even in this area (neutral ground states) where aromaticity/ 
antiaromaticity distinctions are most clearly drawn.34 When the electron donor or acceptor 
substituents are attached to the migrating single carbon atom, a still further weakening of the 
orbital symmetry preference has been p r e d i ~ t e d . ~ ~  


Cis-trans isomerizations 


The sr stereochemical outcomes discussed above are not formally observed in the 
rearrangement of the adducts of E,Z-2,4-hexadiene and E-anethole, since the eventual 
products are the same endo-, em-DA adducts obtained from E, E-2,4-hexadiene. However, 
the early studies show that geometric isomerization of thc initial CB aducts from 
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E,Z-2,4-hexadiene also yields the two CR adducts directly derived from the E, E isomer. The 
kinetic studies clearly reveal that the latter CB adducts rearrange much more rapidly to DA 
adducts than do those formed directly from the E ,Z  isomer. Consequently, the VCB 
rearrangement should still be considered as proceeding with sr stereochemistry. Geometrical 
isomerization of 1,2-disubstituted cyclobutanes under PET conditions is incidentally, well 
e ~ t a b l i s h e d . ~ ~  


Transition state model for the cation radical VCB rearrangement 


The circumstance that all four of the CB adducts directly derived from E, 2-2,4-hexadiene 
rearrange very much more slowly than either of those from the E, E isomer is quite interesting 
and suggests a transition state model for the cation radical VCB rearrangement which may 
have implications for VCB rearrangements of other mechanistic types. The model is 
specifically suggested by the fact that the net stereochemistry of the indirect Diels-Alder 
addition of E-anethole to E, E-2,Qhexadiene is identical to that expected for a direct 
Diels-Alder reaction between these two substrates (doubly suprafacial) and that, apparently 
the CB adducts directly derived from E,E-2,4-hexadiene are converted to DA adducts more 
rapidly than those from E,Z-2,4-hexadiene. These observations suggest the possibility that the 
transition state for the cation radical VCB rearrangement may indeed be very similar to that 
for a direct cation radical Diels-Alder addition leading to the same product. This would, for 
example, nicely explain the rate retardation engendered by the Z-methyl group on the 
propenyl double bond of one set of CB isomers obtained from E,Z-2,4-hexadiene (Scheme 13) 
and also the retardation by a cis-methyl group at the 4-position of the other set of isomers. 


Me 


Me 


Z-Propenyl Steric Effect Cis-Methyl Steric Effect 


Scheme 13 


Both of these methyl groups are analogous to a 2-methyl group on the terminus of the diene in 
a Diels-Alder addition. The effect of the cis 4-methyl substituent is perhaps less obvious than 
of the 2-propenyl groups, but is nevertheless of quite analogous origin, as may be seen from 
an examination of the s-cis vinylcyclobutane conformation required for rearrangement 
(Scheme 13). Presumably both effects are steric in nature. Previous results involving the 
E-anethole CB adducts of 4-methyl-l,3-pentadiene and E-2-methyl-2,4-hexadiene demons- 
trate the difficulty of rearrangement to a vinyl terminus bearing a Z-substituent.*' Analogous 
results are obtained in the thermal rearrangement of 1,2-bis(propenyl) c y c l ~ b u t a n e s . ~ ~  
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Reaction Path Details 


A theoretical reaction path calculation for the prototype cation radical VCB rearrangement 
using an extended (3-21G) basis set ab initio SCF MO approach is currently being carried out 
and will be reported s e p a r a t e l ~ . ~ ~  The results will confirm a minimal activation energy for the 
rearrangement and are in accord with the concerted path proposed here on the basis of the 
stereochemical results. Analogous experimental and theoretical results have previously been 
presented for the cation radical Diels-Alder The correspondence of the results 
for these two closely related pericyclic reactions of cation radicals is highly encouraging. 
Moreover, for both of these reactions the conclusions of this research group relative to 
concertedness differ rather sharply from those of several other groups which postulate (for 
systems different from the ones of this study) a singly-linked, acyclic cation radical 
inte~-mediate.'~.l~ That mechanistic diversity might exist for cation radical pericyclic reactions 
for which activation energies are so miniscule is. of course, eminently reasonable. However, it 
should be noted that CIDNP results,'6 which have a very acute window of vision for 
intermediates of lifetime ca. 10-9s, do not establish what fraction of the total product derives 
from such intermediates. More importantly, if intermediates are indeed predominantly 
involved in the systems studied by Roth and the others, the distinct possibility exists that they 
should be properly formulated as long bond structures or as ion-dipole complexes which retain 
stereochemical integrity. These quasi cyclic structures, incidentally, could be related to either 
the CB or DA adduct structure,26 but might still have a predominantly bis(ally1ic) character, 


Direct vs. indirect cation radical Diels-Alder 


The emergence of the cation radical VCB rearrangement coupled with facile cation radical 
cyclobutanation of electron rich alkenes and styrenes by many acyclic conjugated dienes 
constitutes an indirect synthetic route for net Diels-Alder addition to electron rich 
dienophiles. In cycloadditions in which E-anethole or 4-vinylanisole is one of the addends, the 
VCB rearrangement is so facile that the indirect Diels-Alder becomes a 'one pot' reaction. In 
such circumstances the indirectness of the reaction is not necessarily apparent unless reaction 
mixtures are examined at quite early times. In most of the examples involved in the present 
work, execution of the cation radical VCB rearrangement requires removal of the ionizable 
addends. The question does arise, however, of whether, in still other instances, facile VCB 
rearrangements are capable of masking cyclobutanation and presenting the formal appearance 
of direct Diels-Alder addition. Direct DA additions are, of course, confirmed for the 
cyclodimerization of CHD through early time studies and the observation of stability of the 
CB adducts under cycloaddition conditions. Numerous other instances of exclusive direct 
cation radical cycloadditions have been confirmed in this laboratory by one or both of these 
criteria. In several cases, however, it does appear that the direct and indirect mechanisms are 
competitive. These latter include the cyclodimerization of such acyclic dienes as 
1,l '-dicyclopentenyl and 2,4-dimethyl-l .Ipentadiene. 


EXPERIMENTAL SECTION 


Instrumentation 


Routine 'H-NMR and 13C-NMR spectra were recorded on the following instruments: 500 
MHz - General Electric GN-500 FT spectrometer; 360 MHz - Nicolet NT-360; 200 MHz - 
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Nicolet NT-200; 90 MHz - Varian EM 390 spectrometer; 80 MHz - Varian FT-80A 
Spectrometer. All samples were disolved in CDC13 or CS2. All chemical shifts 6 and coupling 
constants J are reported in ppm (relative to a tetramethylsilane reference) and hertz, 
respectively. 'H-NMR data are reported as follows: chemical shift (multiplicity, integration, 
coupling constant). Gas chromatographic (GC) analyses were performed with a GOW MAC 
series 550P instrument equipped with a thermal conductivity detector (GC/TC) and a 4 ft X 1/8 
in stainless steel column packed with OV-1 on Chromosorb P (AW, DMCS, 80-100 mesh) in 
conjunction with a Hewlett-Packard 3390A integrator. Preparative GC was performed on the 
GOW MAC with a 5 ft x 1/4 in stainless steel column containing 10% SE-30 on Chromosorb 
W, HP (60-80 mesh). Capillary gas chromatographic analyses was performed with a Varian 
Model 3700 gas chromatograph with a flame ionization detector (GCFl) on a 25m SE-30 
coated capillary column using N2 as the carrier gas in conjunction with a Varian SP4270 
integrator. Gas chromatograph-mass spectral (GC/MS) data were recorded with a Finnigan 
4023 mass spectrometer with a 50m DB-1 (0-25 p film) capillary column and are presented as 
mle (% relative intensity). The GC/TC and G C M S  analyses were performed with helium as 
the carrier gas. High resolution mass spectra were obtained with a Dupont (CEC) 21-110 mass 
spectrometer. 


Chemicals, materials, and techniques 


Unless otherwise noted, chemicals were obtained from the Aldrich Company and were used 
without further purification. Aminium salt reactions were carried out in dry dichloromethane 
(DCM distilled from phosphorous pentoxide). Tris (4-bromopheny1)aminium hexachloranti- 
monate (the aminium salt; Aldrich) was washed thoroughly with anhydrous ether and then 
dried in V ~ C U O  prior to use. Alternately, tris (2,4-dibromophenyl)aminium hexachloroanti- 
m ~ n a t e ~ ~  was elected in low temperature experiments or those where greater ionizing power 
was required. Typically, an appropriate amount of aminium salt was added (in DCM solution 
via syringe unless otherwise noted) as rapidly as possible to a cooled, magnetically stirred 
DCM solution of the appropriate substrate or substrates, with or without added 
di-tert-butylpyridine (DTBP) or 4-methyl-2,6-di-fert-butylpyridine (MDTBP). Usually after no 
more than 10min., the reaction was quenched by the addition of a saturated methanolic 
solution of potassium carbonate, yielding a pale yellow solution (the aminium salt solutions 
are blue). The resulting mixture was then diluted with pentane ( 3 4  volumes), filtered, washed 
with water and then brine, dried by passing the solution through cotton or over magnesium 
sulfate and concentrated on a rotary evaporator. The residue was decanted from any 
precipitated tris (4-bromophenyl) amine (TBPA) and then purified by column chromatogra- 
phy (silica gel, 60-200 mesh) or thick layer chromatography (silica gel, 2 0 0 0 ~ ;  Analtech), 
often followed by distillation. 


In the PET procedure, HPLC grade acetonitrile was distilled from phosphorous pentoxide 
and, preferably, used freshly. Storage over molecular sieves (2w) appears acceptable for 
limited periods (days). The sensitizer (1 ,Cdicyanobenzene DCB) was recrystallized from 
benzene. Reactions were typically run in 100 ml pyrex test tubes, de-gassed with dry nitrogen 
and sealed with a rubber septum and then aluminum foil. The reactions are sensitive to 
atmospheric moisture, but apparently not to atmospheric oxygen. The tubes were placed in a 
cool water bath against the outside of the cooling jacket of a medium pressure mercury vapor 
lamp. After completion of the irradiation period, the solvent was removed by rotary 
evaporation and the precipitated DCB by filtration. Further purification proceeds as in the 
aminium salt case. 
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Reaction of the triplet derived 1 ,Icyclohexadiene dimers with (2,4-BrzPh)3NSbC16 in the 
presence of DTBP 


To a 25ml round bottom flask was added 201 mg (1.26mmol) of 3 CHD dimers21 (exo-DA: 
22.6%, anti CB: 58.23%, syn CB: 19.17%) formed under triplet conditions [irradiation of neat 
CHD with 2-acetylnaphthalene followed by chromatography (silica gel, pentane) then 
distillation (60"C, 1 torr)], 149 mg (0.78 mmol) of DTBP, 225 mg (1-26mmol) of phenanthrene 
(internal standard), and 7-5ml of DCM. After cooling to 0°C and while stirring, 685mg 
(0.651 mmol) of (2,4-Br2Ph)3NSbC16 in 7.5 ml of DCM were added as rapidly as possible. The 
reaction was quenched with methoxide after 7min. GCMS analysis of the product solution 
revealed the endo-, exo-, unri-, and syn-CHD dimer isomers in a 39-45:33.83:18.4:8.31 ratio. 
The GUMS revealed that 74.4% of the original material (all isomers) remained. 


PRODUCT COMPOSlTlO N 96 


Dimer Before Reaction After Reaction After -Before( A) 


endo-DA 0 39.45 39.45 
exa-DA 22.6 33.83 11.23 
anti-CB 58.23 18.4 -39.83 
syn-CB 19.17 8.3 I - 10.86 


The ] A  endo)=IA until and the / A  exol=lA synl. Although not definitive, these facts 
suggested that the anti and syn isomers were being converted directly and exclusively into the 
endo and ex0 dimers, respectively. Also implied is that all 4 isomers are equally susceptible to 
degradation, so that the product composition analysis can be handled as if the yield of the 
reaction was quantitative. The product distribution which would emerge from an alternative 
pathway, retrocyclization then DA recombination, can be quantitatively predicted since the 
ACB (Aunri + Asyn) and the expected product ratio (endolexo = 4-56) from the aminium salt 
dimerization of CHD are known. The ACB = -50-69. For the proposed scenario, -ACB = 
ADA and endo/exo = 4.56. Thus, ADA = 50.69 = 40.552 + 10.136 and 40-552/10.135 = 4-56. 


IF RETROCYCLIZATION THEN DIMERIZATION 


Isomer Predicted 
Distribution Before reaction Predicted Change Product 


endo 
ex0 
anti 
syn 


0 0 + 40,552 40.552 
22.6 22.6 + 10.138 32.738 
58.23 observed 18.4 
8.31 observed 8.3 I 


Comparing the predicted distribution with the observed (see first Table), it can be seen that 
the actual product distribution can be explained crudely by both alternative mechanistic 
schemes. This coincidence left further study necessary. The products' identities were affirmed 
by GCMS wherein each isomer had a M+=160 and a base peak=80. 
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Reaction of syn-cyclobutane enriched 1,3-cyclohexadiene dimers with (2,4-Br2Ph)3NSbC16 in 
the presence of a hindered amine base 


To a small vial was added ca. 10mg (0.062mmol) of 4 isomeric CHD dimers [endo: 240%, 
exo: loell%, anti: 23.97%, syn: 63.92% - according to GCMS integrating on mle=80; this 
sample was obtained via preparative GC (isothermal, 50 "C) of the triplet CHD dimers], 18 mg 
(0.088 mmol) of MDTBP, 20mg (0.1 12 mmol) of phenanthrene (internal standard%) and 
1-5 ml of DCM. The solution was cooled to 0°C and then combined with ca. 30mg (2.85 X 
lod2 mmol) of (2,4-Br2Ph)3NSbCi6. The solution changed from a dark green (salt) to a dark 
amber in 5 sec. Another 30 mg portion of the aminium salt was added after 1 min accompanied 
by the same color change. After a total of 5 min., the reaction was quenched with methoxide 
(slight color change). The yield and product composition (%) were determined with GUMS 
by integrating upon mle=80(base peak) in the case of the CHD dimers and on mle= 178 (Mf 
and base peak) for phenanthrene. The same column and GC parameters were used in all 
analyses. 


Diels-Alder Cyclobutanes All Dimers/IS ExolTS 
Endo Ex0 Anti Syn 


Starting Material: 2.00 10-11 23.97 63-92 0.424 7.97 X 
Change: +10*06 +25.68 -11.14 -24.6 - - 
Product: 12-06 35.79 12.83 39.32 0.218 3.0 x 10-2 


As indicated, the amount of syn lost closely matches the exo gained. The same holds true of 
the untilendo pair. The GUMS revealed that 51.4% of the original material remained. 


The starting material was 87.89% cyclobutane while the product was 52.15% of the same. 
Assuming that all four isomers experienced decomposition equally, the change in cyclobutane 
composition, 35-74%, can be used to predict the product distribution according to a reaction 
path were retrocyclization of the cyclobutanes to monomer is followed by recyclization. Under 
aminium salt conditions, CHD is converted into a 4.56:l-0 endolexo Diels-Alder isomer pair. 
Thus, the 35.74% loss of cyclobutanes is added to the already present amounts of Diels-Alder 
products observing the 4.56:l.O endolexo constraint (35-74=29.31+6.43 and 29-31/ 
6.43=4.56). The results are below: 


Diels-Alder Cyclobutanes 
Endo Ex0 Anti Syn 


Starting Material: 2.00 10.11 23.97 63.92 
Change: +29.31 +6.43 -11.14 -24.6 


Actual Product: 12.06 35.79 12.83 39.32 
Hypothetical Product: 31.31 16.54 12.83 39.32 


Clearly, the retrocyclization-dimenzation sequence does not adequately predict the 
observed isomer distribution. 
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Rearrangement of pure syn-1 ,Icyclohexadiene cyclobutane dimer with (2,4-Br2Ph)3NSbCls in 
the presence of a hindered amine base 


To a small vial charged with 10mg (6-2 x 10-2mmol) of the syn-cyclobutane CHD dimer 
(93.1% isomerically pure according to GCMS; prepared via triplet reaction of CHD and then 
isolated by preparative GC), 8mg (3.7 x 10-2mmol) of MDTBP, 269mg (1.5lmmol) of 
phenanthrene (IS), and 2 ml of DCM cooled to 0°C was added (directly as the solid) two 35 mg 
(3.18 x 10-2mmol) portions of (2,4-Br2Ph)3NSbC16 with a 1 min interval between additions. 
After a total of 5min, the reaction was quenched with sodium methoxide methanol. The 
results of GUMS analysis are shown below: 


Diels-Alder Cyclobutanes All Dimers/IS ExolIS 
Endo Ex0 Anti Syn 


Starting Material: - 4-25 2.67 93.08 4.41 X 1.81 X 


Product: 10.82 89.18 - - 9.1 X 8.12 X lo-' 


As the table reveals, 20.6% of the total material remained while the absolute amount of the 
ex0 isomer increased 4.48 fold. The lack of exact correspondence between the amount of syn 
lost and ex0 gained indicated a slight amount of retrocyclizationldirnerization may have 
occurred either from the cyclobutanes, the Diels-Alder products, or both. 


VCB rearrangement of a&XB dimer of 1,3-cyclohexadiene 


An enriched sample of the anti-CB dimer was rearranged in the same manner as for the syn. A 
sample which had the composition endo:exo:anti:syn = 0.74:5-78:83.79:9.70 (i.e. -84% anti) 
was rearranged to afford a product of composition 49~61:8~58:41.01:0.81. The reaction is only 
ca. 50% complete, but the endo:exo ratio is 5-71:l and if corrected for the percentages of ex0 
and endo in the starting sample, the ratio is fully 17.4. 


Reaction of syn- and anti-1,2-dimethyl-l,2-bis (2-methyl-1-propenyl) cyclobutanes with (2,4-Br2 
Ph),NSbCb in the presence of DTBP 


To a 25 ml round bottomed flask was added 77 mg (0.401 mmol) of a 1.52:l-0 ratio (GUMS) of 
the anti and syn head to head cyclobutane dimers of 2,4-dimethyl-l,3-~entadiene [41% 
(GC/TC) cyclobutanes and 59% 4-(2-methyl-1-propenyl)-l,3,3,4-tetramethylcyclohexene; this 
mixture was prepared by irradiation of a fluorenone saturated solution of neat 
2,4-dimethyl-l,3-~entadiene for 2 days followed by chromatography (alumina, pentane) and 
distillation (2% yield)], 32 mg (0.17 mmol) of DTBP, 73 mg (0.41 mmol) of phenanthrene (IS), 
and 5ml of DCM. After cooling to 0°C and with stirring, 160mg (0.196mmol) of 
(p-BrPh)3NSbC16 in 5 ml of DCM were added as rapidly as possible. After 8 min, the reaction 
was quenched with sodium methoxide/methanol, worked up with pentane/H20, filtered 
through cotton, and concentrated. Below are the results taken from GC/TC data: 
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Cyclobutanes Diels-Alder DAllS All DimerslIS 
~~~ 


Starting Material: 41 % 59% 0.527 0-824 


Product: 23 % 78 % 0.60 0.781 
antilsyn = 1.52 


antilsyn = 1.69 


GUMS confirmed product identities as the same three dimers (no new peaks, same 
retention times) with M+=192, rn/e=96(100%) in each case. 


Reaction of syn- and anti-1 ,Z-dimethyl-1 ,2-bis(2-methyl-l-propenyl) cyclobutanes with 
@BrPh),NSbCk 


To a small vial was added 46mg (0.18mmol) of a 3.86:lO antilsyn ratio (GC/FI) of the title 
cyclobutanes [30-5%, 69.5% was 4-(2-methyI-l-propenyl)-l,3,3,4-tetramethylcyclohexene as 
determined by GC/FI; for the preparation see the previous reaction], 28 mg (0.25 mmol) of 
cyclooctane (IS) and 5ml of DCM. After cooling to -lO°C, 10mg (1.2 X 10-'mmol) of 
(p-BrPh)3NSbC16 were added. After 10 min, the reaction was quenched with methoxide and 
analyzed by GC/FI: 


Cyclobutanes Diels-Alder DAlIS All DimerslIS 


Starting Material: 30.5% 69.5% 0.684 0.984 


Product: 19.6% 80.4% 0.81 1.01 
antilsyn = 3-86 


antilsyn = 5.25 


As shown in the table, the yield was quantitative and the absolute amount of the 
Diels-Alder product increased by 18.4%. No 4-(2-methylpropenyl),3,3,5,5-pentamethyl- 
cyclohexene (the Diels-Alder dimer obtained from 2,4-dimethyl-l,3-pentadiene upon treat- 
ment with protic acid29 or the aminium salt in the absence of base) was formed, as confirmed 
by GC/FI analysis of the product solution with and without the addition of authentic acid 
dimer. 


The VCB rearrangement of (~)-(~)-[4-methoxyphenyl]-(4S)-methyl-(2S)-~inylcyclobu~e 
(the anti isomer of scheme 8) 


This isomer was prepared as described previously.28 


Photochemical run in the presence of base, a h'ans-anethole cation radical trap, and an internal 
standard 


To a small vial was added 52mg (0.26mmol) of a 1.022/1.0 (GCFI) mixture of the title 
compound and the corresponding Diels-Alder adduct (Scheme 8), 50 mg (0.390 mmol) of 
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DCB, 59 mg (0.29mmol) MDTBP, 82 mg (l.0mmol) of 2,3-dimethyl-1,3-butadiene (trap), 
120 mg (0-1 12 mmol) of phenanthrene (IS), and 2 ml CH3CN. Before irradiation, the following 
ratios were determined by GC analysis: (CB+DA)/standard=2.57, (DA+CB)/ 
MDTBP=1.02, DA/standard= 1.30, DA/MDTBP=O-515, DA/CB=1.022, and MDTBP/ 
standard=2-52. After 10 min of irradiation, the following ratios were found: (CB+DA)/ 
standard=2-284 (88- 1% remained), (CB+DA)/MDTBP=0.909 (89.1% remained), DA/ 
standard=2.01 (54% increase), DA/MDTBP=O-808 (57% increase), DA/CB=8-01, MDTBP/ 
standard=2.491 (984% of original ratio). In addition, no trans-anethole, its dimer, nor cross 
adduct between trans-anethole and 2,3-dimethyl-1,3-butadiene were detected by GUMS 
analysis. A control reaction in which DCB was omitted showed no change in starting materials 
after 10 min of irradiation [DA+CB:53 mg (0.26 mmol), MDTBP53 mg (0.26mmol), 
CH3CN:2 ml]. 


Inhibition of the [ 1,3]-sigmatropic rearrangement by trans-anethole 


To a small vial was added 25 mg (0-12 mmol) of the above DA+CB mixture (DA/CB= 1.08 by 
GC), 14mg (0.11mmol) of DCB, 28mg (0.14mmol) of MDTBP, 22mg (0-15mmol) of 
trans-anethole, and 1 ml of CH3CN. The table below shows the results obtained over 40 rnin of 
irradiation. 


Tirne(min) DA/MDTBP CBMDTBP DNCB (CB + DA)/(MDTBP) TAMDTBP TA-DimerMDTB 


0.672 0.622 1-08 1.294 0.665 - 
0-681 0.623 1-09 1-304 0.630 - 


10 0.671 0.602 1.11 1.274 0.602 
20 0.704 0.61 1 1.15 1.315 0.559 1.68 X 
40 0.678 0.568 1.19 1 -247 0-497 2.94 X 


0 
5 


- 


After this time, 50mg (0.61 mmol) of 2,3,dimethyl-1,3-pentadiene were added. After an 
additional 10 min of irradiation, GC analysis showed the (trans-anethole + diene 
cyc1oadduct)MDTBP = 1.56 x lo-*. 


Control reaction for reactivity: h-ans-anethole dimerization and cross addition to 2,3-dimethyl- 
1 ,Ibutadiene 


To a small vial was added 24mg (0.16mmol) of trans-anethole, 14mg (0.11 mmol) of DCB, 
28mg (0.14mmol) of MDTBP, and 2ml of CH3CH. The solution was irradiated for 10min. 
Then, 45 mg (0-55 mmol) of 2,3-dimethyl-l,3-butadiene were added and the resulting mixture 
was irradiated for an additional 30min. The results of GC analysis are recorded below: 


Time(rnin) TA/MDTBP TA-DirnedMDTBP Cross adduct/MDTBP 


0 
10 


10 
20 


0-705 0 


2,3-dimethyl-1,3-butadiene added 
0.598 1.13 X lo-* 
0.510 1.712 x 


0-643 8.32 x 10-3 


0.166 
0.207 
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[1,3]-Sigmatropic rearrangement with 10-3 mol % (4-BrPh)3NSbC16 for 3 min 


In the usual manner, 52mg (0-25mmol) of the DA+CB mixture (DA/CB=1.22 by GC) was 
reacted with 26 mg (0-03 mmol, 10-34 mol%) of (p-BrPh)3NSbC16 in 3 ml of DCM at 0°C in the 
presence of 18 mg (0-1 mmol) of phenanthrene (internal standard). After 3 min, the reaction 
was stopped with methoxide and analyzed by GC; the results are below. 


~ ~ ~~ ~ ~ ~~ 


Time(min) (CB + DA)/standard DAlstandard DA/CB 


0 
3 


2.75 1.51 1.217 
2.15 1.9 7.7 


Hence, the total DA content increased 25.8% while the total recovery of material was 
78.2%. 


[l,S]-Sigmatropic rearrangement with 7-4 mol % of (4-BrPh)3NSbC16 for 90s 


To a 10 ml round bottomed flask equipped with a stir bar was added 47 mg (0.23 rnmol) of 
CB+DA (DA/CB=1-11 by GCIFI), 19 mg (0.11 mmol) of phenanthrene (internal standard), 
and 2 ml DCM. After cooling to 0 "C, 14 mg (0.017 mmol, 7.4 mol%) of ~ - B r P h ) ~ N S b c l ~  were 
added all at once. After 90s, the reaction was quenched with methoxide. The results are shown 
below: 


Time(min) (DA + C)/standard DNstandard DNCB 


0 2.205 1.16 1.11 
1.5 2-22 1.51 2-1 1 


Hence, the DA adduct increased by 30.2% while recovery of material was essentially 
quantitative within experimental error. 


Preparation and rearrangement of ( k)-( 1R)-(4-methoxyphenyl)-(4S)-methyl-(2R)- 
vinylcyclobutane (the syn isomer of scheme 8) 


Into an immersion photochemical reaction vessel was placed ca. 20ml of 1,3-butadiene and 
1.3 g (8-8 mmol) of TA. The stirred solution was irradiated for 6 hours at -35 "C. After the 
butadiene had been allowed to evaporate, the crude mixture was taken up in pentane and 
analyzed by GUMS. Detected were cis- and trans-anethole, six apparent cross adducts 
[M+=202, rn/e=148(100%)], and an apparent anethole dimer [M+=256, rn/e=147(100%)]. 
GC/FI showed only 4 major cross adduct peaks eluting in 2 groups of 2. The 4 adducts were 
believed to be 2 vinylcyclobutanes and 2 Diels-Alder adducts formed from both cis- and 
trans-anethole (see below): 


Crude Product Composition (GCIFI)% 


Cis- and Trans-Anethole CBl CB2 DA1 DA2 Anethole Dimer 


21 3 22 2 21 31 
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Thick layer chromatography (pentane/benzene:5/1) separated the material into a major and 
minor band; the major band contained primarily CB2 and DA2 while the minor band 
consisted mostly of CB1 and DAl.  DA2 was identified as the known Diels-Alder adduct" 
derived from trans-anethole (under cation radical conditions) by GC analysis of the major 
band spiked with the authentic adduct. However, CB2 did not correspond with the known 
cyclobutane28 formed from trans-anethole under cation radical conditions although it was later 
rearranged (see below) into DA2 under PET conditions. Rerunning the major band on a thick 
layer plate (pentane/benzene:5/1) eventually lead to the isolation of CB2 as a 6.83:l.O mixture 
with the known cyclobutane adduct formed from trans-anethole under cation radical 
conditions being the minor component. 


In the 'H-NMR spectrum of the purified material (which, incidentally, had the same peaks, 
multiplicities, integrations, but slightly different chemical shifts when compared with the 
'H-NMR2' of the anti-isomer), the benzylic proton absorption was identical in shape but 
downfield from the analogous absorption in the spectrum of the cation radical cyclobutane 
adduct. This behavior can be rationalized by invoking a shielding effect from the induced 
magnetic field of the double bond upon the benzylic proton in the anti-cyclobutane where the 
ethenyl groups and the benzylic proton are presumed to be syn. In CB2, where the ethenyl 
group and the benzylic proton are presumed to have an anti relationship, no shielding should 
occur and a relatively downfield chemical shift for the benzylic proton absorption is 
reasonable. 'H-NMR (CDC13, 500MHz)a 1-18 (d, 3H, 5=6-83, ring methyl), 1-83-1.91 (m, 
lH,  methylene proton), 2.01 (dt, lH ,  J=7.88 and 3.68, methylene proton), 2-76 (septet, lH,  
J=7-88, methine adjacent to methyl), 3.18 (quartet, ZH, J=7.88, allylic methine), 3-24 (t, lH ,  
J=9-46, benzylic proton), 3.79 (s, 3H, methoxy methyl), 4438-4-96 (m, 2H, J=10-51 and 18.4, 
terminal vinyl protons), 5.67-5.74 (m, lH, vinyl proton next to ring), 6.81-7.06 (m, 4H, 
aromatic). l3C-NMR (CDC13, 500MHz)6 a) 20.8, b) 31.8, c) 32.9, 3) 41.2, 3) 50.4, f) 55.5, g) 
113.5, h) 114.1, i) 128-6, j) 133-8, k) 139.9, I) 157-8. 


Rearrangement 


A small flask containing 50 mg (0.25mmol) of the above syn isomer (6.83: 1-0 mixture of CB2 
and the cation radical (anti) cyclobutane adduct), 7mg (0.05 mmol) of DCB and 0.25 ml of 
CH3CN was irradiated for 30min. GC showed that conversion was essentially complete 
(DA2/CB2=11-4). The identity of DA2 was confirmed by GC analysis of the product solution 
spiked with authentic DA2. 


Reaction of tmns-anethole with E,E-2,4-hexadiene by direct irradiation: formation of 
(&)-( lR)-(4-methoxyphenyl)-( 2s)-( l-E-propenyl)-(3R, 4S)-dimethylcyclobutane (syn isomer of 
scheme 9) 


To a medium size pyrex vial was added 1.0g (6-7mmol) of TA and 6.73g (82 mmol) of 
E,E-2,4-hexadiene. After the sample had been irradiated for 2 days, another 1.Og (6.7 mmol) 
of TA was added (piecemeal addition was used to minimize TA dimerization). After 3 days 
additional irradiation (most of the TA had been consumed by GC), the sample was 
concentrated. GC revealed a TA dimerkross product (see below) ratio of 4:l. The crude 
material was chromatographed on 100 g of silica gel with 5:l Skelly Bhenzene. GC analysis of 
the combined 5th-60th lOml fractions showed cis- and trans-anethole plus the cross adducts. 
Distillation at lmm gave three fractions: 1) 6O"C-9O0C: cis- and trans-anethole, 2) 
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90°C-110°C: anetholes + cross adduct (ca. l:l), and 3) 110"C-120"C: anetholes + 
crossadducts (1:3). The 3rd fraction was chromatographed on a thick layer plate using 9:l 
pentanelether. The product band was cut into thirds: 1) the top third was cross adduct plus a 
trace of anetholes by GC, 2) the 2nd third contained significant amounts of anetholes, and 3) 
the last cut contained unidentified materials plus cross adduct. The 2nd third was heated at 
60°C at 1 torr for 12h (removal of the anetholes) rechromatographed (thick layer, 9:1 
pentanelether) and combined with the first third. The total amount of cross adduct recovered 
was 100mg (3.2%). 


GUMS showed 11 isomers with one comprising 66% of the total. The remaining isomers 
were present in 1%-9% abundance each. For the major isomer, the mass spectrum showed 
m/e=174 as the largest ion and a base peak of 148. The m/e= 174 ion probably arises from the 
loss of 2-butene (C4H8) from the parent ion of a cyclobutane adduct (see below): 230 - 56 = 
174. This behavior is precedented by other TNcyclobutane adducts. One isomer (0.85%), 
which showed M+=230 and m/e=148 (loo%), serves as a stark contrast insofar as the stability 
of its parent ion is concerned. The major isomer corresponded with one of the initially formed 
non-Diels-Alder isomers in the reaction of TA with E, E-2,Chexadiene under aminium salt 
conditions at -30°C after 55s. The 'H-NMR spectrum was consistent with a vinylcyclobutane 
cross adduct. The benzylic proton absorption appeared at 6 3-2 as a symmetrical triplet 
without any hint of additional fine coupling ( 5 0  MHz). The chemical shift is downfield from 
that for the analogous proton (6 2.7) in the cyclobutane formed from TA 1,3-butadiene under 
aminium salt (cation radical) conditions but the same as for the analogous proton in the 
cyclobutyl adduct formed from TA and 1,3-butadiene by direct, unsensitized irradiation. It is 
clear the benzylic proton should experience shielding when it is syn to an alkenyl group-as in 
the translantilfrans isomer-more than when in an anti relationship with the same, as in the 
translsynltrans isomer. Hence, the cyclobutanes formed from direct irradiation are predicted 
to have the translsynltrans relationship. 'H-NMR (CDCl3, 500 MHz) 6 1-08 (t, 4H, J=6-3, two 
methyl groups on the ring. This peak is actually two doublets superimposed; in the 90 MHz 
spectrum a lone doublet appears.), 1-51 (d, 3H, J=5.8, .  allylic methyl), 2.28 (hex, lH, J=6.3, 
methine H on ring carbon diagonal to the carbon bearing the anisyl group), 26-2-75 (m, 2H, 
allylic methine and methine on diagonal carbon: the COSY spectrum indicated this absorption 
was coupled with a vinyl proton and a ring methyl group), 3.21 (t, lH, J=6-3, benzylic 
methine: the COSY experiment showed coupling only to the area at 6 2-65-2.75), 3.78 (s, 3H, 
methoxy methyl), 5.15-5.21 (dd, lH, J=8*9 and 15-23, vinyl proton adjacent to ring: COSY 
shows coupling to allylic methine in ring), 5.27-5-34 (quartet, lH, J = 5 4  and 15-8, vinyl H 
adjacent to allylic methyl), 4-82 (d, 2H, J=10.0, aromatic), 7.05 (d, lH,  J=10-0, aromatic). 
13C-NMR (CDC13, 500 MHz) 6 a) 14.56. b) 15.03, c) 17-9, d) 34.20, e) 35-45, f) 47-89, g) 
47.94, h) 55.16, i) 113.34, j) 124.68, k) 128.88, I) 132-33, m) 134.20, n) 157.56. HRMS: mle 
calculated ( C I ~ H ~ ~ O ) :  230.167055, mle found: 230.16640. 


VCB rearrangement of (+)-(1R)(4-methoxyphenyl)-(2S)-(l-E-pro~nyl)-(3~, 4s)- 
dimethylcyclobutane 


To a small vial was added 70mg (0-304mmol) of 66% title cyclobutane (see the previous 
experimental), 44mg (0-34 mmol) of DCB, 61mg (0.32mmol) of DTBP, and 1.5ml of 
CH3CN. After 92 min of irradiation, the reaction mixture was concentrated, taken up in 
pentane (DCB precipitated), and chromatographed (thick layer, 5: 1 pentane/benzene) 
affording 57mg of crude product which was still ca. 22% (by GC) cis- and trans-anethole. 
Hence, the material was heated at 55°C for 6h at ltorr. After additional chromatography 
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(thick layer, 5: 1 ,  pentane/benzene), GC analysis showed only a trace of the anetholes. There 
were 3 major components in the mixture according to GClFI in a 6-13:1-0:1.59 ratio. The 
identities of the products were the two known Diels-Alder adducts and a presumed 
cyclobutane (not starting material) respectively (established via GC/MS analysis of the 
reaction after 15 min of irradiation spiked with authentic Diels-Alder adducts). A total of 39 
mg were recovered 82% of which were Diels-Alder products or 70.3% of which was the ex0 
isomer (see NMR analysis below). Hence, a 59.3% yield of the ex0 isomer based on the 
starting cyclobutane was obtained. 


H5 


EX0 
H5 


END0 
Scheme 14 


The 'H-NMR of a near 1:l mixture of the known Diels-Alder adducts= had absorptions 
which exactly matched the peaks seen for the major product of the rearrangement reaction; 
three upfield methyl doublets, methoxy singlet, exact olefinic and aromatic chemical shifts and 
splitting patterns were among the more obvious matches. The spectrum of the present reaction 
product showed clear differences relative to the starting cyclobutane excluding the possibility 
of an isomerization (rather than rearrangement) reaction. The olefinic region of the 500 MHz 
'H-NMR product spectrum showed 8 equally spaced lines for one proton and a doublet of 
triplets for another. Examination of structures of the en0 and endo Diels-Alder adducts shows 
that such splitting is reasonable for both isomers. In the ex0 isomer, HI is coupled with 
pseudoequatorial H6 (dihedral angle <<90 ") and vinylic H2 due to proximity and pseudoaxial 
H3 since allylic coupling is best when the dihedral angle approaches 90". A reasonable order 
for the magnitudes of the coupling constants would be JH,--H, > J H , - H ,  >JHI--H,. The 8 
observed lines are each separated by 2-63 Hz, a value consistent with substantial allylic 
coupling (JH,-H,). Doubling this value gives 5.27 Hz - a reasonable value for JH,-H, 


according to the Karplus equation (J=8.5 cos2$ - 0.28, 0" S $ S 90") if the dihedral angle 
lies between 31 O (J=6 Hz) and 38" (J=5 Hz) which is probable. Doubling again gives 10.51 Hz 
- a reasonable J for cis vinylic coupling ( J H , - H , ) .  Hence a doublet of doublet of doublets, or 
8 equally spaced lines, is a reasonable splitting pattern for HI.  In contrast, H2 would probably 
be coupled significantly only to HI since the H2-H3 and H2-H6 dihedral angles are ca. 90" 
and <<90" respectively. These latter two couplings though slight might be detectable; hence, 
for H2, a basic doublet with each line split into a small triplet is consistent. A similar analysis of 
the endo isomer leads to the overall same conclusions: HI could be expected to couple strongly 
with H2 but weakly to H6 and H3 resulting in a doublet of triplets while H2 could be 
significantly coupled to HI, H6, and H3 leading to a doublet of doublet of doublets. 
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Differentiation between the endo and ex0 isomers can perhaps be facilitated by the 
respective splittings for H4. In the endo isomer, H4 is in a gauche relationship with H3 but an 
anti relationship with Hs; the H4-H3 and H4-H5 couplings should differ and a doublet of 
doublets is predicted. However, in the exo isomer, the &-H3 and H4-H5 relationships are 
both anti and a triplet is indicated. In the 'H-NMR spectrum of both isomers (exolendo=l.4), 
a clear doublet of doublets (J=5-26 and 11.04 ) is observed at 6 2.71. The chemical shift and J 
values are consistent with the benzylic methine of the endo isomer. However, in the product of 
the rearrangement this absorption is absent. A 2 dimensional (standard) C-H correlation 
experiment performed on the rearrangement product showed that the proton represented by 
the upfield portion of a multiplet at 6 1.98-2.11 in the 'H-NMR spectrum was coupled to a 
carbon at 6 49 in the l3 C-NMR which most likely bears the anisyl moeity (of the sp3 carbons, 
only the methoxy methyl was farther downfield at 6 55). This portion of the multiplet has 4 
lines which appear as a doublet of doublets with J values of 9.99 Hz and 11-04 Hz - a near 
triplet. A COSY ('H-NMR) experiment showed that this near triplet is not coupled to any of 
the methyl groups (upfield doublets). In addition, the coupled I3C-NMR spectrum showed the 
correlated carbon as the expected doublet. Hence the exo structure is suggested. 


The endo isomer's 'H-NMR assignments can be made from the spectrum of the 1.4:l-0 
exolendo mixture since the exo signals have been distinguished as described above. The endo 
and exo adduct structure assignments are both strongly supported by a comparison with the 
endo- and exo-DA adducts of E, E-2,Chexadiene with acrylonitrile.40 


Exo isomer 


'H-NMR (CDCl,) 6 0.57 (d, 3H, .T=6-31, methyl on C3), 0.78 (d, 3H, methyl on Cs) ,  0.92 (d, 
3H, J=6.61, methyl on C6), 2.01 (dd, lH, J=9.99 and 11.04, benzylic methine-H4), 2.03-2.11 
(m, 2H, complex, allylic methine-H3), 2-2-2.31 (m, 2H, complex, H5 and H6), 3.79 (s, 3H, 
methoxy methyl), 5.52 (dt, lH,  J=9.46 and 0.52, vinyl HZ), 5.45 (ddd, lH,  5=2.63,5.27, and 
10.51, vinyl H1), 6-82 (d, 2H, J=8-41, aromatic H metu to methoxy), 7-04 (d, 2H, J=8-41, 
aromatic H ortho to the rnethoxy). The I3C-NMR spectrum was assigned from a C-H 
correlation experiment and a coupled I3C-NMR spectrum: 13C-NMR (CDC13) 6 a) 15.30, b) 
17.34, c) 20.27, d) 35-25, e) 36-65, f) 39-17, g) 49.09, h) 55-17, i) 113-52, j) 129-16, k) 131.91,l) 
132-59, m) 136-93, n) 157.74. 


Endo isomer 


'H-NMR (CDCl3) 6 0.72 (d, 3H, J=6-31, allylic methyl closest to anisyl group), 0.82 (d, 3H, 
J=6.31, non-allylic methyl), 1.09 (d, 3H, J=6.31, allylic methyl farthest from the anisyl 
group), 1-68 (dhex, lH,  J=5.78 and 9.46, HS), 1-89 (pentet o f t ,  lH,  J = 5 3  and 10-25, H6), 
2-19 (sextet of d, IH, 5=7-88 and 0.53, H3), 2-71 (dd, lH, 5=5.26 and 11.04, H4), 3-79 (s, 3H, 
methoxy methyl), 5.45 (dt, lH, J=10.5 and 1.05, HI), 5.22 (ddd, lH, J=2.63,5-27, and 10.51, 
H2-splitting assigned by analogy with the ex0 isomer), 6.8-7-07 (m, 4H, aromatic). I3C-NMR 
(CDC13) 6 a) 16.89, b) 18.32, c) 20.69, d) 33-25, e) 36.39, f) 39-52, g) 50.56, h) 55.05, i) 113.29, 
j )  130.15, k) 131.74, I) 132.42, m) 135-57, n) 157.72 (assigned via C-H correlation 
experiment). 
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VCB rearrangement of (k )-( lR)-(4-methoxypheny1)-2S-( 1 -E-propenyl)-(3R, 
4S)-dimethylcyclobutne under PET conditions in the presence of MDTBP and trans-l,3-P- 
entadiene 


To a small vial was added 25 mg (0.11 mmol) of the title cyclobutane (73%; 8 significant signals 
7 of which represented 27%: as determined by capillary GC/FI; most were 3 4 % ,  the smallest 
major isomerlminor isomer ratio was 8-34: 1; only a trace of cisltrans anetholes were detected), 
16 mg (0.13 mmol); of DCB, 35 mg (0.51 mmol) of truns-l,3-pentadiene (trap), 20 mg (0.097 
mmol) of MDTBP, 18 mg (0.1 mmol) of phenanthrene (internal standard), and 1 ml of 
CH3CN. The results from GCFI are tabulated below. 


Time CB/IS DA,,,/TS DA,,j/DA,i, CB+DAmajIIS DAmaj/CB TA-PD adductiIS 


- - 0 0.884 - 0.884 
15 min 0.373 0.609 7.92 0.98 1.63 trace 
30min not integrated 0.974 6.80 1.10 6.5 0.19 
54 rnin traces 1.03 6.82 1.03 CB not detected 0.295 


- 


[Abbreviations: CB=major cyclobutane; IS=internal standard (phenanthrene); DA,,,I=major Diels-Alder (exo); 
DA,,,-minor Dick-Alder (endo); TA-PD adduct=tmns-anethole/l,3-pentadiene Diels-Alder adduct] 


The identities of the Diels-Alder products were established by spiking the reaction mixture 
after 15 min irradiation with authentic adducts and subsequent GC/FI and GCMS analysis. 
The trans-anetholell,3-pentadiene adduct2* was characterized by GUMS where a peak with 
M+=216 and rn/e=148 (100%) was found. 


VCB rearrangement of (k )-( lR)-(4-methoxyphenyl)-(2S)-( 1 -E-propenyl)-(3R, 
4S)-dimethylcyclobutane under PET conditions in the presence of cis and trans anethole 


To a small pyrex vial was added 52 mg of a 2.51:l.O title cyclobutane/anethole mixture (7 other 
cross adducts were also present with only one being present in a significant quantity - major 
cyclobutane/second most plentiful isomer = 6.3 as determined by GCIFI), 27 mg (0.211 mmol) 
of DCB, and 1 ml of CH3CN. Before irradiation, GUMS revealed none of the ex0 
Diels-Alder product. After 20 min and again after 40 min of irradiation, GCMS showed small 
amounts of the ex0 isomer with virtually no other concurrent changes in the other isomers 
present. Hence, the only impact the presence of the anetholes had was rate reduction. The 
identity of the ex0 isomer was established by spiking the 40 min reaction mixture with a known 
sample and subsequent GUMS analysis. After 24 h of irradiation, the reaction was essentially 
complete (ex0 isomerkyclobutane >15). 


Preparation of phenyl propenyl sulfide (PhPrS) 


This sulfide was prepared from phenyl vinyl sulfide (PVS) according to a literature41 
procedure in a 3-84:l.O product/PVS ratio (2nd fraction: 64-7OoC, 10 torr). Product identity 
verified by 'H-NMR. 
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Reaction under PET conditions for 48 h. 


To a Pyrex test tube was added 674 mg (79.3%, 535 mg-3-56 mmol) of PhPrS (M+=150, base 
peak=59), 408 mg (3.04 mmol) of DCP, 350 mg (2-73 mmol) of DCB, and 11 ml of CH3CN. 
After 48 h of irradiation, the crude mixture was concentrated, diluted with pentane, filtered 
from solids and concentrated, purified from unreacted starting materials by evaporation in 
vacuo (1 torr) for 3h, and chromatographed (thick layer, Skelly B), affording 202mg 
(0-71 mmol, 23.4%) of a 3.63:l.O (GC/FI) mixture of isomers as a clear and colorless oil. Each 
isomer had a Mt=284 and a base peak of m/e=175 (M+=109) according to GCMS analysis. 
The 'H-NMR spectrum had no olefinic absorptions and the correct integration for a 
Diels-Alder cycloadduct. The 13C-NMR spectrum had 11 lines with chemical shifts < 60 Hz - 
a fact also consistent with a cycloadduct structure. The NMR and mass spectral behavior are 
consistent with a Diels-Alder adduct. 'H-NMR (CS2, 90 MHz) 6 (major isomer) 1-1 (s, 3H 
methyl), 1-3-3.0 (m, 16H, ring protons), 6-7-7-2 (m, 5H, aromatic). 13C-NMR (CDC13, 80 
MHz) 6 a) 21.98, b) 23-29, c) 26.82, d) 27.90, e) 29.35, f) 32.85, g) 35-69, h) 36-32, i) 39-50, j) 
49-24, k) 51.44,l) 128.38, m) 131.14, n) 132-28, 0) 134.94, p) 137.42, q) 137-91. HRMS: mIe 
calculated for Cl9HZ4S: 284.15987; measured 284.16085. 


Reaction with (4BrPh)3NSbC16 in the presence of base 


To a 25 ml round bottom flask was added 160 mg (1.19 mmol) of DCP, 224 mg (79-3%, 194 
mg-1-29 mmol) of PhPrS, 186 mg (0.91 mmol) of MDTBP and 5 ml of DCM. After cooling to 
0" C and while stirring, 494 mg (0.615 mmol) of (4-BrPh)3NSbC16 in 10 ml of DCM was added 
as rapidly as possible. After 5 min, the reaction was quenched with methoxide and analyzed. 
GCMS revealed one small product peak which had M+=284 and a base peak of 175. Also 
prominent was m/e=134 (75%). This is in contrast to the adducts obtained under PET 
conditions (see above) where m/e=134 was only 10% of the base peak. GC/MS analysis of the 
crude reaction product combined with the PET adducts showed that the different reactions 
gave different products. Also detected were one DCP dimer [Mf=268, m/e=134(100%)], a 
DCPFVS cross adduct (M+=270, m/e= 134 (lOO%)], and an unknown material [largest 
m/e=base peak=134]. 


Reaction under PET conditions for 4 h 


To a small Pyrex vial was added 69 mg (0-51 mmol) of DCP, 106 mg (79.3%, 84.1 mg-0.56 
mmol) of PhPrS, 67 mg (0.523 mmol) of DCB and 2 ml of CH3CN. After 4 h of irradiation, 
GUMS revealed 4 apparent cross adduct peaks, two of which were demonstrated to be the 
Diels-Alder adducts formed after 48 h or irradiation by GCIMS analysis of the product 
solution spiked with the known adducts (see above). The larger of the remaining 2 products 
(the major product of the reaction) had exactly the same retention time and mass spectrum as 
the cross adduct formed under aminium salt conditions (see above). The remaining adduct - 
seen only in this experiment - had a M+=284, m/e=175 (loo%), and 134 (33%). These latter 
2 products are speculated to have the cyclobutane cross adduct structure based upon their 
mass spectral behavior and the process of elimination. Also detected was PVS dimer [largest 
m/e=244=272-28 (M+-ethylene), m/e= 135 (loo%)], a DCPPVS cycloadduct [M+=270, 
m/e=134 (100%)], and a PVS/PhPrS cross adduct [M+=286, m/e=150 (loo%), 135 (61%), 
136 (57%)]. A control reaction where DCB was omitted and the sample was irradiated for 16.5 
h produced only traces (<<1%) of one peak which contained rn/e=175 in its mass spectrum: 
largest m/e=175 (93%), mle=135 (100%). 
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VCB rearrangement of (+ )-(S)-S-methyl-(R)-l-phenylthio-(S)-2-[l-E-propenyl] cyclobutane the 
anti isomer of scheme 11 under PET conditions. 


The title cyclobutane was prepared under PET conditions in 35% yield upon purification with 
thick layer (Skelly B) chromatography. The following physical data established the structure 
of the anti-CB starting material: 'H-NMR (200 MHz) 6 7.6-7.4 (m, 5H), 5.5 (m, 2H), 3.35 (9, 
lH, J=9.0 H z, 2-5-1-5 (m, 4H), 1.65 (d, 3H, J = 5  Hz), 1.05 (d, 3H, J=6H); 13C-NMR (80 M 
Hz) 6 a) 17.88, b) 20.15, c) 34-38, d) 36.63, e) 43-48, f) 54-50, g) 125.78, h)126.09; i) 128-65, j )  
130.23, k) 130.48, I) 132.20. The small amount of syn isomer present differed primarily in the 
chemical shift of methine proton alpha to the phenylthio function which was shifted downfield 
to 6 3.75 (from 3.35 in the anti isomer) and appears as a clean quartet (J=8.0 Hz). Both the 
upfield shift of the major isomer and its splitting pattern (two diaxial and one ae splitting) 
clearly distinguish it as the anti isomer. HRMS: rnle calculated: 218.11292, mle measured 
21 8.1 1209. 


To a small vial was added 30 mg (0.14 mmol) of the title compound [obtained from the PET 
cycloaddition of E, E-2,Chexadiene and PVS for 24h] as a 2.18 antilsyn mixture (19.6:l ratio of 
CB:DA adducts): 4 mg of DCB, and 2 ml of dry acetonitrile. n-Decane was employed as the 
internal standard. The reaction mixture was irradiated for a total of 20 h, with GC monitoring 
at various time intervals. The results are summarized below: 


Time(Hr) CB/DA (CB+DA)IS % Conv. % Decomp. 


0 19.61 4.37 0 0 
2 19.16 5-08 5.2 0 
5 1.97 4.72 26.0 0 


20 0.25 3.91 78.0 1 1  


After the usual PET workup procedure, the crude product was chromatographed on silica 
gel (hexane). 


The VCB rearrangement product 


'H-NMR (200 MHz) 6 7.15-7.45 (m, 5H), 5.65 (ddd, lH, 5=12.5, 5.0, 2.6 Hz), 5-52 [d(br), 
lH, J=12.5], 3-55 (ddd, lH, J=9.9, 5-0, 2-7 Hz), 2.5-1.2 (m, 4H), 1-05 (d, 3H, 6.5 Hz), 0.96 
(d, 3H7 6.5 Hz); HRMS: mle calculated: 218.11292, mle 218.11209 measured. The 
multiplicities and coupling constants of the vinyl protons and the proton alpha to the 
phenylthio function are highly characteristic of an endo-DA isomer, as has clearly been 
established in the case of the endo- and exo-E, E-2,4-hexadiene/acrylonitrile ad duct^.^' The 
ratio of endo to ex0 DA product is 3:l. The alpha proton of the latter has 6 3.16 (ddd, J=3.5, 
5.7, 7.5 Hz). 


Cycloaddition of 1, l  '-dicyclopentenyl and phenyl vinyl ether 


A solution of 171'-Dicyclopenteny141(4.0 g, 0.029 mol) and phenyl vinyl ether (8.7 g, 0-0725 
mol) in freshly distilled dry acetonitrile (29.0 ml) containing 1 ,Cdicyanobenzene (0.74 g, 
0.0058 mol) was photolyzed for 42 h. The solvent was removed by rotary evaporation and the 
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crude product purified by chromatography on silica gel (hexane) to afford 1.51 g (20% yield) 
of CB and DA adducts. The first pair of adducts (GCMS) is the syn:anti CB pair (7:1), and 
the second pair corresponds to the Diels-Alder adducts (2:l). The ratio of CB:DA adducts 
aggregatily is 2-89:l. The CB adducts were characterized as follows: Mass spectrum mle 254 
(M+, l%), 161 (30%), 134 (loo%), 119 (15%), 105 (18%), 93 (25%), 91 (42%), 77 (20%), 67 
(15%), and 41 (21%). The retrofragmentation reaction and the presence of a weak molecular 
ion chracterize both adducts as cyclobutane adducts; 'H-NMR (300 MHz CDC13) 6 7.35-7.15 
(m, 2H), 740-6.70 (m, 3H), 5.55-5.45 (brt, lH), 4-43 (t, syn, lH, 5=6.3 Hz), 3.90 (t, anti, 
lH,  5=5.70 Hz), 2-84-14 (brm, 15 H); HRMS: Calculated for C18H220, 254.16707; 
measured, 254.16628; l3C-NMR(CDCI3) syn isomer: a) 157.0, b) 145.0, c) 128.3, d) 123-2, e) 
119.5, f) 114.5, g) 76.4, h) 36.6, i) 36-3, j) 31.8, k) 31-4, 1) 31-2, m) 30.2, n) 24.8, 0) 23.3. 


Rearrangement of the CB cycloadducts derived from 1,l  '-dicyclopentenyl and PVE 


The title CB adducts (18 mg, 0.0709 mmol) were dissolved in 1.0 ml dry dichloromethane and 
the solution cooled to -45 "C (aqueous CaC12/dry ice) under an atmosphere of dry nitrogen. 
Tris (2,4-dibromophenyl) aminium hexachloroantimonate (20 mg, 0.0195 mmol) was added in 
small portions over 15 min. After 27 min, the reaction was quenched with sodium 
methoxide/methanol solution. The crude mixture was extracted with ether (3X 10 rnl) and the 
united extracts washed with water and dried over magnesium sulfate. Chromatography on 
silica gel (hexane) afforded the rearranged Diels-Alder adducts (9.0 mg, 50%). Capillary GC 
studies revealed a pair of DA adducts (2:1, exo:endo): 


Time(min) CB+DA/ref CB/ref DA/ref CBlDA 


0 0.494 0.330 0.159 2.07 
14 0,414 0-121 0.293 0.41 
27 0.39 0 0.385 0 


The kinetic data above reveal that complete conversion of the CB adducts occurs, 
corresponding to a 67% yield of DA adducts. Mass spectrum: M+=254 (8%), 161 (loo%), 134 
(62%), 119 (20%), 105 (20%), 91 (47%), 79 (35%), 67 (34%), 41 (28%); 'H-NMR (360 MHz, 
CDC13): 6 7.30-7.10 (m, 2H), 7 ,M-85 (m, 3H), 4.70 (dt, lH, 5=10-2(d), 4-7 (t) Hz, endo), 
4-27 (qlH, J=5-15 Hz, em), 2.85-1.40 (brm, 16H); HRMS: Calculated for C18H220: 
254.16707: measured 254016652. 


Rearrangement of syn and anti 1-methyl-3-phenylthio-2(1-propenyl)cyclobutanes under PET 
conditions in the presence of MVA (trap study) 


The title cyclobutane was prepared from a 16.7h PET reaction of 874 mg (6.42 mmol) of PVS, 
1-586 g (19.31 mmol) of E,E-2,4-hexadiene, and 762 mg (5.95 mmol) of DCB in 15 ml of 
CH3CN. A 28.9% yield (404 mg, 1435 mmol) of cyclobutanes was obtained upon purification 
of the crude product by : 1) evaporation of CH3CN, 2) precipitation of polymeric impurities 
with pentane, and 3) column chromatography (100 g silica gel, Skelly B; Rf=O.l). To a small 
pyrex vial was added 26 mg (0.12 mmol) of the title cyclobutanes (anti/syn=3.06; C 
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cyclobutanes/decane= 1-13; Diels-Alder(endo adduct)/decane=0.061), 42 mg (0.424 mmol) of 
MVA (trap: MVA/decane=l.6), 4 mg (0.0031 rnrnol) of DCB, 17 rng (0.12 mrnol) of decane, 
and 2 rnl of CH3CN. After 3h of photolysis, the following ratios were obtained from 
electronic integration: Z cyclobutanes/decane=O-531, Diels-Alder/decane=O.105 (72% 
increase), MVA/decane=l.035. After 6h of photolysis, the following ratios were obtained: Z 
cyclobutanes/decane=O-458, Diels-Alder/decane=O.132 (1 16% increase from the beginning, 
and MVA/decane=O-856. After 9h photolysis, the em Diels-Alder adduct was detected. 
Despite this, the Z Diels-Aldeddecane ratio decreased slightly to 0.111. The other ratios 
determined were Z cyclobutanes/decane=0~260 and MVA/decane=O-636. GC/MS analysis 
was employed for product identification. None of the known MVAIE, E-2,Chexadiene 
cyclobutane cross product nor any PVSIMVA adducts were detected via GUMS. A control 
reaction to demonstrate the viability of formation of the various possible cycloadducts 
derivable from PVS, MVA, and E,E-2,4-hexadiene while simultaneously present in the same 
reaction was then performed. To a small pyrex vial was added 73 rng (0.54 rnrnol) of PVS, 51 
mg (0.52 mmol) of MVA, 43 mg (0.52 mmol) of E,E-2,4-hexadiene, 22 rng (0.17 rnmol) of 
DCB, 72 mg (0.52 mmol) of n-decane (internal standard), and 2 rnl of CH3CN. All products 
were identified by GCMS and quantified via GC/FI. After 4h of photolysis, the following 
ratios of products were obtained: (Z PVS/hexadiene cycloadducts)/decane=O* 105, (Z 
PVSIMVA cycloadducts)ldecane=O~ll6, (Z MVA/hexadiene cycloadducts)/decane=O~Ol4. 
After 7h the following ratios were determined: (Z PVS/hexadiene cycloadducts)/ 
decane=0.088, (2 PVS/MVA cycloadducts)/decane = 0.061, (Z MVA/hexadiene cycload- 
ducts)/decane=O4046. The PVS/MVA adduct [M+=235, m/e= 136(100%), m/e=99(7%). m/e 
=57(27%)] was not fully characterized but nevertheless showed mass fragmentation behaviour 
typically associated with the cyclobutanes produced via cation radicals in this laboratory. 
Hence MVA is demonstrated to be an appropriate trap for this rearrangement. 


Rearrangement of syn and anti 1-methyl-3-phenylthio-2(1-propenyl)cyclobutanes under PET 
conditions in the presence of l-ethenyl-4-(2-propenyl)cyclohexene(trap study). 


To a small pyrex vial was added 26 mg (0-12 mmol) of the title cyclobutanes (GCIFI ratio: Z 
cyclobutanes/decane= 1-096; endo Diels-Alder/decane=O-51), 12 mg (0.094 mrnol) of DCB, 
41 mg (0.277 mmol) of the trap triene (triene/decane=2.9), 15 rng (0.105 rnmol) of decane and 
2 ml of CH3CN. After 6 h of photolysis, the following ratios were determined from electronic 
integrations of a gas chromatogram (GC/FI) of the products: Z cyclobutanes/decane=O-515, 
endo Diels-Alder/decane=O-l18 (131 % increase), and triene/decane=l-153. Traces of triene 
dimer [M+=296, mle =148 (40%), m/e =92 (loo%)] were observed. Cycloadduct identities 
were determined by GUMS. The products were identified by GCMS. None of the known 
triene/PVS Diels-Alder adducts nor any trienelE, E-2,Chexadiene adducts were detected via 
GCIMS. A control reaction to demonstrate the viability of formation of the various possible 
cycloadducts derivable from PVS, the triene, and E, E-2,Chexadiene while simultaneously 
present in the same reaction was then performed. To a small pyrex vial was added 74 mg (0-54 
mmol) of PVS, 71 mg (0.48 mmol) of the triene, 45 rng (0.55 mmol) of E,E-2,4-hexadiene, 29 
mg (0.23 mrnol) of DCB, 66 mg (0.45 mmol) of n-decane (internal standard), and 2 ml of 
CH3CN. All products were identified by GUMS and quantified via GC/FI. After 7h of 
photolysis, the following ratios of products were obtained: (Z PVS/hexadiene cycloadducts)/ 
decane=0.139, (Z trienelhexadiene cycloadducts)/decane=O, (Z PVS/triene cycloadducts)/ 
decane=0-061, (Z PVS/HD cycloadducts)/(Z PVShiene cycloadducts)=2.26. Small amounts 
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of PVS dimer were also observed. Although the triene is apparently less reactive towards PVS 
cation radical than E, E-2,4-hexadiene, its relatively high concentration during the 
rearrangement would more than compensate for this difference. Hence, the triene emerges an 
appropriate trap for this reaction. 


Relative reactivities of E-1,3-pentadiene and E,E-2,Chexadiene towards E-anethole cation 
radical 


A control run to determine the relative reactivities of E-1,3-pentadiene and E, E-2,4- 
hexadiene towards trans-anethole catical was then performed. Thus 72 mg (0.45 mmol) of TA, 
68 mg (1.0 mmol) of E-1,3-pentadiene, 84 mg (1.02 mmol) of E,E-2,4-hexadiene, 70 mg (0.55 
mmol) of DCB, 71 mg (0-5 mmol) of n-decane (internal standard) and 2 ml of CH3CN were 
irradiated for 6 h while in a small pyrex vial. The products were identified by GUMS. The 
following ratios were determined via GC/FI analysis: (Z 1,3-pentadiene/TA cycloadducts)/ 
decane=0.268; (Z 2,4-hexadiene/TA cycloadducts)/decane=O~O20; (Z 1,3-pentadiene/TA 
cycloadducts)/(I: 2,bhexadieneRA cycloadducts) = 13.4. Hence E-l,3-pentadiene was an 
appropriate trap for the study of this rearrangement. 


Relative reactivities of 2,3-dimethyl-l,3-butadiene and 1,3-butadiene towards E-anethole cation 
radical 


A control reaction to demonstrate the appropriateness of 2,3-dimethyl-l,3-butadiene as a trap 
by comparing its reactivity towards TA catical with that of 1,3-butadiene was then performed. 
Thus a solution of 193 mg (1-30 mmol) of TA, 421 mg (7.8 mmol) of 1,3-butadiene, 515 mg 
(6-3 mmol) of 2,3-dimethyl-l,3-butadiene, 185 mg (1.30 mmol) of n-decane (internal 
standard), and 5 ml DCM was cooled to -6°C in an icehalt bath. To the stirred solution was 
added 255 mg (0.31 mmol) of solid (p-BrPh)3NSbC16 as rapidly as possible. A reaction aliquot 
was quenched after 1 min with saturated methanolic K2C03. The products were identified by 
GCMS. The following ratios were determined via GC/FI analysis: (Z 2,3-dimethyl-l,3- 
butadienenA cycloadducts)/decane=O~ 185, (Z 1,3-butadiene/TA cycloadducts)/decane= 
0-062, (Z 2,3-dimethyl-l,3-butadiene/TA cycloadducts)/(I: 1,3-butadiene/TA cycloadducts) = 
2.98. After 10 min of reaction time, the following ratios were determined: (2 2,3-dimethyl-1,3- 
butadiene/TA cycloadducts)/decane=l.M, (Z l,bbutadiene/TA cycloadducts)/decane= 
0.280, (X 2,3-dimethyl-l,3-butadiene/TA cycloadducts)/(Z 1,3-butadiene/TA cycloadducts)= 
3.79. Hence 2,3-dimethyl-l,3-butadiene was an appropriate trap for this rearrangement. 
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ABSTRACT 
Barriers for group transfers between nucleophiles have been postulated to be lowered when the 
transferring group can carry a considerable negative charge. Furthermore, anions readily subject to one 
electron oxidation appear to lead to lower barriers than do those of high oxidation potential. These 
suggestions are pursued here on the identity reaction ArSe- + ArSeSeAr d ArSeSeAr + ArSe-. 
Indeed the reaction is very fast, as shown by the appearance of only a single peak in the 77Se-NMR in an 
acetonitrile solution containing both ArSeNa and ArSeSeAr. The rate constant can be only very roughly 
estimated at low temperatures and dilute solutions, and is likely diffusion controlled for Ar = phenyl and 
p-methoxyphenyl. A stable intermediate (ArSe)3-, analogous to Br3-, is indicated, but quantitative 
stability could not be determined, from either the NMR or the W spectra. Some properties of 
%e-NMR are discussed. 


INTRODUCTION 


Previous work on group  transfer^'^^-^^^ between nucleophiles has revealed that the transferring 
group can carry a substantial charge in the transition state, even though it is formally neutral in 
the reagent and the product. When this charge is considerable, the reaction rate is faster than a 
related transfer with a nearly neutral transition state group. Thus the methoxymethyl group is 
transferred faster than a methyl group5 because the T.  S. is stabilized by a major contribution 
from structures like 1, and the transfer of phenacyl groups is fast because of enolate 
contribution to the T. S.4 The case of stabilization by negative charge on the transferring group 
is of interest here. Two factors appear relevant; such stabilization is favored by a transferring 
group well able to tolerate the negative charge, as phenacyl compared to methyl, and also by 
attacking and leaving groups for which the free nucleophile is most easily oxidized to the 
corresponding radical, as in ArSe- compared to ArS03-.3 The important favorable 
contribution to the transition state is the structure 2. 


X- CH2 Y- X* G-• X 
II 


+OCH3 


1 2 
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The extreme of a group for which the anion is favored is halogen as the transferring group. 
There are, however, few quantitative data on the rates of halogen transfers, although they are 
certainly very fast. 


A new feature appears when we try to combine the two factors. Thus, when iodide ion 
attacks iodine, although the reaction is believed to be diffusion controlled, the typical 
transition state for bimolecular nucleophilic substitution has disappeared; 13- is instead a 
stable hypervalent species. Such intermediates are believed to exist for a substitution on atoms 
below the first row, including silicon,6 phosph~rus ,~  and others. None of these are hypervalent 
in the sense of violating the rules of valence, only that structures cannot be written that 
conform to the octet rule. 


In this paper we attack the identity reaction of selenide anions with diselenides, reaction (1) 


ArSe- + ArSeSeAr + ArSeSeAr + ArSe- 


We have earlier noted that identity reaction rates can be measured by isotopic labelling and 
by interpolation from conventionally measured near-identity reaction rates using an LFER of 
some sort. The possibility of using NMR was mentioned, but the only example among methyl 
transfers is a somewhat uncertain study on the methyl iodide-dimethyliodonium ion reaction.' 
However, 77Se-NMR has turned out to  be the only handle on the rate of reaction (1). Reaction 
(1) is analogous to the identity reaction of thiophenoxide ion with diphenyl disulfide, which 
has been studied in a different solvent by Fava,' who used a radioactive tracer to follow the 
rate, with k = 0-49 M-'s-' at 20°C in methanol, which is far slower than the rate here 
observed. In structure 2, X- is less accessible with sulfur than with selenium. 


(1) 


RESULTS AND DISCUSSION 


The work on reaction (1) has nearly all been done with Ar = p-methoxyphenyl, although some 
studies on the unsubstituted compound are included. The use of substitutents with a 
substantial positive Hammett o proved difficult because the reduction of the diselenide by 
sodium in liquid ammonia leads to overreduction for the case of chloro or trifluoromethyl 
substitutents, as well as the previously noted nitro and cyano ~ubstitutents.~ The reduction 
used before on a wider variety of cases, namely the use of excess sodium borohydride, was 
unsuitable because it could not give known proportions of the sodium salt and the diselenide, 
and because of borane complexing of the anions."' 


We attempted to prepare known mixtures of the anions with the diselenides by adding small 
amounts of oxidizing agents to the selenide anion solutions. These anion solutions are 
extremely sensitive to air, with the major product being deselenide, but the reaction is far from 
quantitative. It gives overoxidation products, as shown by HPLC analysis of the product. 
Then, bromine in carbon tetrachloride was tried, but the anion is totally destroyed by far less 
than one equivalent of bromine. Of course, the oxidizing agent is the carbon tetrachloride, and 
this is discussed in more detail below. Like air, bromine in acetonitrile also gives products 
other than the diselenide, so this was also unsuitable. Most of these reactions were attacked by 
UV methods, and the various complications such as overoxidation and the appearance of new 
absorptions, especially with bromine, made any quantitative interpretation difficult. 


The search for (ArSe)3- was conducted by both NMR and by UV. In the NMR the chemical 
shift of the single 77Se peak, as shown in Table 1, was within the rather large experimental 
error, the same as the weighted mean of the anion shift and the diselenide. The presence of 
only a single peak shows that the reaction is very fast. The chemical shift errors were mainly 
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Table 1. "Se shifts for ArSe--ArSeSeAr mixtures in acetonitrile 


Ar" (ArSe-)' (ArSeSeAr)' 80tnC 8ca,:'d TC' 


Ph 0-0oO 0.1 456 amb 
Ph 0.15 0.00 141f amb 
Ph 0.093 0.091 343 349 amb 


An 0.04 0.00 102h amb 
An 0.0oO 0- 1 482 amb 
An 0-179 0-096 282 299 amb 
An 0-074 0.071 362 353 amb 
An 0.054 0-035 319 317 amb 
An 0.032 0.033 346 358 amb 
An 0.008 0.0044 279' 301 -30 


aAn = p-methoxyphenyl. 
bConcentrations in moles per liter. 
'Chemical shifts calculated in parts per million from Me2Se, but the actual internal 
standard was Ph2Se. 
dCalculated from the chemical shifts of the diselenide and the sodium salt weighted 
by the concentrations and the fact that only one of the two seleniums in the 
diselenide suffers a change of environment when reaction (1) occurs: 6,,,, = 
[6,,,,-(ArSeC) + 26,,s,,,,(ArSeSeAr)]/[(ArSe-) + 2(ArSeSeAr)]. 
'Ambient temperature in the NMR probe: cu. 30°C. 
'This value can be compared to the value in Reference 2 of 140.4ppm in sulfolane, 
but the agreement appears to be fortuitously close. 
gThis line was conspicuously broadened, it had a width of 90Hz. 
hReference 2 gives 93.9 in sulfolane. See note f .  
'This line was broadened to about 2MHz, see note g. 


Ph 0.011 0.0042 2789 277 -30 


due to uncertainty about the composition of the mixture, arising in some cases from the 
unavoidable contamination of the sodium selenide by small amounts of diselenide from 
adventitious oxidation, and for the more dilute solutions, weighing errors. In the early stages 
there were major uncertainties in the chemical shifts. These were attributed to an apparent 
temperature dependence of the chemical shifts, shared by all the compounds. The use of an 
internal standard (diphenyl selenide) eliminated this problem in all the results reported here. 


The results of the NMR studies are shown in Table 1. There was no significant dependance 
of the averaged chemical shift with concentration, suggesting that the concentration of the 
trimer anion even in the most concentrated solutions was too small to influence the observed 
average chemical shift. There was a perceptible variation in peak widths of all the compounds 
of an apparently instrumental origin that seemed unrelated to concentration or composition. 
Within this uncertainty, the averaged peaks were about as sharp as the standard except for the 
runs reported for the most dilute solutions at lower temperatures. This broadening gives rise to 
a very rough estimate of the rate constant for reaction (1). 


Reaction (1) is clearly very fast. In concentrated solutions, no solid evidence of broadening 
of the peak of the averaged signal could be seen. Cooling these solutions just short of the 
precipitation of the components in the hope of increasing the concentration of the trimer anion 
gave no significant change in the chemical shift or width of the averaged peak. However, the 
most dilute solutions did, on cooling to -3O"C, show a significant increase in peak width, 
compared to the internal standard, and to any of the other peaks seen. Because of the dilution 
and the broadening, these spectra required much longer accumulation times; even after 4 
hours, the signal to noise ratio was so poor that widths of these lines were not determined with 
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precision. The quality of the spectra for these reasons was not good enough to justify a 
detailed line shape analysis. Using just the line width, a chemical relaxation time of 2.8 X 
lOP7s was calculated for the p-methoxy case, and 1.7 x 10-7s was calculated for the 
unsubstituted phenyl case." These then lead to rate constants of 2.9 x lo* and 3.9 x 
~ O * M - ' S - '  for the two cases, respectively. These are not significantly different, and are 
probably not below the diffusion controlled limit for acetonitrile at -30 "C. We therefore 
refrain from a discussion of any substitutent effect. 


The UV studies are generally inconclusive. The characteristics of the spectra are presented 
in Table 2. In no case could a spectrum of any mixture be shown to differ from that of a 
combination of the individual spectra, except when the anion was oxidized with carbon 
tetrachloride where there were some changes with time, lasting for several minutes. Precise 
interpretation of the spectra was prevented by the demonstrated presence of significant side 
products. The high extinction coefficients prevented the study of concentrated solutions in the 
UV, although cells as thin as 1 mm were used. Still thinner cells did not aIlow adequate mixing 
of these very air sensitive mixtures. 


In spite of all this evidence, there is still reason to suspect the existence of the trimer anion. 
When the two reagents are mixed the faint yellow color of the diselenide turns a visibly more 
intense and more orange color, although the sodium arylselenide solutions are colorless. The 
color is due to a long tail on the UV maximum of the diselenide, which has only a very low 
extinction coefficient in the visible region. The visible absorption intensity of the mixtures was 
slightly higher than that for the two components, but the difficulty of dealing with this 
featureless weak absorption in the presence of uncertain side reactions prevented any 
convincing quantitative instrumental demonstration of a specific interaction. Nevertheless, the 
visible clue is entirely reproducible and can most easily be explained by a significant 
interaction of the two species. 


The reaction between ArSe- and CC14 is interesting and has an amusing consequence when 
a low concentration of CCll is added to a solution of ArSe- in CH3CN in an NMR tube. The 
absorption of the selenium anion disappears completely although that of the reference PhzSe is 
quite unaltered. After about twenty minutes the Se spectral line reappears in the new position 


Table 2. UV data for diselenides and 
arylselenide anion in acetonitrile 


Compound ~ m a x  & 


PhSeSePh 330 700 
240 16700 


PhSeSePh 329" 1070" 
240a 1 7400" 


PhSe- 295 6900 
227 8400 


AnSeSeAnb 278(sh) loo00 
248(sh) 14200 
228 15600 


AnSe- 298 13400 
233(sh) 10600 


"These data were reported by A. J. Parker, Acla 
Chem. Scand., 855 (1962) in methanol solution. 
bAn = p-Methoxyphenyl. 
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corresponding to the weighted average position of the anion and the diselenide lines. The 
reaction is apparently mostly the reaction (2) followed by reaction (3) 


ArSe- + C C 4  + ArSeCl + CCI3- 


ArSeCl + ArSe- ----) ArSeSeAr + C1- 


and the signal disappears because the reaction is slow enough so that successive pulses give a 
signal at a different chemical shift, and the accumulated spectrum is too broad to be seen. 
Either (2) or (3) could be the slow step, but we favor (2). Since no 77Se signal is seen until the 
reaction is essentially complete, the absence of a signal due to ArSeCl must either mean that 
its concentration is too low, or that it is also exchanging rapidly with the ArSe- and the 
ArSeSeAr (for this reaction the NMR window was changed to include the chemical shift of 
arylselenyl chlorides, at about 1000ppm). If its concentration is too low to see, it must mean 
that step (3) is relatively fast. If (3) is slow it is entirely plausible that the identity reaction (4) is 
very fast, since many positive halogen reactions are very fast, and this would 


ArSe- + ClSeAr -+ ArSeCl + -SeAr 


account for the invisibility of a constant chemical shift signal during the reaction. However, it 
is implausible that the selenium transfer reaction (3), which appears to go to completion and 
hence is thermodynamically favorable, would be much slower than the thermoneutral identity 
exchange (1). Thus the probably endothermic reaction (2) is more likely the slow reaction. 
The slow reaction is clearly the same as that seen in the UV. 


The sequence (2) and (3) is partially confirmed by the detection of side products when more 
concentrated solutions are used. The compound PhSeCC13, identified primarily by its mass 
spectrum, was isolated; it confirms the presence of the CC13- fragment. When cyclohexene 
was added, 7,7-dichloronorcarane was identified as a low yield product by GC comparison 
with an authentic sample. This further identifies the intermediate CC13- by its decomposition 
product CC12. The attack on carbon tetrachloride is reminiscent of the similar attack by 
another very powerful nucleophile, triphenylphosphine, an essential step in the reaction of 
alcohols with carbon tetrachloride and triphenylphosphine. '* Similar attacks of some 
carbanions on carbon tetrachloride have been reported. 13a The mechanism of these attacks 
may occur with initial electron transfer; with carbanions some dimers have been detected. '3b 


NMR studies on 77Se are fairly straightforward; it is more sensitive than 13C. Relaxation is 
fast, and we do not confirm the long relaxation times for the only compound that is in common 
with the studies of Ellis.14 The discrepancy is not explained. Thus spectral accumulation is easy 
and rapid. A reported temperature sensitivity of the chemical ~ h i f t s ' ~  was confirmed, thus a 
lOppm shift of a diselenide line was observed over a range from 233 to 283°K. This does not 
seem to be a chemical effect, since the relative chemical shifts of our standaid and other pure 
compounds are not changed. The temperature dependence is however severe enough so that 
heating by the decoupling signal can cause peak broadening. This problem was overcome by 
using Waltz decoupling. 


(2) 


(3) 


(4) 


EXPERIMENTAL 


Materials 


Bis-p-methoxyphenyl diselenide was prepared by the reaction of the Grignard reagent of 
p-bromoanisole with selenium using a procedure similar to that of Reich and Renga. l6 Sodium 
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p-methoxyphenylselenide was prepared by the reduction of the diselenide by sodium in liquid 
a m m ~ n i a . ' ~  Using standard Schlenk tube techniques, the ammonia solution of the salt was 
filtered and the ammonia allowed to evaporate under an argon atmosphere. The viscous liquid 
residue solidified to a fine powder after brief stirring with degassed hexane and was washed 
with a second portion of hexane, then ethyl ether and again with hexane. Residual solvent was 
pumped away and the white free-flowing salt, slightly contaminated by sodium amide, was 
transferred under argon to ampules that were then flame sealed. All further handling was also 
done under argon or on the vacuum line, for these salts are very sensitive to oxygen, especially 
when in solution. The ampules were opened using an apparatus similar to a Schlenk solids 
transfer tube. In this way there was less oxygen contamination than a glove bag or an ordinary 
dry box would have introduced. 


Sodium phenylselenide was prepared in an analogous fashion from commercial 
diphenyldiselenide and handled in the same way. Attempts to prepare sodium p- 
chlorophenylselenide or p-trifluoromethylphenylselenide by this method gave salt mixtures 
with at least some of the halogen missing, presumably having been reductively removed. 
Mixtures of diselenide and the sodium aryl selenide were made up by weight, but since the 
salts were always kept under argon, and the apparatus to be weighed was rather heavy, the 
precision of weighing the salt was only about f l  mg, which was a significant error for the most 
dilute solutions. 


The sodium salts were freely soluble in sulfolane or acetonitrile, but completely insoluble in 
ethyl ether and benzene. Neither crown ether (up to 8 equivalents of 18-crown-6) nor cryptand 
(1.5 equivalents of Kryptofix 222) increased the solubilities in the latter two solvents, although 
in ethyl ether the salt and cryptand mixture did liquify. Acetonitrile was the solvent used for 
almost all the work, since sulfolane is difficult to distill and is much more viscous; acetonitrile 
was conventionally purified and degassed. The solvent was distilled into the sample on the 
vacuum line. For the NMR work it was mixed with about 5% CD3CN for a lock signal. 


Reaction with CC4 


The reaction of the sodium p-methoxyphenylselenide with CC4  appeared to be clean in very 
dilute solutions, M) with yields of diselenide approaching 98% by HPLC. However, in 
more concentrated solutions, there were side reactions, with several additional bands 
appearing in the HPLC and amounting to as much as 20% of the material. With sodium 
phenylselenide even dilute solutions showed appreciable side reaction and concentrated 
solutions yielded a major product (about 40%) besides the diselenide. Flash chromatography 
of this raw product afforded a white crystalline material, mp 71-72°C. From its mass spectrum 
and 13C and 77Se NMR we identified this as phenyl trichloromethyl selenide (lit mp 70"'*). 
13C-NMR (CDC13) 6 79-46, 129.36, 130.39, 131.14, 137.69; 77Se-NMR (CDCI3) 6 920; mass 
spectrum isotopic abundances for C7H5C13Se; found mle 270, 13%; 272,46%; 274(M) 100%; 
276, 86%; 278, 31%; 280, 6% calcd. on the basis of isotopic abundances M-4, 13.2%; M-2, 
43.2%; M, 100%; M + 2, 86.3%; M + 4, 33.5%; M + 6, 6.0%. 


To test the possible formation of dichlorocarbene, a sample of sodium p- 
methoxyphenylselenide in acetonitrile was mixed successively with 6 equivalents of 
cyclohexene and then an excess of CC14. After concentration of the solution, all volatiles were 
distilled trap-to-trap, and injection of a sample of the distillate onto a capillary GC column 
showed the presence of a small amount of 7,7-dichloronorcarane (by comparison to, and 
co-injection with, an authentic sample). 







416 B. M. JACOBSON, A. M. KOOK AND E. S .  LEWIS 


NMR details 


The 77Se spectra were taken on an IBM AF300 instrument operating at 7.01 Tesla, with a 
selenium resonance at 57-23 MHz. Chemical shifts are referenced to dimethyl selenide 
assuming a chemical shift for diphenylselenide of 402ppm.l’ The spectra are all proton 
decoupled using Waltz decoupling to minimize sample heating. Typically, 512 64K scam were 
aquired in 1.31 second intervals over a spectral window of 436.75 ppm (25000 Hz) using a 90” 
pulse angle (8.5 p-seconds), without recycle delay. A line broadening of 3 Hz was used to 
weight and transform the FID. TI and T2 values were not measured, but fast measurements 
using Inversion-Recovery and CPMG show that both the diselenides and the anions have 
values Clsec. 


Spectra were taken in sealed 10 mm NMR tubes which were degassed by a freeze-thaw cycle 
three times before sealing. 
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KINETICS AND MECHANISM OF THE 
ACID-CATALYZED HYDRATION OF 


DIHYDRO-1,4-DIOXIN 


A .  J.  KRESGE* AND Y. YIN 
Department of Chemistry, University of Toronto, Toronto, Onturio MSS IAl ,  Canada 


ABSTRACT 


The cyclic vinyl ether dihydro-1,Cdioxin is converted to its cyclic hemiacetal hydration product, 
2-h droxy 1,4-dioxane, in aqueous solution by an acid-catalyzed reaction for which kH+ = 1.80 x 
M - ’ s - ~  a; 25°C. This  reactivity and the solvent isotope effect kw+lkD+ = 2-2 show that the reaction 
occurs by rate-determining proton transfer from catalyst to substrate and not by a pre-equilibrium 
mechanism as recently proposed.’ 


The cyclic vinyl ether dihydro-1,4-dioxin, 1, reacts readily with alcohols in the presence of 
appropriate catalysts to give cyclic acetals, equation ( l ) ,  which, in turn, are easily hydrolyzed 


OR (I]+-. - (IT ( 1 )  


1 


to regenerate the original alcohols, equation (2). This makes dihydro-1 ,Qdioxin a useful 
reagent for protecting alcohol groups, superior in some respects to the more commonly used 
dihydropyran. ’ 


The reaction of dihydro-1 ,Cdioxin with alcohols is similar to its acid-catalyzed reaction with 
water (equation ( l ) ,  R=H) for which a mechanism has recently been proposed.2 The 
proposed mechanism consists of rapid pre-equilibrium protonation of the substrate on oxygen 
followed by rate determining bimolecular displacement on vinyl carbon, equation (3); the enol 
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H 


thus formed then undergoes rapid ketonization to give 5-hydroxy-3-oxapentana1, equation (4), 


the known hydrolysis reaction producte3 This mechanism could apply to the reaction of 
dihydro-l,4-dioxin with alcohols to form cyclic acetals, equation (l) ,  provided that the 
intermediate acyclic vinyl ether cyclized in preference to reacting with another molecule of 
alcohol, equation (5). This mechanism, however, is contrary to the generally accepted reaction 


OH OR 


(O) +"OH - (,d - (1,"" 
0 


scheme for vinyl ether hydrolysis, which consists of rate-determining protonation of the 
substrate on  carbon, followed by rapid hydration of the alkoxycarbocation thus formed and 
further rapid decomposition of the hemiacetal intermediate, equation (6 ) .  This vinyl ether 
hydrolysis mechanism is based upon a large body of evidence and appears to occur without 
exception .4 


0 
OR+ 5 4'" U // +"OH (6) 


+H+ 
'OH 


In order to investigate this apparent contradiction, we have re-examined the reaction of 
dihydro-l,4-dioxin with aqueous acids. We find that it does indeed occur by rate-determining 
proton transfer to carbon, as in the conventional vinyl ether hydrolysis mechanism (equation 
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(6)), but that it stops at the cyclic hemiacetal stage and gives 2-hydroxy-1,4-dioxane, 2, as the 
only detectable reaction product, equation (7). This means that the position of equilibrium of 


2 


the ring-chain tautomeric process which converts this product into its open chain 
hydroxyaldehyde isomer, equation (S), lies strongly on the cyclic hemiacetal side, in keeping 


with the results of other studies of similar systems which show that the cyclic isomer 
predominates in aqueous s ~ l u t i o n . ~  It also means that the reaction of dihydro-1,4-dioxin with 
aqueous acids examined here might more properly be called a hydration rather than a 
hydrolysis. 


EXPERIMENTAL SECTION 


Materials 


Dihydro-1 ,Cdioxin was prepared by dehydrogenation of diethylene glycol in the presence of 
potassium hydrogensulfate;6 its NMR spectrum was consistent with its structure. A sample for 
kinetic measurements was purified by fractional distillation (b.p., 93-95 "); analytical gas 
chromatography showed it to be >99% pure. 


All other materials were best available commercial grades. Solutions were prepared using 
deionized H 2 0 ,  purified further by distillation, or D20 (Merck, Sharpe, and Dohme, >994 
atm %D) as received. 


Kinetics 


Rates of reaction were determined spectroscopically, by monitoring the decrease in 
absorbance of dihydro-1,4-dioxin at h = 220nm. Measurements were made with a Cary 118 
spectrometer whose cell compartment was thermostatted at 25.0 k 0.1 "C. Reactions were 
usually followed for several half-lives; the data so obtained fit the  first-order rate law well, and 
observed first-order rgte constants were calculated by least-squares fitting to an exponential 
function. For some of the slower reactions, however, an initial rate method was employed. 
This involved measuring the linear decrease of absorbance over the first 1-296 reaction, using 
an offset scale of the spectrometer, and then converting that zero-order rate into a first-order 
rate constant by dividing by the initial absorbance reading. This method assumes that the 
reaction products have no absorbance at the wave length employed (h = 220 nm); the fact that 
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rate constants determined in this way agreed well with those measured for reactions followed 
to completion shows that this assumption is correct. 


RESULTS 


A reaction of dihydro-1,Cdioxin with water conducted in D20 solution containing 0-1 M DC1 
was monitored by proton NMR. The spectral changes observed indicated that the substrate 
was coverted smoothly into the cyclic hemiacetal 2-hydroxy-l,4-dioxane (equation (7)), and 
the final spectrum was consistent with that published for this s ~ b s t a n c e . ~  No signal could be 
detected in the aldehydic proton region, and we therefore estimate that no more than 2-396 of 
the open chain aldehyde isomer of the cyclic acetal could have been present. This sets an upper 
limit of cu. 0.03 on the equilibrium constant for the ring-chain tautomeric reaction of equation 


Rates of disappearance of dihydro-l,4-dioxin were measured in moderately concentrated 
aqueous (H,O) perchloric acid solutions and also in 0 . 1 0 ~  hydrochloric acid in H 2 0  and in 
DzO. The data so obtained are summarized in Tables 1 and 2. 


(8). 


Table 1. Rates of hydration of dihydro-l,4-dioxin in concentrated aqueous (H20) 
perchloric acid solutions at 25 "C" 


16-7 
23.8 
30-3 
33.2 
36.3 
39.3 
43.4 
46-6 


49-5 


1-82 
2-73 
3.63 
4-06 
4.53 
5.13 
5.73 
6.32 


6.88 


0.455 
0.676 
0-95 1 
1.11 
1.29 
1.56 
1-87 
2.19 


2-54 


0.0113, 0.01 12, 0.01 12 
0.0351, 0.0356, 0.0350 
0.108, 0.108, 0.100, 0.104 
0-187, 0.185 
0.339, 0.339, 0.331, 0.337 
0.794, 0.778, 0.810, 0.782 
1-77, 1-83, 1.87, 1.83 
4.01, 4-33, 4.04, 4-19, 4.06, 
4.38, 3.89, 3.80, 3.82, 3-81, 
3.89, 4.26 
11.8, 11-5, 10.1. 9.68, 
9.38, 11-3, 9.55 


~ ~ ~~ ~ 


"Ionic strength = (H+]. 


Table 2. Rates of hydration of dihydro-1,4- 
dioxin in dilute aqueous acid solutions at 25 "C" 


HClb 0.100 1.83, 1.82, 1.72 
DClb 0.102 0.803, 0.859, 0-801 
DCIC 0.100 0.854 


'Ionic strength = 0 . 1 0 ~ .  
'Initial rate method; reactions monitored for first 1-296 
only. 
'Conventional methbd; reaction monitored for several 
half-lives. 
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Rates of reaction in perchloric acid increased with increasing acidity of the medium, but the 
increase was much steeper than in direct proportion to acid concentration. Such behaviour is 
common for acid-catalyzed reactions in concentrated acid solution, and the situation is 
generally handled by using an acidity function to correlate the data. The X,, function8 appears 
to be the best scale currently available for this purpose.’ 


Correlations of this kind are conventionally made using an expression of the form of 
equation (9), in which kH+ is the bimolecular catalytic coefficient that applies in dilute solution 


log(kOb,/[H+]) = logkHt + m S X ,  (9) 


where Xo = 0 and m+ is a slope parameter. This expression requires log (kOb$[H+]) to be a 
linear function of X,. Figure 1 shows that this is not so over the entire range of the present 
data: the relationship is linear up to Xo = 1.5, but rate constants determined at acidities 
greater than this fall below a straight line drawn through the points up to Xo = 1.5, and the 
difference increases with increasing acidity. Such behaviour would result if, in the more acidic 
solutions, significant amounts of substrate were being converted rapidly into a protonated 
form. This form could be the oxygen-protonated intermediate of the pre-equilibrium reaction 
shown in equation (3); such an oxygen-protonated species could also be a by-product made in 
a non-productive side reaction which occurs along with the rate-determining carbon 
protonation scheme of equation (7). In either case, the required modification to equation (9) 
takes the form shown in equation (10). Here, kH+ is once again the dilute solution catalytic 


Figure 1 .  Relationship between rates of hydration of dihydro-1,Cdioxin in aqueous perchloric acid solution and the 
X, acidity function 
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coefficient and KSHt is the acidity constant of the oxygen-protonated substrate; mS and m are 
slope parameters, mS for the kinetic process and m for the equilibrium oxygen-protonation 
reaction. 


Non-linear least-squares fitting of the experimental data to equation (10) gave the following 
parameters: k H +  = (1.80 f 0.09) x M-'s - ' ,  pKsH+ = -2-51 ? 0-45, m4 = 1-26 f 0.02, 
and m = 0.65 -t 0.16. The first of these is in very good agreement with the catalytic coefficient 
obtained directly in 0 . 1 0 ~  acid, k H +  = (1-79 f 0-06) X lo-' M - ~  s-l, and the second is a 
reasonable value for the acidity constant of an oxygen-protonated aliphatic ether: for example, 
pKa = -2.48 and -2.39 have been reported for the conjugate acids of dimethyl and diethyl 
ethers respectively. '(' 


Combination of the rate constants determined in H 2 0  solution with those obtained in D20 
gives the solvent isotope effect kH / k D  = 2-20 f 0.06. 


DISCUSSION 


Solvent isotope effects on hydronium ion catalytic coefficients provide a useful means of 
distinguishing pre-equilibrium proton transfer reactions, such as that of equation (3), from 
rate-determining proton transfers, such as that of equation (7): the isotope effects on 
pre-equilibrium reactions are generally inverse, k H + / k D  < 1, whereas those on rate- 
determining proton transfers are usually normal, kH+/kD+ > 1 .  '' For example, kH+/kD+ = 0.37 
for the hydrolysis of acetaldehyde dimethyl acetalI2 and kH+/kD+ = 0.57 for the enolization of 
a~etaldehyde, '~  both of which occur by pre-equilibrium proton transfer mechanisms. On the 
other hand, kHtlkD+ = 3.0 for the hydrolysis of ethyl vinyl ether14 and k H + / k n b  = 2-3 for the 
hydrolysis of dichloroketene dimethyl acetal;" both of these are rate-determining proton 
transfer reactions. The normal isotope effect, k H + / k D +  = 2-2 ,  determined here for the 
hydration of dihydro-1 ,4-dioxin therefore shows that this reaction occurs by the 
rate-determining proton transfer process of equation (7) and not by the pre-equilibrium 
proton transfer mechanism of equation (3). This isotope effect is also inconsistent with 
reversible carbon protonation followed by rate-determining attack of water on the 
alkoxycarbocation, a mechanism which is at any rate ruled out by the fact that the NMR 
experiment described at the beginning of the previous section showed incorporation of only 
one deuterium atom in the 2-hydroxy-l,4-dioxane reaction product. 


Additional evidence against the pre-equilibrium oxygen protonation mechanism of equation 
(3) comes from a comparison of the reactivity of dihydro-1,Cdioxin with that of a saturated 
analog, diethyl ether. The acid-catalyzed hydrolysis of this substance doubtless takes place by 
such a pre-equilibrium route, equation (11). In this case, however, the slow step is bimolecular 


H 


EtOEt + H+ EtOEt+ -2EtoH (11)  
I H 2 0  


-H+ 


displacement on saturated carbon rather than on vinyl carbon. Displacement reactions on 
saturated carbon are known to be more rapid than displacement reactions on vinyl carbon," 
and that plus the expected greater basicity of saturated over vinyl ethers, and consequent 
higher concentration of the ether conjugate acid, leads to the prediction that diethyl ether 
should be more reactive than dihydro-l,Cdioxin, if both substances react by the 
pre-equilibrium mechanism. The data, however, show otherwise: kH+ = 2.4 x M-' s-' 
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for the hydrolysis of diethyl ether17 is many orders of magnitude less than kH+ = 1.8 x lops 
M - ~  s-l determined here for the hydration of dihydro-l,4-dioxin. 


This very large difference in reactivity can also be used to rule out a pre-equilibrium 
mechanism for dihydro-l,4-dioxin with rate determining bimolecular displacement on 
saturated rather than on vinyl carbon. Such a process would have an unsaturated alcohol as the 
leaving group, and an appropriate model might be the hydrolysis of ethyl phenyl ether, 
EtOPh. Since the reactivities of ethyl phenyl ether and diethyl ether are quite similar, differing 
by less than a factor of two," reaction of dihydro-1,4-dioxin by this mechanism would also be 
expected to be very much slower than the rate actually observed. 


The previous assignment of a pre-equilibrium mechanism for the acid-catalyzed hydration of 
dihydro-1,4-dioxin2 was made on the basis of failure to detect general acid catalysis and 
observation of apparent saturation of catalysis by the hydrogen ion. Hydration of 
dihydro-1 ,Cdioxin, however, is a rather slow reaction, and the Brfinsted exponent for this 
process should therefore be quite large* and general acid catalysis consequently difficult to 
detect.20 The apparent saturation of hydrogen ion catalysis, moreover, could have been an 
artifact produced by formation of the oxygen-protonated form of the substrate in a 
non-production side reaction. In at least one other case it could also have been caused by a 
different change in the dominant form of the substrate. The substrate in this case was the 
phosphoric acid derivative of dihydro-1 ,4-dioxin, 3. In dilute acid solutions, this substance 


4 3 


would exist as the phosphonate anion, 4, but, as the hydrogen ion concentration was raised, 
this anion would be converted to the less reactive phosphonic acid, 3, equation (12); the rate of 
dihydrodioxin hydrolysis would consequently drop, giving an effect which could easily be 
mistaken for saturation of hydronium ion catalysis. The inflection point in the hydrogen-ion 
catalytic curve in this case occurred at [H+] = 0.3 M , ~  which corresponds to a not unreasonable 
value for the ionization constant of a phosphonic acid such as 3.21 


The rate constant determined here for hydration of dihydro-1,4-dioxin, kll+ = 1-8 X lo-' 
M-I s-l, makes this substance 31,000 times less reactive than its mono-oxo analog, 
2,3-dihydropyran, 5,  for which kH+ = 0-28 M-' s-1.22 (This comparison includes a statistical 
factor of two to allow for the fact that there are two reactive sites in dihydro-1,4-dioxin but 
only one in 2,3-dihydropyran.) Alkoxy substituents are known to stabilize carbon-carbon 


5 


*Extrapolation of a relationship between a and log kH+ for a series of vinyl e t h e d g  leads to the prediction a = 0.90 k 
0.06 for the hydrolysis of dihydro-l,4-dioxin. 
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double bonds,23 and such stabilization would lower the free energy of the hydration reaction’s 
initial state, raising its free energy of activation and slowing the reaction rate. It is significant, 
however, that the present rate retardation corresponds to a difference in free energy of 
activation, 6AGS = 6.1 kcal mol-’, which is significantly greater than the double bond 
stabilization parameter of an alkoxy group, D = 5-2  kcal m~l- ’ . ’~  The difference could be 
caused by an additional transition-state destabilizating effect of the second oxygen atom, 
whose electron-withdrawing inductive effect would oppose the positive charge being 
generated on the substrate as a proton is being transferred from the catalyst. The magnitude of 
this additional effect may be estimated at about one order of magnitude on the assumption 
that the BrBnsted exponent for this reaction is a! = 0.9 (see earlier footnote) and (1-01) (5.2) = 
0.5 kcal mol-’ of the alkoxy group double bond stabilization will consequently still be 
expressed in the reaction’s transition state. This leaves 6.1 - (5.2 - 0-5) = 1-4 kcal mol-I for 
the additional transition state destabilizing effect, which corresponds to  an 11-fold rate 
reduction. 
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ABSTRACT 


Two organometallic reagents, butyllithium in heptane solution and dibutylmercury in the gas phase, have 
been studied by means of core electron spectroscopy. The property of particular interest was the charge 
polarization as reflected by the ESCA shifts. In the butyllithium compound the CIS binding energy is 
shifted to  a lower value by 1 - 8  eV for C-1 (situated closest to  the Li' ion) relative to the heptane solvent 
carbon. This is due ty the anionic character of the C-1. The interpretation of the experiments was 
supported by comparing the results with ab initio calculations made on geometry-optimized butyllithium, 
butyl anion and butane. 


INTRODUCTION 


Organometallic compounds are of. great interest as reagents in organic synthesis and a 
knowledge of the nature of such compounds, especially in solution, is therefore very important. 
Electron spectroscopy offers a means of studying such systems and yields information on the 
charge distribution via the chemical shifts of the core levels. This paper reports the first 
investigation by liquid ESCA of an organometallic compound, butyllithium, together with a 
gas-phase investigation of dibutylmercury. The interpretation is supported by results of ab 
initio MO-LCAO-SCF calculations on butyllithium, butyl anion and butane. 
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EXPERIMENTAL AND CALCULATIONAL DETAILS 


The basic principles for obtaining ESCA spectra from a liquid sample have been described 
previously.’-3 The method is based on the creation of a thin liquid film on a stainless-steel 
trundle submerged in a cup containing the liquid sample. The cup is enclosed in a differentially 
pumped compartment in which the pressure is determined by the vapour pressure of the liquid 
sample (typically below 0.1 mbar). In the present investigation spectra from butyllithium in 
heptane solution were recorded at 179 K .  At this temperature a small gas-phase contribution 
from the solvent was present in the spectra, which was taken into account when subsequently 
analysing the data. (Normally the gas signal is suppressed by applying a voltage between the 
trundle and the spectrometer entrance slit.* Owing to certain complications in the handling of 
the present sample, this procedure could not be used.) Owing to the high reactivity of 
butyllithium the sample had to be syringed into the sample compartment under a nitrogen 
atmosphere. The spectra from the gas-phase dibutylmercury were recorded without the trundle 
with the pure liquid compound in the sample compartment. This gave a sufficient vapour 
pressure at room temperature to yield intense spectral lines. 


The calculations were carried out using the SCF program package MOLECULE- 
ALCHEMY. The basis sets were Dunning’s and Hay’s contractions of Huzinaga’s Gaussian- 
type basis sets. An additional d-function with exponent 0.85 was added to the carbon basis 
set, together with an extra p-function with exponent 1 n o 0  to the hydrogen basis set, resulting 
in the following basis sets: C, (3s, 2p, Id);  H,  (2s, lp) ;  and Li, (3s ,  2p).435 The geometries 


1.0s. 


HlO 


113.6 1.086 
1.539 


1.086 


106.3 
107.7 


108.4 


105.9 


1.090 


107.7 106.3 
107.3 (c) (b) 105.1 


Figure 1. Optimized C, geometries within the 6-31G’basis set for (a) butyllithium, (b) butyl anion and (c) butane. Bond 
lengths in angstroms and bond angles in degrees. 


* The MOLECULE-ALCHEMY program package incorporates the MOLECULE integrals program written by J .  
Almlof and the ALCHEMY program written by P. Bagus, B. Liu, M. Yoshimine and D. MacLean, and modified by 
P. Bagus and U. Wahlgren. 
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for the different molecular species were obtained from total optimizations with the 6-3 1G basis 
set6” using the GAUSSIAN 82 program.* The only constraint in the geometry optimizations 
was that of C, symmetry. The optimized geometries are shown in Figure 1 .  Owing to the size 
of the systems, calculations were performed only on monomer forms. Experiments in solution* 
indicate the presence of a hexamer structure in hydrocarbon solvents. Our aim in this work, 
however, was to study the polarization effects between the metal ion and the hydrocarbon 
moiety as expressed by ESCA shifts. In this context we chose to  focus on the monomers, 
although we did not exclude possible effects due to  higher aggregate formation. 


RESULTS AND DISCUSSION 


Figure 2 shows a typical spectrum from ca 1 - 6 ~  butyllithium in heptane. As mentioned 
above, the spectrum also includes a contribution from the gas phase of heptane. The solvent 
gas-phase signal appears as an asymmetry on the left-hand side of the CIS peak. The structure 
present on the right-hand side of the peak we assigned to the solute butyllithium. A 1.6 M 
solution of butyllithium in heptane implies that the signal ratio from a single butyl carbon atom 
to the other carbon atoms will be 0.031 : 1. We performed curve fitting to several Cls spectra 
using the program CRUNCH. t Three peaks were fitted: one solvent gas peak (left-hand peak), 
one main peak (consisting of the solvent liquid and a contribution from solute neutral carbons) 
and one solute peak (right-hand peak). From the fitting we found that the right-hand peak 
averaged 3.4% of the intensity of the main peak and was shifted 1 . 8  eV to lower binding 
energy. This shift is comparable to that found previously for methyllithium in the solid phase 
(2 - 4  eV referred to contaminant carbon). The agreement between experiment and theoretical 


c 1s 
BuLi in Hoptane _I 


solvent (1iq.l- 


I, I 1 I 1 


300 295 29 0 28 5 280 
BINDING ENERGY ( C V I  


Figure 2. A typical Cls  spectrum of butyllithium in heptane. Points correspond to experimental values. The solid 
curves were obtained from deconvolution (without preassumptions concerning relative peak heights, widths or 


positions). The right-hand peak represents 3.4% of the middle peak. 


* J .  S. Binkley, M. J. Frisch, D. J .  DeFrees, K. Rahgavachari, R .  A.  Whiteside, H. B. Schlegel, E. M. Fluder and 
J .  A. Pople, Department of Chemistry, Carnegie-Mellon University, Pittsburgh, PA, USA. 
t R .  P. Vasquez, J. D. Klein, J .  J .  Barton and F. J. Grunthaner, J.  Electron Spectrosc. Relat. Phenom. 23.63 (1981). 
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Table 1. The Is orbital energy, binding energy and relaxation energy for the butyllithium molecule, the 
butyl anion and the butane molecule" 


Species Parameter 


Butyllithium molecule ~ P, 


&(Is) 
~ R e l d ~  


Butyl anion - El 


Butane molecule - Er 


E/, (1 S) 
EKeldx 


& ( I S )  
E R e l d X  


c -  1 A(4- 1) c - 2  A ( 4 -  2) c - 3  A ( 4 -  3) c - 4  


302.6 
288.5 


14.1 
291.0 
283.2 


13.8 
305.0 
291.9 


13.1 


1.7 304.1 
2.6 290.5 


13.6 
4.2 299.6 
4.8 286.0 


13.6 
0.0 305.2 
0.0 291.8 


13.4 


0 - 2  304.2 
0.6 290.6 


13.6 
1.6 300.4 
2.0 286.8 


13.6 


0.1 291.8 
13.4 


-0 .2  305.2 


0.1 304.3 
0.5 291.1 


13.2 
0.8 301.2 
1.2 288.0 


13.2 


0.1 291.9 
13.1 


-0.2 305.0 


"C-l refers to the carbon atom lying closest to the lithium atom and the numbering is consecutivc along the chain. 
The shifts with respect to C-4 are  also given. The energies are given in eV. 


predictions concerning both line shift and intensity leads to the interpretation that the right- 
hand peak is due to a single negatively charged carbon atom in the butyl anion. To substantiate 
this interpretation further the binding energy values obtained from our ab initio calculations 
are shown in Table 1. Both Cls orbital energies, binding energies, Eb (1s) (i.e. the difference 
in total energy between the ground state and core hole state) and the relaxation energies (i .e. 
the difference between orbital energy and the binding energy) for the various sites are included. 
I t  should be noted that our experimental data refer to dissolved molecular species, which means 
that a solvent polarization shift lowers the binding energies by about 1-2-1.5 eV compared 
with the gas-phase values. The calculation predicts the binding energy to be approximately 2 eV 
smaller for C-1 than for the other atoms along the carbon chain. This shift is due primarily 
to the location of negative charge on C-1, as indicated by the Mulliken population analysis 
(cf. Table 2). [As pointed out by several workers (see e.g. Refs. 10-14), the Mulliken 
population analysis for C-Li bonds may lead to misinterpretations concerning covalency. 
However, this does not influence the interpretations in this paper, which are based on  calculated 
ASCF C Is binding energies. Therefore, we restrict ourselves to  qualitatively noting only trends 
in charge flow. ] It is also interesting to note a difference in relaxation energy along the chain 
of 0.9 eV, which is probably due to a higher initial state charge density on C-1. 


In order to elucidate further the interaction between the lithium ion and the butyl anion and 
the relationship to the chemical shifts, calculations were also performed on the uncomplexed 
butyl anion only. Two main effects can be noted on comparison with &he BuLi compound. 
First, all energies are shifted to lower values by more than 3 eV. As can be seen from Table 
2, the effect of the Li' ion on approach to the butyl anion results in a redistribution of Mulliken 
charge in the entire molecule. The main effect is a flow of charge from the hydrogens via the 
intermediate carbons towards the Li' ion. This, together with the electrostatic potential caused 
by the positive Li' ion, will result in an increase in the 1s binding energies for all the carbons 
in the BuLi compound. Second, a differential effect along the carbon chain also occurs owing 
to the presence of the Li' ion. This differential effect amounts to more than 2 eV, such that 
the calculated shift between C-1 and C-4 is 4 .8  eV in the anion and only 2 - 6  eV in the BuLi 
compound (see Table 1). The experimental data confirm this action of the Li' ion on the butyl 
anion, since the shift for C-1 with respect to heptane solvent was found to be 1.8 eV, which 
is in reasonable agreement with the theoretical value of 2 . 6  eV (shift between heptane and C-4 
in BuLi ,< 0 - 3  eV, see below). 







Ta
bl


e 
2.


 T
he


 n
um


be
r 


of
 e


le
ct


ro
ns


 f
ro


m
 t


he
 M


ul
lik


en
 p


op
ul


at
io


n 
an


al
ys


is
’ 


Sp
ec


ie
s 


Li
 


C
- 1


 
c-


2 
c-


3 
c-


4 
H


-1
 


H
-2


,3
 


H
-4


,5
 


H
-6


,7
 


H
-8


,9
 


H
-1


0 


B
ut


yl
lit


hi
um


 m
ol


ec
ul


e 
2.


46
9 


6.
70


2 
6.


02
1 


6.
12


3 
6.


35
2 


1.
85


4 
1.


90
4 


1.
85


0 
1.


81
8 


0.
90


7 


2.
15


6 
7.


01
2 


5-
88


3 
6.


15
7 


6.
33


8 
2.


31
1 


6.
56


4 
6.


49
8 


5.
98


4 
6.


34
5 


2.
31


5 
6.


71
4 


5.
90


3 
6.


60
5 


6.
17


2 
2-


35
3 


6.
70


9 
6.


06
2 


5.
97


1 
6.


85
4 


1.
24


1 
1.


76
7 


1.
80


5 
1.


78
1 


0.
86


0 
1.


73
2 


1.
24


4 
1.


70
6 


1.
77


6 
0.


84
0 


1.
82


2 
1.


76
1 


1,
19


6 
1.


67
5 


0.
83


7 
1-


82
2 


1.
86


3 
1.


68
1 


1.
11


1 
0.


57
4 


B
ut


yl
 a


ni
on


 


B
ut


an
e 


m
ol


ec
ul


e 


6.
67


7 
6.


07
2 


6.
11


8 
6.


35
9 


2.
10


3 
1.


99
4 


1.
89


9 
1.


83
6 


0.
94


2 


6-
87


8 
5.


86
5 


6.
15


9 
6.


34
0 


6.
44


9 
6.


57
4 


5.
96


8 
6.


35
4 


6-
53


6 
6.


02
4 


6.
60


2 
6.


17
0 


6.
57


5 
6.


12
1 


6.
01


6 
6.


84
9 


1.
39


4 
1.


83
3 


1.
84


6 
1.


79
4 


0.
89


1 
1.


95
2 


1.
29


1 
1.


75
0 


1.
79


2 
0.


87
0 


2.
04


1 
1.


82
8 


1.
23


6 
1.


69
4 


0.
86


9 
2.


04
3 


1.
94


4 
1.


72
2 


1.
13


0 
0.


60
0 


6.
34


4 
6.


11
7 


6.
11


7 
6.


34
4 


0.
89


7 
1.


80
3 


1.
83


9 
1.


83
9 


1.
08


3 
0.


89
7 


6.
85


2 
5.


94
4 


6.
15


0 
6.


33
2 


0.
56


4 
1.


09
5 


1.
66


8 
1.


78
5 


1.
76


2 
0.


84
8 


6.
16


8 
6.


58
4 


5.
97


8 
6-


33
7 


0.
82


5 
1.


65
7 


1.
18


2 
1.


68
4 


1.
75


7 
0.


82
8 


6.
33


7 
5-


97
8 


6.
58


4 
6.


16
8 


0.
82


8 
1.


75
7 


1-
68


4 
1.


18
2 


1-
65


7 
0.


82
5 


6-
33


2 
6.


15
0 


5.
94


4 
6.


85
2 


0.
84


8 
1.


76
2 


1.
78


5 
1.


66
8 


1.
09


5 
0.


56
4 


“F
or


 ea
ch


 o
f 


th
e 


m
ol


ec
ul


ar
 s


pe
ci


es
 th


e 
fir


st
 r


ow
 r


ep
re


se
nt


s 
th


e 
ne


ut
ra


l 
sp


ec
ie


s 
an


d 
th


e 
fo


llo
w


in
g 


fo
ur


 r
ow


s 
re


pr
es


en
t 


th
e 


ca
se


 w
he


n 
th


e 
at


om
s 


C
-1


, 
C


-2
, C


-3
 a


nd
 C


-4
 


re
sp


cc
tiv


el
y,


 a
re


 i
on


iz
ed


. 


n
 


P % W
 5 







422 


L Y Y U l  


P 
f 1000- z 


R. MOBERG ET A L .  


t ;  - - . . - ,  . .  
305 3c4 295 290 


BINDING ENERGY IeV) 


Hg 4I 


. .  


. .  


K13d . .  . . .  
* .  L .. : ... . . .  . .  . . .  . . .,' .% - 


110 I00 90 
BNDWG EWRGY (*Vl 


Figure 3. The upper spectrum shows the Cls peaks from dibutylmercury in the gas phase together with a carbon 
dioxide Cls calibration peak. Points correspond to experimental values. The solid curves were obtained from 
deconvolution (without preassumptions). The lower spectrum shows the Hg4f lines from dibutylmercury in the gas 
phase. The Hg4f7/2 line (right) was determined to Eb = 106.7 eV. The spectrum also includes the Kr3d line of the 


krypton gas calibrant simultaneously present. 


Turning next to dibutylmercury, Figure 3 shows the Cls and the Hg4f spectra obtained in 
gas-phase measurements. Here, the Cls spectrum of the butyl moiety is clearly resolved into 
two components with an intensity ratio of ca 3 : 1 (there is not, of course, any heptane solvent 
peak present in this spectrum; see Figure 3). The shift found between the components is 
AEb = 1.0 eV, which is significantly smaller than that for BuLi (AEb = 1.8 eV). It should be 
borne in mind that the Cls spectrum for BuLi in heptane does not allow the explicit resolution 
of the Cls components of the solute owing to overlap with the solvent peak (cf. Figure 2). 
However, it is unlikely that the shift between the solvent peak and the second non-observed 
solute peak is as large as 0.8 eV (the calculated shifts with respect to butane as given in Table 
1 are therefore probably overestimated). One strong argument for this conclusion can be 
derived from the dibutylmercury spectrum, where it can be noted that the major Cls peak has 
only a small shift with respect to heptane in the gas phase ( A E =  0.3 eV; 290.0 eV vs 
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290.26 eV "1. The substituent effect between dibutylmercury and butyllithium is not likely to  
be as large as 0.5 eV (0-5 eV = 0-8-0.3 eV) for the carbon most remote from the substitution. 
In fact, the most probable effect on substitution from mercury to lithium is a combined shift 
of the Cls  levels of the butyl anion. Hence, in analogy with the comparison between the pure 
anion and the BuLi compound, the Cls  level of the carbon atom closest to the lithium ion will 
shift more than the Cls  levels in the other three carbon atoms. Hence, the larger shift observed 
between the peaks in the BuLi spectrum is probably also representative of a larger separation 
between the Cls  levels in the butyl group for the lithium case than for the mercury case (1 -8  eV 
vs 1.0 eV would be an upper bound to  the difference). This is in line with the stronger ionic 
character expected for the BuLi compound. 


Concerning finally the Hg4f7/2 binding energy, it can be noted that the value obtained for 
dibutylmercury lies below the atomic value [Et,(dibutylmercury) = 106.7 eV vs &(atom) = 
107.06 eVI6]. This seems surprising since a charge transfer occurs from the metal atom to the 
butyl ligands, hence a shift in the positive direction would be expected for the metal levels. 
However, the shift between the two cases is probably the net result of three counteracting 
effects, the contraction of the metal atom charge density between the free atom and the 
compound (leading to  a negative shift), a higher relaxation energy for the compound than for 
the atom (also leading to a negative shift) and the charge transfer (leading to a positive shift). 
For this compound the first two effects are apparently the dominating contributions to the shift. 


Our further studies will proceed to other lithium systems and also other organometallic 
systems whose charge distribution is expected to be different from both of the cases studied 
here. 


CONCLUSION 


We have studied two organometallic compounds, the butyl compounds of lithium and mercury. 
For butyllithium the main result is a major binding energy shift of the C l s  energy level of the 
carbon atom situated closest to the Li' ion. The calculations show that the Li' ion causes a 
differential shift in the energies of the carbon atoms in the butyl anion chain. This is also 
apparent with dibutylmercury, where the effect is estimated to be smaller than for butyllithium. 
The combined use of our photoelectron experiments in the gas and liquid phases and theoretical 
calculations show that information pertaining to the charge distribution within the carbanion 
can be extracted. 
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ABSTRACT 


IR spectroscopy is presented as a convenient means to monitor the formation of acyl (and alkyl) cations 
from corresponding acid chlorides, with Lewis acids at low temperature in the solid state. Phenylacetyl 
chloride is co-deposited (under vacuum at -173°C with antimony pentafluoride on a KBr window, as in 
the 'molecular beam' method of cation generation. The initial IR spectrum of the deposition shows (in 
addition to starting materials) that a small amount of phenylacetyl cation (2274 cm-') has been formed. 
Warming the solid matrix to -123 "C promotes the smooth conversion of acid chloride to acyl cation. 
Ultraviolet irradiation (through quartz windows) at - 123 "C to -73 "C facilitates this conversion but does 
not result in the loss of carbon monoxide from the acyl cation to form benzyl cation. When benzyl 
chloride is used in place of phenylacetyl chloride, there is no noticeable difference between IR spectra 
taken before and after warming andlor photolysis of the solid deposition. 


INTRODUCTION 


A number of substituted benzyl cations have been studied as stable species with NMR', but 
observation of the parent (C7H7) cation has not been reported in the literature. The 
conventional approach* to sample preparation through ionization of benzyl chloride with 
antimony pentafluoride in solution, leads to uncontrolled polymerization. Ionization of the 
halide apparently occurs so slowly that it cannot escape attack by ions present in solution. 
There has been limited success with attempts to overcome this problem through extreme 
dilution, using the molecular beam method.2 The main evidence? indicating that benzyl cation 
was generated is the decrease and disappearence of peaks (3.3 and 9.4 ppm) at -2O"C, with 
the simultaneous appearance of a single peak (with an observed I3C side-band) which is 
consistent with tropylium cation. If the spectrum represents the benzyl cation (and not a 
complex between the alkyl halide and acid), there is indication that the parent ion's structure 
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may be quite dissimilar to substituted (stabilized) benzyl ~ a t i 0 n s . l . ~  While a small percentage 
of samples have generated 'H-NMR spectra with the described peaks, the extreme dilution 
and lack of reproducibility between samples make systematic investigation impossible. 


Chemical precursors other than benzyl halides are possible. Benzocyclopropene (C7H6) is a 
potential precursor to benzyl (or norcaradiene) cation. The aromatic compound is prepared' 
in ample quantity and adequate purity from readily available starting materials; however, 
protonation proceeds with less reliability. None of the twenty-five samples prepared (differing 
in precursor concentration, precursor - acid ratio, and 'magic acid' composition), show any 
indication of the presence of benzyl cation. 
6-Methylenebicyclo[3.l.O]hex-3-en-2-yl cation is another possible precursor to benzyl 


cation, Ionization of 6-methylenebicyclo[3.1 .O]hex-3-en-2-yl chloride6 readily generates the 
corresponding C7H7 cation. Below -llO"C, the NMR spectrum represents a static cation with 
C, symmetry. As the temperature is increased to -7O"C, peaks (5.6, 7-5, 9.6ppm) broaden 
into the baseline; the effect is reversed by a reduction in sample temperature. The 
observations are consistent with the degenerate circumambulation of one ring about the other 
( E ,  = 10.6kcal/mol). At temperatures above -7O"C, the sample decomposes to 
unidentifiable products, without detection of the symmetry forbidden rearrangement to benzyl 
cation. 


Decarbonylation of acyl cations7 is another general approach for generating carbocations. 
Acyl cations usually form readily in solution when acid halides are ionized with Lewis acids. 
Thermally activated conversion of acyl cations to the corresponding carbocation (with loss of 
carbon monoxide) is possible when the resulting carbocation is particularly stable (tertiary, 
etc.). Since initial acyl cation formation occurs readily and completely, conversion of the acyl 
cation to the corresponding carbocation need not be swift to avoid polymerization (assuming 
that the acyl cation and carbocation will not interact). The preparation of benzyl cation by this 
approach requires that decarbonylation of phenylacetyl cation proceed without rearrangement 
to the stable tropylium ion. 


Mixing phenylacetyl chloride with antimony pentafluoride in sulfuryl chloride fluoride 
generates a stable solution of phenylacetyl cation.8 Concentrated phenylacetyl cation solutions 
remain stable up to 25 "C but decompose to unidentifiable products at higher temperatures. 
Thus, thermal decarbonylation of phenylacetyl cation in solution is not a viable route to the 
benzyl cation. When an NMR tube (Pyrex) containing a solution of phenylacetyl cation is 
photolyzed with a high intensity mercury lamp at -140°C to -70°C for up to 12 hours, no 
changes are observed in the 'H-NMR spectrum. Photolysis at higher temperatures enhances 
decomposition to Unidentifiable products. 


It would be of considerable interest to develop a method which facilitates the preparation of 
benzyl (and other elusive) cation(s) at sufficiently high concentration so as to permit further 
experimentation. It is with this intention that IR spectroscopy is used as a means to monitor 
cation formation in the solid state, at low t e m p e r a t ~ r e . ~  


DISCUSSION AND RESULTS 


In an attempt to develop a reproducible means of benzyl cation generation, treatment of 
cation precursors in the solid state (rather than in solution) is employed. Following the steps of 
the conventional molecular beam approach' to cation preparation, a solid matrix containing 
the precursor in antimony pentafluoride is deposited in the reaction vessel. Before solvent is 
added, the solid deposition is treated (warming to temperatures above liquid nitrogen and/or 
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photolysis for prolonged periods of time) to promote cation formation under conditions of 
restricted.mobility. The solvent is then added, and the sample preparation continues as usual. 
The NMR spectra of benzyl chloride and phenylacetyl chloride samples, prepared in this 
manner, do not differ from corresponding samples which are prepared without treatment of 
the solid deposition. To discover if warming and/or photolysis of the solid matrix promotes 
cation production, a means of spectroscopic observation of the solid during (or immediately 
after) treatment is essential. 


While the absence of solvent may eliminate undesirable interactions during cation 
generation, it also precludes the convenient use of solution NMR as a means to observe cation 
formation. Low temperature solid state "C-NMR is a possible means for monitoring the 
ionization process, but spectroscopy of this nature is cumbersome. Synthesis of isotopically 
enriched precursors, low temperature magic angle spinning (to resolve carbonyl signals of the 
acyl cation and acid chloride which are about 25 ppm apart in solution) and 19F decoupling" 
(to remove coupling to antimony pentafluoride) are required. 


Since both acid chlorides and acyl cations have strong and distinct absorbances in the 
infra-red region,' IR spectroscopy is ideally suited for monitoring cation formation in this 
system. It is also appropriate for the detection of decarbonylation, and it does not suffer from 
the drawbacks of solid state NMR spectroscopy. A cryogenic displex unit is used to co-deposit 
phenylacetyl chloride and antimony pentafluoride on a KBr window, under vacuum at low 
temperature. The conditions are designed to mimic that of the molecular beam method of 
cation generation.2 The turnable displex shroud is equipped with opposing KBr plates for IR 
spectral acquisition and a quartz plate which allows unobstructed irradiation of the sample. If 
these conditions indicate carbocation generation, the effective treatment of the sample would 
be repeated in a reaction vessel that mimics the displex-experimental conditions but allows for 
convenient addition of sulfuryl chloride fluoride, to permit solution NMR spectroscopy. 


The IR spectrum (Figure la) taken immediately after the deposition at - 173 "C, shows (in 
addition to phenylacetyl chloride and antimony pentafluoride) that phenylacetyl cation has 
been generated. The tiny and relatively sharp band at 2274cm-' is evidence for cation (or 
partial cation) formation, in the solid state. This band is not present in the background scans, 
or the neat phenylacetyl chloride or antimony pentafluoride. The band position matches that 
reported (2279 cm-') for the CO stretch of PhCH2CO-SbF, (mull) at room temperature.' 
The most intense band centered at 1797cm-' corresponds to the carbonyl stretch in 
phenylacetyl chloride. 


Periodic acquisition of IR spectra at increased sample temperature (up to - 123 "C) allows 
for observation of the controlled conversion of phenylacetyl chloride to phenylacetyl cation 
(Figure 1 b). The band at 2274 cm-' becomes more intense as the band at 1797 cm-I diminishes 
in intensity; a new band at 1685cm-' also emerges. Unfiltered photolysis (high intensity Hg 
lamp) and/or elevated temperatures (-73 "C) facilitates the conversion of acid chloride to acyl 
cation (Figure lc). Increasing the sample temperature in combination with direct photolysis, 
however, does not promote decarbonylation in this system. 


When benzyl chloride is used in place of phenylacetyl chloride, IR spectra before and after 
treatment of the solid deposition are not noticeably different. That is, the IR spectrum of 
benzyl chloride in an antimony pentafluoride matrix after hours at - 173 "C to -73 "C (with or 
without photolysis) is comparable to the combination of spectra of benzyl chloride and of 
antimony pentafluoride. Since no estimate of the time required to ionize benzyl chloride can 
be made from the IR experiment, a sample of benzyl-a-13C chloride in antimony pentafluoride 
was prepared for solid state NMR spectroscopy. While very noisy, the static fluorine-coupled 
solid state CMR spectrum'' shows only slight changes after weeks at -78°C. These small 
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’i u V 


Figure 1. Phenylacetyl chloride in an SbF, matrix. (a) Upper: IR spectrum after deposition at -173°C. (b) Middle: 
IR spectrum after three hours at -123°C. (c) Bottom: IR spectrum after three hours at -73°C 


changes (which may represent ionization of benzyl chloride), occurring over such a long period 
of time, indicate that the use of the ‘displex-IR’ as a means to monitor cation formation in the 
solid state is simply impractical for benzyl chloridekation. 


CONCLUSIONS 


Low temperature solid state IR spectroscopy is an ideal means for monitoring the production 
of acyl cations from the corresponding acid chlorides in an antimony pentafluoride matrix. 
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With spectral acquisitions of the substrate in the ionizing environment, before extensive cation 
formation takes place, unambiguous assignments are made. Sample preparation is easy and 
sample decomposition is not a concern. While this approach has not proven useful in the 
preparation of benzyl cation from phenylacetyl chloride (or benzyl chloride), this technique 
would allow for the direct spectroscopic observation of acyl cations which are unstable at room 
temperature because of facile decarbonylation. Cation formation and decarbonylation in such 
systems, would be readily controlled and observable with this application of variable 
temperature 1 R spectroscopy. 


EXPERIMENTAL 


The spectra are recorded on a Nicolet 7199 high resolution FT-IR spectrometer. A cryogenic 
displex unit is used for sample deposition and temperature control. The square, turnable, head 
is equipped with opposing KBr windows and opposing quartz windows. The shroud is designed 
to mimic the 'molecular beam' method of cation generation. One face has two 1/16 inlet 
(O-ring lined) holes, focussed on a 1 mm thick KBr plate (supported in the center of the 
chamber). The arm of the displex unit can be lowered into the IR spectrometer cavity for 
spectral acquisitions (through the KBr windows) and raised for photolysis (through the quartz 
windows, after rotation of the shroud). 


The substrate and antimony pentafluoride are introduced from sample holders, through 
copper tubing (1/4" glass to 1/4" copper tubing, with a swagelock connector; 1/4" copper tubing 
to 1/16" copper tubing, welded together). Phenylacetyl chloride and benzyl chloride are 
purchased from Aldrich Co., and antimony pentafluoride is obtained from Columbia 
Cationics Co.; each reactant is distilled just prior to the deposition. 


torr and the KBr plate is cooled to - 173 "C. 
The antimony pentafluoride valve is opened first, followed by the phenylacetyl chloride valve. 
After one minute, the valve to the acid chloride is closed and then the flow of antimony 
pentafluoride is also halted. The sample temperature can now be altered and/or the sample 
photolyzed; an Oriel 6283 mercury vapor lamp (200 watt) was used. 


The system is evacuated to approximately 
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SHORT COMMUNICATION 


LACK OF PROTONATION OF BENZENE AND TOLUENE BY 
TRIFLUOROMETHANESULFONIC ACID AND ITS SIGNIFICANCE 


FOR EVALUATING SUPERACID STRENGTHS 


DAN FARCA$IU* AND GLEN MILLER 
Department of Chemistry, Clarkson University, Potsdam, New York 13676, USA 


ABSTRACT 


Distribution between pentane and trifluoromethanesulfonic acid (TFMSA) and carbon-13 NMR 
measurements showed that benzene and toluene are not protonated to any significant extent in TFMSA. 
This finding contradicts previous reports, and validates the ranking of superacids based on the extent of 
benzene protonation. 


Any logical development of acid catalysis requires a good understanding of acidity, for the 
purpose of correlating catalyst acidity with catalytic activity. The definition and measurement 
of strong acidities has therefore been a central preoccupation of physical organic chemistry 
since its inception. Acidity measurements of strong acids, weak superacids,’ 
Lewis-Brlansted acid composites 2 7 3  and solid acids4 have been reported and critically 
reviewed.5. 


Some years ago, we reported on the evaluation of the superacid strength of some Lewis 
acid - Brlansted acid composites from the protonation of benzene. The degree of protonation 
was determined by interpolation of the 13C NMR chemical shift of the aromatic between the 
value for the fully protonated material in 1 : 1 HF-SbF5 and the value for benzene (assumed 
to  be unprotonated) in the Brlansted acid alone. With this approach, we were able to compare 
and rank by strength some superacid composites. In particular, the acidity of the widely used 
and practically important AlBr3-HBr catalyst was determined by us for the first time, and 
related to the strength of other superacidic systems. 6bpc 


At about the same time, it was disclosed that benzene and toluene are fully protonated at 
concentrations of 0.002-0- 5 M in trifluoromethanesulfonic acid (TFMSA), the arenium ions 
being present in ion pairs at 0.1 M and higher and as free ions at lower concentrations. This 
seemed surprising, because we had found that a stronger acidity is required to protonate 
benzene fully than to generate the long-lived (persistent ’) ferf-butyl cation (l), 6,9 and there was 
no indication that 1 can be prepared in TFMSA. Nevertheless, the result’ did not appear to  
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put in doubt our acidity rankings for composites with H F  as the Brsnsted acid.6 In view of 
the reported acidities, it was conceivable that benzene could be protonated in TFMSA 
(Ho = - 14.2’’) but not in H F  (Ho = - 11 ll) .  Recently, however, Gillespie and Liang’’ 
published a revised Ho value of - 15 for HF. Their result meant that previous reports on 
benzene protonation6” were in direct contradiction, and the rankings of superacids which we 
had reported ‘*13 might be questionable. We therefore decided to re-examine the protonation 
of benzene and toluene by TFMSA. 


We undertook two types of experiments. First, we measured the distribution14 of benzene 
and toluene between pentane and TFMSA at -20°C. At equilibrium, both aromatic 
hydrocarbons were found predominantly in the pentane layer, and the distribution ratio of 
toluene was at most double that of benzene. If the two aromatics were protonated to  any 
significant extent, the distribution ratio of toluene should be much higher than that of benzene, 
because the former is a stronger base by a factor of 1250, l4 Our results indicate, therefore, that 
the two hydrocarbons formed molecular solutions rather than arenium ions in TFMSA. 


The second group of experiments consisted of the measurement of the 13C NMR spectrum 
of toluene in trifluoromethanesulfonic acid at 25 “C. To preclude traces of water that might 
reduce acidity, 1.5% of TFMSA anhydride was added to the acid. Chemical shifts were 
measured from external (coaxial) deuterochloroform at 76.9 ppm. 


At a 0 . 2 ~  concentration, the chemical shifts (C-1 ca 138, not resolved from the TFMSA 
absorption at 138.77, C-2,6 128.48, C-3,5 128.16, C-4 124.15, C-a 19.25 ppm) were 
essentially the same as in chloroform (C-1 137.6, C-2,6 129.1, C-3,5 128.3, C14 125-4, C a  
21 - 5 ) .  Protonated toluene, however, in either HF-  SbF5 or HF-TaFs at 25 ‘C, had 
completely different chemical shifts of 202.5, ca 125, 177.7, ca 65 and ca 28 ppm, 
respectively. l5  (The chemical shifts in HF-  SbFs and HF-TaFs were measured at - 10 to 
+ 10°C. l5 The values for C-1 and C-3,5 should not change measurably at 25 “C, whereas the 
values for the other carbons should vary, but only slightly, on the account of the change in the 
ortho to para protonation selectivity; the estimated change was incorporated in the values 
given.) 


The possibility had to be considered, however, that arenium trifluoromethanesulfonate ion 
pairs which would exist at concentrations higher than 0 - 1 M ’ exhibit chemical shifts different 
from those of free arenium ions (this possibility was pointed out by a reviewer). This effect 
should be specific for trifluoromethanesulfonates, because the spectra of protonated toluene 
quoted above were obtained at 0.55M in HF-TaFS and at 0 . 6 2 ~  in HF-SbF5-S02FCI 
solutions. l5 Also, the match of chemical shifts for the toluenium ion pair and non-protonated 
toluene would be surprising. Nonetheless, we examined the spectrum of the strongly basic* 
hexamethylbenzene at 0.5 M concentration in TFMSA and found the same chemical shifts as 
in HF-SbFs l6 or FS03H-SbF5. 


We also ran the spectrum of toluene in TFMSA at 0.05 M concentration. That spectrum was 
complicated by the very strong signals of TFMSA at 124 and 138 ppm (half of the CF3 quartet). 
Nevertheless, very weak signals at 6 130.5, 128.5 and 126.5 were observed. The assignment 
to the ring carbons cannot be made with certainty, but the values are close to those at 0.2 M .  
the methyl signal resonated at  19-72 ppm. If we deem the changes to be significant, at least 
two of the signals, C-4 and C-2 (or C-3), shift downfield with dilution. Had protonation 
occurred, the signal for C-4 should move upfield. The observed changes could indicate some 


* In the study reported in Ref. 14, hexamethylbenzene was distributed between heptane and an acid buffered to a 
strength of HO = -8 .6  or weaker (HF containing 0.48 molal or more NaF). 
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*-complex formation (hydrogen bonding of the acid to the .Ir-electron system), but no 
protonation. 


We conclude from these data that toluene is not protonated in TFMSA to any significant 
extent, and that our acidity scale based on protonation of benzene6'*d and the more recent one 
based on the protonation of hexamethylbenzene in TFMSA as standard acid l 3  are entirely 
valid. 
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ABSTRACT 


Organocerium(II1) reagents reacted with or,P-unsaturated carbonyl compounds to give 1,2-addition 
products (allylic alcohols) in good to high yields. The reaction was studied from a mechanistic point of 
view by the use of ( E ) -  and (Z)-l-(4'-methoxyphenyl)-3-phenyl-2-propen-l-ones and 4,4-ethylenedioxy- 
2,6-dimethyl-2,5-cyclohexadienone as the probe compounds. A polar pathway was suggested for the 
reaction with the former enones. On the other hand, the operability of single electron transfer processes 
was demonstrated in the reaction with the latter probe compound. 


In previous papers we have described the generation and reactivities of organocerium(II1) 
reagents.' The reagents are generated by the reaction of organolithium reagents with 
anhydrous cerium(lI1) chloride or cerium(II1) iodide in tetrahydrofuran (THF) at - 78 "C. 
The reagents react with various carbonyl compounds to afford the corresponding addition 
products in high yields, even though the substrates are susceptible to enolization or 
metal-halogen exchange with simple alkyl lithium or the Grignard reagents. The results 
revealing the strong nucleophilicity of the reagents toward carbonyl groups prompted us to 
study the reaction of the reagents with a-enones. In this paper we report the scope and 
mechanistic aspect of the reaction of organocerium reagents with a,@-unsaturated carbonyl 
compounds.' 


RESULTS AND DISCUSSION 


General scope 


Our initial experiments were conducted with the reactions of several organocerium reagents 
with simple a$-unsaturated carbonyl compounds. The results are summarized in Table 1 .3 


RLi + CeC13 - RCeCl: + LiCl 


RCeCI2 + R'R*C=CH-C--R" R'R'C=CH-C-R' 


I HF 


O H  
I 


-7R"C I 


0 
I I  THF I 


R 


* Author for correspondence. 
7 This formulation merely expresses the basic stoichiometry, and some othcr species such as an ate complexe 


((R-CeCI,]- Lit)  may exist in equilibrium. 
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Table 1. Reaction of organocerium reagents with cx,P-unsaturated carbonyl compoundsa 


Carbonyl Reaction Yield 
Entry compound Reagent time (min) Product(s) (%Ih 


2 PhCH=CHCOCH, CH3CeCI2 180 PhCH=CHC (OH) (CH,), 97 
3 C4H9CeCl2 180 PhCH=CHC (OH) (CH3) C4H9 95 


5 ,, PhCeClz 180 PhCH=CHC (OH) (CH,) Ph 95 


PhCH (C4H9) CH2 COPh 40 


1 PhCH=CHCHO C4HYCeCl2 180 PhCH=CHCHOHC4Hy 96 


4 i-C3H7CeCI2 20 PhCH=CHC (OH) (CH,) (i-C3H7) 49 
PhCH (i-C3H7) CHz COCH? 29 


6 PhCH=CHCOPh C4H,,CeC12 180 PhCH=CHC (OH) (Ph) C4H9 42 


7 


~ 


a All reactions were carried out at -78°C. ' Isolated yield. 


It is noted that all the reactions except entries 4 and 6 afforded 1,2-addition products (allylic 
alcohols) in excellent yields. The present method is in contrast to the Grignard reactions which 
are often accompanied by conjugate a d d i t i ~ n . ~  Our results are favorably compared with those 
obtained by the use of other lanthanide reagents such as organoytterbium(I1) a-complexes5-' 
and homoleptic organolanthanide complexes.8.' 


Another area of interest to us  is the reaction of stable carbanions with cx-enones. 
Seyden-Penne et uf. have extensively investigated the reaction of a-cyanobenzyllithium with 
or-enones."b'2 The reaction is undoubtedly an equilibrium one. The carbanion, stabilized by 
the conjugation with or-cyano and phenyl groups, acts not only as a nucleophile but also as a 
leaving group. Thus, the initially formed 1 ,2-adduct dissociates to the starting carbanion and 
or-enone, which in turn are gradually converted to the thermodynamically stable 1,4-adduct. It 
is one of the authors' interests to know the chemical behavior of organocerium(II1) reagents in 
this type of reaction. 


or-Cyanobenzyllithium was treated with anhydrous cerium chloride at -78 "C and was 
allowed to react with 2-cyclohexeneone. It is noted that the 1 ,2-addition product is formed in 
60452% yield, regardless of reaction time. (A similar result was also obtained in the reaction 
of benzalacetone with a-cyanobenzylcerium. The reaction at  -78 "C for 5 h afforded 
1,2-addition product (l-cyano-l,4-diphenyl-2-methyl-3-buten-2-ol) in 89% yield.) These 
results are remarkably different from those of the reaction of the corresponding lithium 
reagent. Our results are reasonably explained in terms of kinetic control rather than 
thermodynamic control. Thus, trivalent cerium possesses strong oxaphilicity and intercepts the 
intermediate 1,Zadduct by virtue of the strong bonding with the alkoxide oxygen so that the 
reverse reaction is suppressed. 


The regiocontrol of [ 1,2] vs. [ 1,4] addition of nrganometallic nucleophiles to a-enones is an 
important problem in synthetic organic chemistry. ",14 The present method using cerium 
reagents may be useful for the synthesis of allylic alcohols from or,P-unsaturated carbonyl 
compounds.'s 
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Ph Ph 


Ph + M-CHCN 6 
1 &yh CHCN &Fh CHCN 


Scheme 1 


Table 2. 


M 
Yield (%) 


Conditions 1,2-addn 1,4-addn 
~~~ 


Li THF, -7O"C, 1 rnin 29 36 (Ref. 10) 
,I 15 min 21 49 ( " 1 


180 min 0 90 ( " 1 
CeCI2 THF, -78"C, 4 rnin 61 0 


I1 15 min 60 0 
240 min 62 0 


Reactions of organocerium(II1) reagents with (E)-  and 
(Z)- 1-(4'-rnethoxyphenyl)-3-phenyl-2-propen- 1-one 


Next we were interested in the mechanistic aspect of the reactions. Our attention has been 
focused on the question of whether the reaction of organocerium reagents with carbonyl 
compounds proceeds via a single-electron-transfer (SET) pathway or a polar pathway. For the 
last two decades many internal probe compounds have been devised to determine the 
mechanism of the reactions of organometallic nueleophiles with carbonyl e o m p o ~ n d s . ' ~ ~ ' ~  In 
this study we have employed the methodology utilizing the cis-trans isomerization of 
cy-enones. 17e.g.h.l.J 


1 E  3 


l z  2 z  


R = CHI,  CIHs. C S H ~ ,  i-ClH, ; M = C e C l z ,  L i ,  MgEr 


Scheme 2 
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Table 3. Reaction to organocerium. organolithium, or the grignard reagent with (E)-  or 
(Z)-C~H~CH=CHCOC~H~OCH~-P 


Entry Substrate Reagent 
Conditionsa 


Solvent Time (min) 
Yield of products (%)h 


2& zz 3 


1 
2 I, 


3 
4 " 
5 ,, 
6 I, 


7 ,, 
8 I ,  


9 
10 ,, 
11 I I  


12 I 


13 1z 
14 ,I 


15 ,, 
16 
17 
18 ,I 


19 ,, 
20 I ,  


21 ,, 


CH3CeC12 
CH3Li 
CH3MgBr 
C4H9CeC12 
C4HyLi 
C4H9MgBr 
C6H5CeCI2 
ChHsLi 
ChH5MgBr 
i-C3H7CeCI2 
i-C3H7Li 
i-C3H7MgC1 
CH3CeCl2 
CH3Li 
CH3MgBr 
C4HYCeCl2 
C4HVLi 
C4HyMgBr 
C,HsCeC12 
ChHSLi 
C6HsMgBr 


THF-ether( 12: 1) 
THF-ether(5: 1) 


THF 
THF-hexane(8: 1) 
THF-hexane(2: 1) 


THF 
THF-ether(8: 1) 
THF-ether(3: 1) 


THF 
THF-hexane(4: 1 )  
THF-hexane(3: 1) 


THF 
THF-ether(l2: 1 )  
THF-ether(5: 1) 


THF 
THF-hexane(8: 1 )  
THF-hexane(2:l) 


THF 
THF-ether(8: 1 )  
THF-ether(3: 1) 


THF 


30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
60 
60 
60 
60 
60 
ho 
90 
90 
90 


98 0 trace 
65 0 17 
38 0 65 
50 0 43 
36 0 50 
10 0 76 
90 0 4  
85 0 10 
14 0 78 
42 0 35 
39 0 57 
44 0 51 


trace 97 trace 
trace 96 trace 


26 20 38 
trace 97 trace 
trace 70 20 


20 25 50 
trace 93 4 
trace 90 4 


25 20 45 


a All reactions were carried out at -78°C. 
Isolated yield. 


As the probe compounds, ( E ) -  and (Z)-l-(4'-methoxyphenyl)-3-phenyl-2-propen-l-ones ( IE 
and Iz) were chosen, since a,P-enones conjugating with an aryl group are known to be 
susceptible to 1,4-addition with organometallic  reagent^.^ At first, the (E)-enone ( lE) was 
allowed to react with organocerium reagents in THF or THF/ether at -78 "C. Furthermore, 
the corresponding organolithium and the Grignard reagents were treated with IE under the 
same conditions for comparison. The results are summarized in Table 3. 


The reaction of methylcerium reagent with IE provided 1,2-adduct (E)-2-(4'- 
methoxyphenyl)-4-phenyl-3-buten-2-ol in 98% yield. The yield of 1,4-adduct 1-(4'- 
methoxyphenyl)-3-phenyl-l-butanone was very poor. The results are remarkably different 
from those of the reactions of methyllithium and methylmagnesium bromide which afforded 
the 1,4-adducts in 17% and 60% yields, respectively. On the other hand, the reaction of the 
butylcerium reagent resulted in almost no selectivity (entry 4). But it may be worthy to 
mention that the yield (50%) of the 1,2-adduct is higher than those of the reactions of the 
corresponding lithium reagent (36%) and the Grignard reagent (10%). The similar tendency 
was also observed in the phenyl series (entries 7-9). 


Next we examined the reactions of Iz in order to obtain the mechanistic aspect. Figure 1 
illustrates anticipated reaction pathways. If the reaction proceeds through a polar pathway, 
(Z)-1,2-adduct (2,) and 1,4-adduct (3) should be formed; no trace of isomeric allylic alcohols 
( 2 ~ )  should be detected. On the contrary, if the reaction proceeds via a SET pathway, 2E 
should be formed via a radical anion intermediate. 
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PhmCO@OCH> Polar  RM - Pd=f@OCH, OM + H r b O C H i  OM 


12 


I 
I 


R M  I SET 


2 2  3 


1 Hzo 


2 2  


1 Hzo 


3 
1 HzO 


2 E  


Figure 1. 


Based on these considerations, methyl-, butyl-, and phenyl-cerium reagents were allowed to 
react with lz. At the same time, the corresponding organolithiums and the Grignard reagents 
were treated with the same (Z)-enone. The results are added in Table 3. Methyl- and 
butylcerium reagents provided (Z)-allylic alcohols in excellent yields. Phenylcerium reagent 
also provided the corresponding adduct in  93%. It is noted that the yields of (E)-allylic 
alcohols 2E and 1,badducts 3 were extremely poor in all cases examined. Lithium reagents 
afforded similar results except entry 17 in that the 1,4-adduct was formed in 20% yield. In the 
cases of the Grignard reagents, 2E and 3 were produced in moderate yields together with 2z. 


The formation of 2z in excellent yields (entries 13, 16, and 19) suggests that the reaction of 
the organocerium reagents with lZ proceeds almost exclusively through a polar pathway. On 
the contrary, the reaction of the Grignard reagents involves a SET pathway as is well described 
in the literature.” 


Reactions with 4,4-ethylenedioxy-2,6-dimethyl-2,5-cyclohexadienone 


In order to obtain further information on the mechanism, we examined the reaction of cerium 
reagents with 4,4-ethylenedioxy-2,6-dimethyl-2,5-cyclohexadienone (4) which was proposed 
by Liotta as a useful probe for detecting SET processes.18 Methyl-, butyl-, and i-propylcerium 
reagents were treated with 4 at -78°C and the reaction mixtures were analyzed by 270Mz 
‘H-NMR. The results are shown in the following scheme. In all cases compound 6 was 
detected together with addition products (5) ;  significant amounts of 6 were produced in the 
reactions of butyl- and i-propylcerium reagents. (The ‘H-NMR spectra of the reaction 
mixtures showed that the combined yields of 5 and 6 were more than 90% in all cases 
examined.) These results apparently demonstrate the operability of a SET mechanism. 
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THF- RCeCI? -78°C H% + + 
O U 0  O e O H  


4 5 6 
R = CH3 97 3 


CLHS 4 5  5 5  + 


i -CH? 5 7  4 3  


Scheme 3 


In summary, organocerium(II1) reagents react with a$-unsaturated carbonyl compounds to 
give 1,2-addition products in high regioselectivity. A polar pathway is suggested for the 
reaction with 1-(4’-methoxyphenyl)-3-phenyl-2-propen-l-one and an operability of a SET 
process is demonstrated in the reaction of 4,4-ethylenedioxy-2,6-dimethyl-2,5- 
cyclohexadienone. 


EXPERIMENTAL 


General 


All experiments were carried out under an argon atmosphere in well dried glassware. The 
products were isolated by preparative thin layer chromatography on silica gel (Wakogel B-5F) 
or by column chromatography on silica gel (Wakogel C-200). 


High resolution ‘H-NMR spectra were determined on a JEOL FX-270. IR spectra were 
recorded on Hitachi 275 IR Spectrometer. Microanalyses were performed with a 
Perkin-Elmer 240 elemental analyzer at the Chemical Analysis Center of Chiba University. 


Materials 


Anhydrous diethyl ether and n-hexane were obtained according to the literature procedures, 
and were stored with sodium wires. Anhydrous THF was distilled from sodium benzophenone 
prior to use. Cerium(II1) chloride seven hydrate was purchased from Wako Pure Chemical 
Co. Ltd. Methyl-, n-butyl-, and phenyllithiums were purchased from Kanto Chemical Co., 
Ltd. Isopropyllithium was prepared by a literature procedure,19 and the concentration was 
determined by titration with 2,2’-dipyridyl as an indicator. (E)-l-(4’-Methoxyphenyl)-3- 
phenyl-2-propen-I-one was prepared by a standard method. 4,4-Ethylene-dioxy-2,6-dimethyl- 
2,5-cyclohexadienone was synthesized according to Liotta’s method.20 Other simple organic 
materials were purchased and purified by distillation under reduced pressure before use. 


(Z)-l-(4’-methoxyphenyl)-3-phenyl-2-propen-l -one 


This compound was prepared according to the procedure described in the literature.2’ A 
solution of (E)-l-(4‘-methoxyphenyl)-3-phenyl-2-propen-I-one in 100 ml of chloroform or 
benzene in a Pyrex flask was exposed to sunlight for 2 days. The solvent was evaporated under 


T The ratio of 9 6  was largely varied; another run of the experiment under almost the same conditions provided a ratio 
of 30:70. 
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reduced pressure. The brown residue was seeded with (E)-isomer and triturated in ether at 
0°C. The crystalline solid, which consisted largely of (.!?)-isomer, was removed by decanting. 
The solution was subjected to column chromatography (silica gel, 3: 1 hexane/diethyl ether) in 
the dark. Lemon yellow fractions were collected. This operation of chromatography was 
repeated for 3-5 times. The yield of pure product was ordinally 3040%. Yellow pasty oil; 
'H-NMR (CC14) 6 3-75 (s, 3H), 6-45 (d, J = 12 Hz, 1 H), 6-78 (d, J = 9 Hz, 2 H), 6-88 (d, J = 
12H2, 1 H),  7-0-7.5 (m, 5H), 7.85 (d, J = 9Hz, 2H); UV (CC14) A,,, = 286nm (log E 3-8). 


4,4-Ethylenedioxy-2,6-dimethyl-2,5-cyclohexadienone 


This compound was prepared from 2,6-dimethylben~oquinone~~ according to Liotta's 
procedure.2" Mp 47-50°C (hexane); 'H-NMR (CCI4) 6 1-80 (s, 6H), 3.91 (s, 4H), 6.12 (s, 
2H); IR (KBr) 1680, 1640cm-'; Analysis calculated for Cl(,HI2O3: C, 66-65; H, 6-71. Found: 
C, 66-59; H, 6-72. 


General procedure for the reaction of organocerium(II1) reagents with c+unsaturated 
carbonyl compounds 


Cerium chloride (CeC13 . 7H20) (1 -5 mmol) was quickly and finely powdered in a mortar and 
was placed in a 30-ml two-necked flask. The flask was immersed in an oil bath and heated 
gradually to 135-140 "C, with evacuation (ca. 0.1 Torr). After maintaining the temperature for 
1 h, a magnetic stirrer bar was inserted and the cerium chloride was completely dried in 
vacuum with stirring at the same temperature for an additional 1 h. While the flask was still 
hot, argon gas was introduced and the flask was cooled in an ice bath. THF (5ml) freshly 
distilled from sodium/benzophenone was added with stirring and the suspension was well 
stirred for 2 4  h at room temperature. The resulted milky suspension was then cooled to - 
78°C and an organolithium reagent (1-5 mmol) was added dropwise with stirring, whereupon 
the color of the suspension turned to yellow or orange immediately. After stirring for 30 min, a 
carbonyl compound (1 mmol) was added with 2 ml of THF and the mixture was stirred until 
the reaction was completed (usually for 30min). The reaction mixture was treated with water 
(10ml) containing 0.3ml of acetic acid. The mixture was extracted with ether, and the 
combined extracts were washed with brine, NaHC03 solution, and brine, and dried over 
MgS04. The solvent was removed under reduced pressure and the residue was subjected to 
preparative TLC on silica gel to give the addition product. 


(E)-2-(4'-Methoxyphenyl)-4-phenyl-3-buten-2-ol 


Colorless oil; 'H-NMR (CC14) 6 1-60 (s, 3 H), 2.72 (s, 1 H), 3.65 (s, 3 H), 6.35 (d, J = 16Hz, 
1 H), 6.40 (d, J = 16 Hz, 1 H), 6.68 (d, J = 9 Hz, 2 H), 6.9-7.4 (m, 5 H), 7.25 (d, J = 9 Hz); IR 
(neat) 3420cm-'. Analysis calculated for CI7Hl8O2: C, 80.28; H, 7-13. Found: C, 80.52; H, 
7.18. 


1-(4'-MethoxyphenyI)-3-phenyl-l -butanone 


Mp 8547°C (hexane-ethanol); 'H-NMR (CCI4) 8 1.31 (d, J = 6Hz, 3H), 3-0-3-7 (m, 3H), 
3.81 (s, 3H),  6.90 (d, J = 9Hz, 2H), 7-28 (s, 5H), 7-93 (d, J = 9Hz, 2H); IR (KBr) 
1635cm-'. Analysis calculated for CI7Hl8O2: C, 80.28; H, 7.13. Found: C, 80.12; H, 7.06. 
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(E)-3-(4'-Methoxyphenyl)-l-phenyl-l -hepten-3-ol 


Colorless oil; 'H-NMR (CC14) 6 0.6-2-2 (m, 9H) ,  2.53 (br s, 1 H), 3.67 (s, 3H), 6.43 (d, J = 
16H, 1 H), 6.53 (d, J = 16Hz, 1 H), 6.77 (d, 3 = 9Hz, 2H), 6.9-7-4 (m, 5 H), 7.30 (d, J = 
9 Hz, 2 H); IR (neat) 3430cm-'. Analysis calculated for C20H2402: C, 81.04; H, 8.16. Found: 
C, 81-19; H, 8.11. 


1-(4'-MethoxyphenyI)-3-phenyl-l -heptanone 


Mp 72-74°C (hexane-thanol); 'H-NMR (CC14) 6 0-5-2-0 (m, 9H), 34-3-6 (m, 3H), 3.75 (s, 
3H), 6.83 (d, J = 9Hz, 2H),  7.20 (m, 5H),  7.85 (d, J = 9Hz, 2H); IR (KBr) 1665cm-'. 
Analysis calculated for C20H2402: C, 81-04; H, 8.16. Found: C, 81.01; H, 8-05. 


(E)-3-(4'-Methoxyphenyl)-4-methyl- 1 -phenyl- 1 -penten3-01 


Mp 92-93°C; 'H-NMR (CC14) 6 0.82 (d, J = 7 Hz, 3 H), 0.93 (d, J = 7 Hz, 3 H), 1.77 (s, 1 H), 
1.95-2-35 (m, 1 H), 3-68 (s, 3 H), 6-47 (s, 2H), 6-66 (d, J = 8 Hz, 2H), 6.9-7.4 (m, 7 H); IR 
(KBr) 3470cm-'. Analysis calculated for C19H2202: C, 80-82; H, 7-85. Found: C, 80-95; H, 
7-88. 


1-(4' -Methoxyphenyl)-4-methyl-3-phenyl-l-pentanone 


Mp 7S74"C; 'H-NMR (CCI4) 6 0.75 (d, J = 6Hz, 3H), 0.92 (d, J = 6Hz, 3H), 1.6-2-1 (m, 
1 H), 3-08 (br s, 3 H), 3-65 (s, 3 H), 6-60 (d, J = 9 Hz, 2 H), 6-95 (br s, 5 H), 7-57 (d, J = 9 Hz, 
2H); IR (KBr) 1670cm-I. Analysis calculated for C19H2202: C, 80.82; H, 7-85. Found: C, 
80.96; H, 7.88. 


(E)- 1 -(4'-Methoxypheny1)- 1,3-diphenyl-2-propen- 1-01 


(This compound was unstable and did not give a satisfactory elemental analysis.) Pale yellow 
oil; 'H-NMR (CCI4) 6 2.70 (s, 1 H), 3.60 (s, 3 H), 6-43 (d, J = 15 Hz, 1 H), 6-60 (d, J = 15 Hz, 
1 H), 6.65 (d, J = 9Hz, 2H),  6.9-7.5 (m, 12H); IR (neat) 3430cm-'. 


Q-2-(4'-MethoxyphenyI)-4-phenyl-3-buten-2-ol 


Colorless oil; 'H-NMR (CC14) 6 1.48 (s, 3 H), 2-41 (s, 1 H), 3.62 (s, 1 H), 3-62 (s, 1 H), 5.97 (d, 
J = 13 Hz, 1 H), 6-70 (d, J = 9 Hz, 2 H), 7.08 (s, 5 H), 7.32 (d, J = 9 Hz, 2 H); IR (neat) 3540, 
3430cm-'. Analysis calculated for CI7Hl8O2: C, 80.28; H, 7.13. Found: C, 80.13; H, 7-09. 


(2)-2-(4'-Methoxyphenyl)-4-phenyl- 1 -hepten-3-ol 


Colorless oil; 'H-NMR (CCI4) 6 0.6-2.0 (m, 9 H), 2.05 (s, 1 H), 3-60 (s, 3 H), 5.97 (d, J = 


2H); IR (neat) 3540, 3450cm-'. Analysis calculated for C20H2402: C, 81.04; H, 8.16. Found: 
13 Hz, 1 H), 6.40 (d, J = 13 Hz, 1 H), 6.67 (d, J = ~ H z ,  2 H), 7-03 (s, 5 H), 7.22 (d, J = 9 Hz, 


C, 81.16; H. 8.17. 
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(Z)-l-(4'-MetRoxyphenyl)-l,3-diphenyl-2-propen-l-ol 


Pale oil; 'H-NMR (CCI4) 6 2.43 (s, 1 H), 3-53 (s, 3 H), 6-13 (d, J = 12Hz, 1 H), 6.43 (d, J = 
12H2, 1 H),  6-57 (d, J = 9Hz, 2H), 6.8-7-4 (m, 12H); IR (neat) 3530, 3440cm-'. Analysis 
calculated for C22H2002: C, 83-52; H, 6.37. Found: C, 83.40; H, 6.38. 
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ABSTRACT 


A two-hydron transfer mechanism involving hydron transfers from carbon t o  nitrogen and from nitrogen 
to carbon was studied. The rearrangement of 1,3,3-triphenyIpropene (1) into 1,1,3-triphenyIpropene (2) 
catalyzed by 2,10-diazabicyclo[4.4.O]dec-l-ene (3) in benzene at 25.00 C was studied by ’H-labeling 
experiments and kinetic ’H-isotope effects. The synthesis and purification of [6,10-’Hz] -2,lO-diaza- 
bicyclo[4.4.0]dec-l-ene ([6,10-’H2]-3), [3-’H]-1,3,3-triphenylpropene ([3-’H]-l), [3-’H]-1,1,3-tri- 
phenylpropene ( [  3-’H] -2) and [ 3,3-’H2] -1,1,3-triphenylpropene ( [  3,3-’Hz] -2) together with their 
precursors are reported. Partial reaction of [3-’H] -1 with [6,10-’H2] -3 gave 42% conversion into 
product 2, which was shown by’H NMR to be composed of 88% [3-’H]-2 and 12% [3-’H]-2. Partial 
reactionof [3-’H]- l  with [6,1O-’Hz]-3gave43% of 2, composedof 73% [3-’H]-2and27% [3-*H]-2. 


These results clearly show that a substantial fraction of the reaction takes place in a bifunctional manner 
but isotope exchange andlor monofunctionally catalyzed reactions interfere. The following kinetic 
deuterium isotope effects on the rearrangement 1 -+ 2 were measured: kHH/kDH = 6 - 5 6 ;  kHH/kHD = 1.19; 
kHH/k”D = 7.08; kHv/kDD = 5-94; and kDH/kDD = 1.08. 


On the basis of these results, a concerted two-hydron transfer mechanism is excluded. Instead, a 
stepwise mechanism is favored, in which at  first the 3-hydron of 1 is abstracted by 3 yielding an ion pair@), 
the carbanion of which in a separate step is then hydronated to yield the product 2. 


The abstraction of the 3-hydron from 1 might be hydrogen bond assisted. The two hydron transfer 
transition states are together rate limiting, although they limit the rate to different extents. A detailed 
mechanistic analysis is presented together with the results of an investigation of the nature of the catalyst. 
The dimerization constant for 3 was determined by ’H NMR to be 1 767 1 mol- ’ at 25 -0 “C. Isotopomer 
composition was measured by ‘H NMR and GLC was used for the separation of the substrate and 
products. Computer-assisted capillary GLC was used for the kinetics. 


INTRODUCTION 


Bifunctional catalysis involving transfers of two hydrons is thought to be of great importance 
in enzyme action and many other organic reactions. ’ To obtain a deeper understanding of the 
nature of two-proton transfers in bifunctional catalysis, we are investigating a number of 
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G b  ma I 
Benzene H - - H +  


Ph*Ph Ph muz 
I. 2 


1 2 H =  1 H,'H ( 3 -  1 H - Z )  
2 2 H =  1 2  H, H ( 3 - * H - 2 )  


1 H = ' H  ( 3 -  H - L )  


H =  H ( 3 -  H - 1 )  
2 2  2 


1 H =  €I, H ( 3 , 3 -  H2-2) 
3 H = ' H , ' H  ( 6 , i o -  ~ ~ - 3 )  


2 H ='H,'H ( 6,lO - H 2 -  3)  


Scheme 1 


I I H Benzene H + - + - 


4 
Scheme 2 


reaction systems. For example, we are elucidating the detailed mechanisms of reactions which 
may involve two-proton transfers from and to  carbon, nitrogen and oxygen. 


In this paper a full report is provided on 2H-labeling experiments and kinetic deuterium 
isotope effects for a bifunctional catalysis in which hydrons are transferred from and to carbon 
and nitrogen. The reversible rearrangement of 1,3,3-triphenylpropene (1) to I , I  ,3-triphenyl- 
propene (2) using 2,lO-diazabicyclo [ 4.4.01 dec-1-ene (3) in benzene is the reaction system that 
has been studied in detail (Scheme 1).2 


We have recently reported on the stereochemistry of the closely related reaction system 
shown in Scheme 2. The 1,3-hydron transfer of the cyclohexene 4 to 5 catalyzed by the sec- 
amidine 3 was shown to take place in a suprafacial manner.3 The enantiospecificity of the 
reaction was measured to  be > 98.4% using a novel and convenient stereochemical method in 
which reversible reactions are regarded as a series of irreversible processes. This method has 
also been used in chromatographic theory. ' 


We have recently also reported on the classical 2-pyridinone-catalyzed mutarotation of 
2,3,4,6-tetra-O-methyl-c~-~-glucopyranose (a-TMG) in benzene, discovered by Swain and 
Brown more than 30 years ago. In this reaction two hydrons are transferred from and to oxygen 
and nitrogen (Scheme 3). 
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TS 


Scheme 3 


Using experimental primary and secondary and calculated primary deuterium isotope effects, 
detailed conclusions emerged about the transition state. The nature of this catalysis is different 
from that of the title reaction, as will be discussed below. 


In this paper we try to answer questions about how the two hydron transfers depend on each 
other, e.g. do the transfers of the two hydrons from carbon to nitrogen and from nitrogen to 
carbon take placc in one step, i.e. concertedly, or is the bifunctionally catalyzed rearrangement 
a stepwise reaction? 


RESULTS AND DISCUSSION 


According to Woodward and Hoffman, ’ suprafacial 1,3-sigmatropic shifts are symmetry 
forbidden. As a consequence, uncatalyzed 1,3-~igmatropic shifts are high barrier processes. 
This work was initiated by an idea about how to circumvent this symmetry forbiddenness, e.g. 
by using amidines as catalysts and ‘open up’ an allowed pseudo-pericyclic rearrangement route 
as illustrated in Figure 1. For the purpose of elucidating this idea, the reaction system shown 
in Scheme 1 was developed. Below we report and discuss results of 2H-labeling and kinetic 
deuterium isotope effect experiments that we have designed to clarify the nature of sec-amidine- 
catalyzed 1,3-hydron transfers. 


’H Labeling experiments and reaction mechanisms 


Previously we reported that the bicyclic amidine 3 catalyzes the rearrangement of [ 3-’H] -1 into 
2 in benzene at 75 “C.’ A reaction mixture initially 0-99 M in the catalyst 3 and 0.05 M in the 
substrate [3-2H]-1 was reacted for 1 h and then quenched (Table 1). The mixture of the 
propcne isomers was isolated and analyzed by GLC. This analysis showed that 40% of the 
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B 


d 


a b C 


Figure 1 .  Illustration of interactions in important orbitals involved in (a) uncatalyzed, (b) monofunctionally catalyzed 
and (c) bifunctionally catalyzed 1,3-proton transfer reactions 


mixture consisted of the rearrangement product 2. The propenes were separated by preparative 
GLC and analyzed by 'H NMR spectroscopy. The fraction of 1 was found to  consist solely 
(within experimental error) of the 'H-labeled starting material [ 3-'H J -1. In contrast, the 
fraction of 2 was mainly (93%) composed of non-deuteriated compound. 


In a separate experiment employing [3-*H)-2 and unlabeled 3, it was shown that the 
exchange of the carbon-bonded deutron with the amidine proton was much slower than the rate 
of catalyzed isomerization of [3-'H]-1 to 2. Hence these results indicated that the 
rearrangement could mainly involve activated complexes such as A in Scheme 4, i.e. that the 
rearrangement is bifunctionally rather than monofunctionally catalyzed. On the other hand, 
these limited results do not exclude the possibility of a multi-step reaction and that the observed 
isotope distribution in 2 is the consequence of deuterium-protium exchange within ion-pair 
intermediates. 


To avoid misinterpretations caused by unexpected isotope effects, the following 'mirror' 
experiment was carried out. A mixture which initially was 0.49 M in the 2H-labeled catalyst 
[6,10-2H2]-3 and 0.06 M in the non-labeled substrate 1 in benzene as solvent was reacted at 
75 "C and quenched and analyzed as above. The isolated product mixture consisted of 23% 1 
and 77% 2. The product 2 was composed of 42% of [3-'H]-2 and 58% of non-deuteriated 
2. No trace of [ 3,3-2H2] -2 could be detected by 'H NMR (Table 1). 


The above labeling experiments show conclusively that at least a substantial fraction of this 
amidine-catalyzed rearrangement is bifunctional in nature. However, the results also clearly 
show considerable interference from isotope exchange and/or monofunctionally catalyzed 
rearrangements. 


In the light of these results, a number of transition-state structures for the rearrangement and 
exchange reactions could be envisaged (Scheme 4). In addition to structure A mentioned above, 
in which there is a concerted transfer of the two hydrons from and to carbons and nitrogens, 
transition states B-E, involving non-concerted 1,3-hydron transfers, are possible 
representations. In structure B the 3-hydrogen of 1 is in transit but the NH binds only to  the 
C-1 with an asymmetric hydrogen bond. In C, on the other hand, the 3-hydron is being 
transferred but no NH-- .C bond has developed in the transistion state. Structure D depicts a 
transition state in which the 3-hydron of 1 has been transferred completely to nitrogen and the 
other hydron bonded to N is in transit. In transition state E a hydrogen bond remains between 
the C-3 of 1 and the NH group, while the other N-hydron is in transit. 


Any of the transition states A-E could be thought of as being possible rate-limiting transition 
states for the rearrangement. The transition states B-E may lead to ion-pair intermediates such 
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Scheme 5 


as F-H (Scheme 5 ) .  The observed exchange is possibly the consequence of exchange within such 
ion pairs via transition states of type I .  Monofunctionally catalyzed rearrangement may also 
involve intermediates of the type F-G and a transition state such as K. Hence, in addition 
to the possibility that the exchange and rearrangement processes are independent reactions, 
they could be coupled, e.g. be stepwise processes employing common transition states and 
intermediates. 


An obvious source of further mechanistic information is kinetic deuterium isotope effects. 
However, the knowledge of the relationships between transition-state structures and such 
isotope effects for concerted two-hydron transfer reactions is limited, 6b99  We have now 
measured kinetic deuterium isotope effects for the reaction system shown in Scheme 1 at 
2 5 - 0 0  "C.  At this temperature the reactions proceed at convenient rates to allow the use of a 
quench-extraction GLC procedure for accurate kinetics. We have also analyzed in detail the 
outcome of labeling experiments at this lower temperature and the results are summarized in 
Table 1. 


Kinetic deuterium isotope effects 


In order to obtain detailed information on the rate-limiting transition state for the 3-catalyzed 
rearrangement of 1 -, 2, experiments were designed for obtaining kinetic deuterium isotope 
effects. The reversibility of the rearrangement of 1 to 2, which has K = 14, and the isotope 
exchange reactions mentioned above together complicate the reliable determination of isotope 
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effects for the forward reaction. To avoid these problems we wished to make accurate 
measurements with the use of only a low percentage conversion of 1 -+ 2. Such a low conversion 
demands an analytical procedure with very high accuracy. For the present purpose capillary 
chromatography was applied. Experimental and computational details of the procedure are 
given in the Experimental section below. In this way, rate constants for the reactions shown 
in equations (1)-(4) were determined. The rate constants and calculated isotope effects are 
shown in Tables 2 and 3, respectively. The interpretation of these isotope effects requires 
caution, as indicated below! 


kHH 
[ 3- 'H 1-1 + [ 6,10-'H2] -3 - products (1) 


[3-'H]-1 + [6,10-'H2]-3 - products ( 2 )  


[3 - 'H] - l+  [6,10-'Hz]-3 - products (3) 


k I IH 


kHI1 


k l>I> 


[3-'H]-1+ [6,10-'H2]-3 --t products (4) 


Nature of the catalyst 3 


Essentially the same amidine concentration was used in all experiments described in Table 2 .  
One reason for this is that 3 was expected to be partially dimerized at the concentration used 
(Scheme 6). Of the three species in Scheme 6 only the monomer (M) and perhaps the linear 
dimer (DI) are expected to be catalytically active. However, in D1 the steric crowding around 


Table 2. Rate data for the 3-catalysed rearrangement of 1 -+ 2 in benzene at 25.00 ? 0.03 OC" 


Substrate Catalyst [31 /M kobsd/ 10- S - ' kb/10-6 Imol- ' s - '  


[ 3- 'HI -1 [ 6,lO- 'HI]  -3 0.580 
0.582 
0-579 


[3-'H]-1 [ 6,lO- 'Hz ] -3 0.579 
0-579 


[3-'H] -1 [ 6,lO- *Hz ] -3 0.559 
0.559 


[ 3-'H] -1 [6,10-'H2]-3 0.568 
0.561 


9-57 
9.64 
9.45 
1.46 
1-45 
7-69 
1.75 
1 .33  
1.30 


16.5 
16.6 
16.3 
2-52 
2.50 


13 .8  
13.9 
2.34 
2.31 


"The initial substrate concentration in all experiments was 0.06 M. 
k is defined as k o b r d / [ 3 ] .  


Table 3 .  Deuterium kinetic isotope effects at 25.00"C based on 
calculated average k values in Table 2" 


aThe first superscript refers to the substrate and the second to the catalyst 
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the lone pair not occupied by hydrogen bonding may inhibit significant catalytic activity. No 
catalytic activity is expected from Dc since all lone pairs are occupied in hydrogen bonds. 


As part of the elucidation of the nature of the catalytic species, we determined the 
dimerization constant of [ 6,lO- 'Hz] -3 in benzene using 'H NMR. lo Only a single signal from 
the nitrogen-bonded protons of 3 is observed by 'H NMR. A study of the NH chemical shift 
as a function of the amidine concentration revealed that it is strongly concentration dependent 
(Figure 2). The curve in Figure 2 was analyzed with several association models and the best fit 
was obtained with the simple dimerization model 2M * D and a dimerization constant 
KD = 1.67 Imol-' at 25-O0C.  For further details we refer to  the Experimental section. Thus 
in a 0 . 6  M solution of [6,10-'H2]-3 only about 50% of the amidine is present in monomeric 
form. The other 50% is present as dimers, presumably mainly of the Dc type. 


The next step in the elucidation of the nature of the catalytic species was to study the rate 
of rearrangement [ 3- 'HI -1 ---* [ 3 -  'HI -2 as a function of [ 6,lO- 'Hz] -3 concentration, i.e. at 
various [ D] / [ M] ratios. In Figure 3 kobs for this pseudo-first-order rearrangement is plotted 


CJ3 I 
H H  2 0 I 


H 


M 
m 


Scheme 6 


7 L 


m I :  
H H  


0.5 1 .o 


Figure 2. Plot of BNH vs [[6,10-'H~1-31to~ for dimerization of 3 in benzene at 25.0"C. The solid line is a computer- 
simulated curve using SM = 3.83, 60 = 8.48 and KO = 1.67 Imol-' 
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Figure 3 .  Dependence of kilt,, on monomer concentration [ M I  of [6,10-'H2]-3 at K o  = I .67 I rnol-' for the reaction 
of [3- 'H]-1 - [3 - 'H] -2  in benzene at 25.OO0C 


against the amidine monomer concentration obtained with KD = 1 -67 1 mol-'. The linearity of 
this plot shows that no amidine dimers contribute significantly to  the catalysis. Thus 
kobs = kM [ MI and kM is estimated from the slope to be 32.6 x 1 mol-'s-'. 


Deuterium isotope effects 


As mentioned above, the knowledge of what isotope effects to expect for two-hydron transfer 
reactions is limited.' However, in the present case the data in Table 3 exclude the possibility 
that we are dealing with a concerted two-hydron transfer mechanism. The main evidence 
against such a mechanism is the observed large difference between k H H / k D H  (6.56) and 
k H H / k H D  ( 1  * 19). A concerted transfer is expected to yield k H H / k D H  = kHH/kHD if the transition 
state is symmetric with respect to the hydron transfers (cf. A in Scheme 4). 


Instead, we conclude, on the basis of the pronounced difference between these isotope 
effects, that the abstraction of the 3-hydron from 1 is rate limiting. However, the second hydron 
is presumably not transferred simultaneously but it could assist the abstraction of the 3-hydron 
from 1 by hydrogen bonding (cf. B in Scheme 4), thereby giving rise to a secondary isotope 
effect. Also, the other isotope effects in Table 2 are consistent with such a mechanistic picture 
and thus suggest a stepwise mechanism. 


Hence a stepwise mechanism lends support from the similarity of pKa values of 1 and 2 and 
the asymmetry of the two hydron transfers in combination with the accompanying hydron 
exchange reactions. It seems plausible that the rearrangement employs one or more ion-pair 
intermediates and that the transition state B or C is rate limiting and that D or E is populated 
in the hydronation of the intermediate preceding 2. It seems likely that an ion pair with two 
hydrogen bonds (G) (Scheme 5) is on the reaction coordinate. The ion pairs are assumed to 
participate in the exchange reactions (cf. I). 


However, we have to consider another mechanistic possibility, viz. that more than one 
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reaction step may be rate limiting. The hydron abstraction from 1 and the hydronation of an 
intermediate to yield 2 may together be rate controlling, although in different amounts, i.e. the 
two transition states have similar free energies. Thus analysis using the mechanism in equation 
( 5 )  shows that the two transition states contribute to the rate limitation to different extents in 
the experiments in Table 2, depending on the combination of labels. In equation (5) only the 
monomer is a catalyst, since the dimers have been proved not to take part significantly in the 
catalysis. Applying the steady-state approximation to  equation (5) we obtain equation (6) .  


k t  I - 2 + M  
k -  I k - 2  


M + 1 .  


k- 2 kM = kl 
k-l + k-2 


and for the observed isotope effects in Table 3 we derive the following expressions: 


I t  we assume that 


kyH/kPD = kyH/kPH = kyD/kPD = k!y/kD? = kHy/k?y 
- - k - l l k - l  H D  DD = k _ 2 / k ? ~ = k H _ r / k ! ! P = k D ~ l k D D  HH 2 = 7  


and that 


k y H / k y D  = kyH/kPD = k!y/k!!y = k !y/k!y = k?y/kDH 2 = k-l/kD:= H D  1 


and, e.g., k!!!!/kH? = 30, we simulate the following isotope effects: k H H / k D H  = 6.8, 
k H H / k H D  = 1 * 19, k H H / k D D  = 7.0, kHD/kDD = 5 . 9  and k D H / k D D  = 1.03. 


The similarity of some of these values with those in Table 3 is striking, although significant 
differences are noticed and should be considered in the light of the following comments. In 
addition to the fact that the assumptions above do  not take secondary isotope effects into 
account, we have made no corrections to the observed isotope effects from an isotope effect 
on the dimerization equilibrium of the amidine 3. If kHHlkDD is, e.g., 1-1, then correction of 
the isotope effects k H H / k D D ,  k H H / k H D  and kDH/kDD in Table 3 should result in 3% larger 
values. Another correction originates from the fact that the substrate [3-*H] -1 contains about 
0 - 5  atom-% of 'H in the 3-position. We determine rate constants using only about 4% of 
conversion of substrate into product and, since the primary isotope effects are about 7, this 
small fraction of 'H results in a correction of isotope effects k H H / k D D ,  k H H / k D H  and kHD/kDD.  
The correction increases the values by about 3 -4%. 
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Further, some of the isotope effects in Table 3 should be increased slightly because the 
[6,10-*H2]-3 used contained only 90 atom-Vo of 2H in each of the labeled positions. 


Even more important is the consideration that extensive 'H/2H exchange reactions are taking 
place within the reaction intermediates. If all corrections above were taken into account 
kHH/kDD = 7 - 7  is predicted. Using this value and assuming that the rearrangement is occurring 
bifunctionally without any exchange and that k!!y/k'!r = 10, we predict the following isotope 
effects: kHH/kDH = 7.1, kHH/kHD = 1-6,  kHD/kDD = 4 - 8  and kDH/kDD = 1-09. k'!?/k!? 
was given the value 10 to reproduce the 'fixed point' kDH/kDD. The latter value is only slightly 
influenced by the correction and the exchange. 


Hence the favored mechanism emerging is a stepwise one with two rate-limiting transition 
states (c.f. B-E in Scheme 4). 


Why does the catalysis take place by a stepwise rather than a concerted mechanism? 


We have concluded that the amidine 3-catalyzed 1,3-proton transfer of 1 to 2 takes place by 
a stepwise and not by a concerted mechanism. In the first step a proton is transferred from 
carbon to nitrogen yielding a carbanion-amidinium ion pair. In a second step an amidinium 
proton is delivered to  the carbanion yielding the rearrangement product 2. Why is this stepwise 
process the low-energy pathway rather than the concerted mechanism in which the two protons 
are transferred simultaneously from carbon to nitrogen and from nitrogen to carbon? 


It is known that in monofunctional catalysis by, e.g., amines there is a barrier towards 
protonation of the carbanion by the amidinium ion in the intermediate. Therefore, it seems 
reasonable to assume that there also should be a barrier for monofunctional protonation of the 
substitute allyl anion by an amidinium ion. In the rate-limiting transition state of the 
3-catalyzed rearrangement of 1 to  2, neither the triphenyl-substituted allyl anion nor the 
amidinium ion is fully developed. As a consequence, we predict that a concerted two-proton 
transfer might have a considerably higher barrier than the stepwise process that we have 
elucidated experimentally. 


EXPERIMENTAL 


General 


The NMR spectra were obtained with a JEOL JNM-FX100 Fourier transform spectrometer 
equipped with a 5 mm 'H/I3C dual probe or with a Varian XL 400 Fourier transform 
spectrometer with a 5 mm switchable probe. 


GLC analyses of substrate purity and the labeling experiments were performed with a Perkin- 
Elmer 990 gas chromatograph equipped with a 3 m x 3 mm i.d. column containing 3% Apiezon 
L on Varaport 30 (100-120 mesh). The carrier gas was nitrogen (172 kPa) and the oven was 
held at 185 "C. The injector and the detector temperatures were 210 and 235 OC, respectively. 


Preparative GLC was performed with a Varian Aerograph 90P instrument equipped with a 
0.6 m x 10 mm i.d. column containing 15% Apiezon L on Chromosorb W (60-80 mesh). The 
carrier gas was helium at a flow-rate of 60 mlmin-'. The oven temperature was 180°C. The 
injector and the detector temperatures were held at 210 "C. The trapping equipment was cooled 
in liquid nitrogen. 


The glove-box used was a Mecaplex GB 80, made of stainless steel and equipped with a gas- 
purification system which removed water and oxygen. The water content in the glove-box 
atmosphere was measured with a Shaw Model SHA-TR hygrometer. Typically, the content was 
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1-2 ppm at atmospheric pressure. Whenever possible, the preparations were performed in the 
glove-box. 


The analytical equipment used in the kinetic studies is described under Kinetics. 


Synthesis and purification of substrates 


1,3,3-Triphenylpropene ([3- 'HI-I). Prepared according to Scheme 7. 


3,3-Diphenylpropiophenone (6) ' I .  Prepared from benzylideneacetophenone (5) '' by addi- 
tion of phenylmagnesium bromide. Compound 5 was made by condensing acetophenone with 
benzaldehyde. The ketone 6 was reduced in the following way. 


1,3,3-Triphenylpropan-l-ol (7). The ketone (6) (16.5 g, 0.06 mol), dissolved in 150 ml of 
methanol, was added to a mixture of 175 ml of methanol and NaBH4 (3.0 g, 0.08 mol) in 41 ml 
0.1 M NaOH. The reaction flask was kept at 45 "C during the whole addition and for a further 
15 min. After evaporation of the methanol the residue was diluted with 250 ml of water and 
extracted with four portions (100 ml) of diethyl ether. The organic phase was dried over MgS04 
and, after evaporation, the product was recrystallized from light petroleum. The yield of 7 was 
14 g (85%), m.p. 73.5-74.5 "C (lit. l 3  yield 95%, m.p. 72 "C) .  


1,3,3-Triphenylpropene ([3-'H]-l). Prepared from 7 (13 g, 0.04 mol) by refluxing in 20% 
HzS04. The product was purified by repeated recrystallization from ethanol. GLC analysis 
showed no impurities. Yield 9.8 g (80070), m.p. 98-5-99 "C (lit. l 3  yield 8570, m.p. 98-99 "C). 


(complex, 15H, aromatic). 
H NMR (C'HC13): 6 4.89 (d, lH,  C3-H), 6.35 (d, IH, CI-H), 6.67 (9, lH ,  C2-H) 7 . 3  I 


0 0 
No 5MNaOH 11 PhMgBr 


-Ph-c-cH=c-Ph - n 
w - c - r n 3  + Ph-c 


Ether \H(2H) Ethanol I 
W2H) - 4 ('H - 4) 


0 Ph OH Ph 


II I 2 N d H 4  I 1 2  P"-cC--CH2-C-H( H) - Ph-Ui-CH2-c-H( H) L 
- H20 I Methanol 


0.1 M NaOH Ph 
I 
Ph 


3 -'H -1 ( 3  -2H -1) 
Scheme 7 
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[3-2Hl -1,3,3-Triphenylpropene ([3-'Hl-I). Prepared according to Scheme 7 using [ 1-'HI 
benzaldehyde ( [ 'HI -4), which was prepared from benzil, 'H2O and KCN. l4  After distillation 
the deuterium content was determined to be >99 atom-"io (lit. 98 atom-%). 


[3-'H] Benzylideneacetophenone ([ 'HI-5). Prepared in 76% yield from [ 1 -'HI benzal- 
dehyde ( [  'HI -4) and acetophenone using the method employed in the synthesis of 5. l 2  The 
deuterium content was not determined and the product, after recrystallization from ethanol, 
was used in the synthesis of [ 3-2H] -3,3-diphenylpropiophenone (['HI -6). 


[3-2H]-3,3-Diphenylpropiophenone ([ 2H]-6). Prepared from [ 2H] -5 by the procedure used 
The yield of ['HI -6 was 66010 and the product was used in the next step for preparing 6. 


without an accurate determination of its deuterium content. 


[3-2H]-1,3,3,-Triphenylpropan-I-o/ (['H]-7). Prepared from [ 2H] -6 (15.5 g, 0.054 mol) 
dissolved in 40 ml of diethyl ether and a mixture of 100 ml of methanol and NaBH4 (3 g, 
0.079 mol) dissolved in 40 ml of 0.1 M NaOH. The reaction mixture was kept at 45 "C during 
the addition of the solution of [ 'HI-6. After completion of the addition, the solution was 
stirred at 45 "C for 15 min. The residue remaining after evaporation of the solvent was diluted 
with 230 ml of water and extracted with diethyl ether. The combined ether extracts (4 x 100 ml) 
were dried with MgSOj and evaporated to dryness. The residue was recrystallized from light 
petroleum, yielding 15.6 g (99.9%) of [ 'HI -7. The deuterium content was not determined 
accurately. 


[3-'H]-I,3,3-Triphenylpropene ([3-'H]-I). Compound ['HI -7 (15.0 g, 0.052 mol) was 
dissolved in toluene (150 ml) and transferred to a water separator together with p- 
toluenesulphonic acid (ca 0.5 8). After 1.5 h of water elimination-separation the reaction 
mixture was cooled and washed with NaHC03 solution and finally with brine. After 
evaporation of the solvent some light petroleum was added to the viscous residue, whereupon 
it immediately crystallized. After two recrystallizations from ethanol a 72% yield (10.2 g) of 
[ 3-'H] -1 was obtained. Analysis by 'H NMR using a 13C satellite as reference showed that 
the product contained >99 atom-% of deuterium in the 3-position. GLC analysis showed no 
detectable impurities. 'H NMR (C'HClS): 6 6.35 (d, lH,  C1-H), 6-67 (d, lH ,  C2-H), 7.3 
(complex, lSH, aromatic). 


1,1,3- Triphenylpropene ([3- 'HI-2). Prepared according to Scheme 8.  


3-Phenylpropanoic acid methyl ester (8). Prepared from 3-phenylpropanoic acid and 
methanol in benzene. A Soxhlet extractor with molecular sieves (4 A) trapped the eliminated 
water. The esterification was followed by TLC. 


1,1,3-Triphenylpropan-I-ol (9)". Prepared from 8 and a Grignard reagent made of 
bromobenzene and magnesium. The product was recrystallized twice from light petroleum, to 
which benzene had been added in small amounts until 8 dissolved in the boiling solvent. 


I, 1,3- Triphenylpropene ([3- 'HI -2). Prepared from 9 by p-toluenesulphonic acid-catalyzed 
elimination of water using the procedure described for the preparation of [3-'H] -1. The 
product was distilled under reduced pressure, leaving a viscous liquid which crystallized when 
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Scheme 8 
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u u 


/” 
I Ph 


2 H  Ph 2 H  
I I I 


m-CH-CH2-c-oH - Ph-CH-cH=c 
- H 2 0  \ 


Ph u 3 - ’ H -  2 
Scheme 9 


stored at 5°C. GLC analysis showed no trace of impurities. ‘H NMR (C’HCh): 6 3-47 
(d, 2H, C3-H), 6.26 (t, lH ,  C2-H), 7.3 (complex, 15H, aromatic). 


[3-’H] -1,1,3-TriphenyIpropene ([3-’H] -2). Prepared according to Scheme 9. 


[3-’H]J-Phenylpropun-l-ol (11). Prepared according to Almy and Cram. l 6  The deuterium 
content of the product was not determined accurately. 


[3-’H]-3-Phenylpropunoic acid (12). Prepared from 11 by oxidation with KMn04 in 
KH2P04-K2HP04 buffer. After isolation, the acid was esterified with ethanol (cf. preparation 
of 8). 
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[3-2H]-1,  1,3-Triphenyipropene ([3-’H] -2). Prepared from 12 by the method described for 
[3-’H] -2. The product was distilled under reduced pressure (145 ‘C, 0.1 mmHg) and purified 
by preparative GLC. ‘H NMR analysis showed that [3-’H]-2 contained >98 atom-% ‘H in 
one of the 3-positions. ‘H NMR (C’HC13): 6 3.47 (d, lH ,  C3-H), 6.26 (d, lH ,  C2-H), 7.3 
(complex, 15H, aromatic). 


[3,3-2H2]-1, 1,3-Triphenylpropene ([3,3-’H2]-2). Prepared from [ 3-’H] -1. Sodium 
(5 g, 0.22 mol) was dissolved in 50 ml of CH302H in a nitrogen atmosphere. After completion 
of the reaction [3-’H]-1 ( 2  g, 0.007 mol) was added and the mixture was refluxed for 5 days. 
The reaction mixture was quenched with 1 M HCI (250 mi) and the solution was extracted with 
CHC13. The product was purified by repeated preparative GLC, yielding 1 . 5  g (73%) of 
[3,3-’Hz]-2. No trace of impurities was detected by analytical GLC. Determination of the 
deuterium content by ‘H NMR using a 13C satellite as reference showed [ 3 ,  3-2Hz] -2 to contain 
in the 3-positions more than 99 atom-% deuterium. ‘H NMR (C’HC13): 6 6-26 (s, lH,  C2-H), 
7 .3  (complex, 15H, aromatic). 


Synthesis and purification of catalysts 


2,lO-Diazabicycl0(4.4.0] dec-I-ene ( [ 6 , 1 0 - ‘ H ~ ] - 3 ) .  Prepared according to the procedure 
developed by Lofas and Ahlberg. ” Purification was performed by repeated sublimations 
(0.02 mmHg, 60-70 “C). All manipulations of the compound were performed in a glove-box. 


(6, IO-’H2]-2, iO-Diazabicycio[4.4.0] dec-I-ene ((6, lO-’H2]-3). Prepared by acid-catalyzed 
‘H/’H exchange of [6,10-’H2]-3 with C’HC13 (Scheme 10). Thus not only the nitrogen- 
bonded hydrogen undergoes exchange but also the carbon-bonded hydrogen in the 6-position, 
presumably via a ketene aminal intermediate. ’’ The apparatus shown in Figure 4 was designed 
to be able to perform repeated ‘H/’H exchanges and sublimation without exposure to air. Non- 
deuteriated aminine was introduced into compartment 1 together with a stirrer bar and C’HCIj 
was added through the Mininert@ valve (4) using a syringe ( 5 ) .  The syringe was removed after 
addition of each portion of C2HC13. The apparatus was connected to an oil-pump vacuum 
through the outlet 6 and to nitrogen through the inlet 7 to re-establish the pressure after each 
evaporation. During the sublimation the sublimate was collected in tube 2 and a mixture of 
product and impurities in compartment 3, which was held at ca - 30 “C. 


Into compartment 1 1.26 g (9.17 mmol) of [6,10-’H2]-3, 5 ml (0.06 mol) of dried C2HC13 
(> 99.5 atom-%) and a small grain of p-toluenesulfonic acid were introduced. After 3 h of 
reaction the solvent was evaporated while stirring the solution. A further 5 ml of C’HC13 were 
added and the procedure was repeated. Altogether the exchange reaction and evaporation were 
carried out four times. The residue was sublimed at 50-75 “C (0.49 mmHg) for about 2 h, 


2 C2HC13 + f& p -TSOH & + 2 C1HC13 


I 
2H 


I 
lH 


Scheme 10 
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3 


Figure 4 .  Apparatus used for repeatcd 'H/*H exchange and sublimation of 3 


yielding 0.87 g (69%) of [6,10-2H2]-3. To achieve the required purity, further sublimation was 
performed with a Biichi block, avoiding exposure of the amidine to air. A 7 mm diameter glass 
tube equipped with a tap was used and the sublimation of 0.148 g lasted 5 h at 79-84 "C. The 
yield was 0.124 g (84%). 'H NMR studies showed that in the product used in the kinetics 90% 
of the nitrogen-bonded hydrogen atoms were deuterium atoms. The amidine used for the 
labeling experiments was 96 atom-% deuteriated in the 10-nitrogen position. The analysis was 
carried out in [ 2H6] benzene as solvent. 


Determination of the dimerization constant for the amidine ( [ 6,lO- 'Hz] -3) 


There were reasons to believe that 3 is substantially dimerized in benzene and t,hat cyclic dimers 
are strongly favored over linear dimers (Dl) (Scheme 6). Instead of selecting microcalorimetry, 
which has been used previously to determine association constants, 6a719 H NMR was applied 
because of the expected large chemical shift difference of the nitrogen-bonded hydrogens of the 
monomer and those participating in hydrogen bonds. Only a single peak from the nitrogen- 
bonded hydrogens of [6,10-'H2]-3 was observed, but its chemical shift ( ~ N H )  showed a 
considerable dependence on the concentration of the amidine. Figure 2 shows a plot of ~ N H  vs 
the total concentration of [ 6,10-'H2] -3. The amidine solutions were prepared by successive 
dilution of a 'mother' solution of [6,10-'H2]-3 using syringes. The data in Figure 2 were 
analyzed using equations (12) and (13), where 6~ and 6~ represent the chemical shifts of M and 
D, respectively." Equation (12) is a corrected version of the corresponding equation in Ref. 
10. Since cyclic dimers presumably dominate strongly over the linear dimers, the parameter 6u 
is essentially equal to  6 ~ ,  and [ D] equals [ Dc] . 


Computer simulation gave values of K D  = 1-67 Imol-l, 6~ = 3.83 and 60 = 8.48 at 25.0"C. 
Thus about 50% of [6, 10-'H2]-3 is present as dimers in a 0 - 6  M solution of [6,10-'H21-3. 
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Kinetics 


A closer analysis of the necessary conditions for the accurate experimental determination of 
isotope effects for the catalyzed rearrangement 1 -+ 2 showed the major pitfall to be caused by 
the back-reaction 1 + 2 in combination with isotope exchange. Therefore, we decided to make 
use of only the beginning of the reaction, i.e. to base the rate constant determinations on only 
ca 4% rearrangement. This allows us to ignore the back-reaction, since [ 21 Q [ 11. Modern 
capillary GLC makes such an approach possible. The following derivation has been used: 


Thus kobsd was evaluated from plots of - In( 1 - [ 21 [ 11 0) vs t .  
All glassware used in the kinetic studies was rinsed with 1 M HCl, distilled water, aqueous 


ammonia and finally with several portions of distilled water. The syringes and caps were treated 
with benzene and ethanol, All equipment was dried at 110 "C for at least 24 h, except for the 
syringes, caps and volumetric flasks, which were dried at 50°C. 


All kinetic runs were performed in a HETO 02 PT 623 thermostat at 25-00°C. The 
temperature variation during the experiments was less than 20.01 " C .  The absolute accuracy 
in the temperature determinations was better than t o - 0 3  "C. The bath temperature was 
measured using a precalibrated thermometer with a relative accuracy of 50 .02  "C. Conical 
flasks with PTFE-coated septa were used as reaction vessels. The septa were found to be tight 
enough for the present purposes. 


A benzene solution (2 ml) of the catalyst (0-64 M) was prepared in the glove-box, which also 
hosted a balance. Using a dried syringe 500 pl of the amidine solution were transferred into 
the reaction vessel within the glove-box, the vessel was placed in the thermostat, and after 
equilibration, 50 ~1 of a benzene solution of the substrate (0.60 M) were added to the vessel 
with a syringe. At intervals samples (30-50 pl) were removed from the reaction mixture with 
a syringe. The sample was immediately quenched in 2 ml of 1 M HCl and ca 150 pl of benzene 
were added. After extraction the benzene phase was washed with 2 ml of water and analyzed 
by capillary GLC as described below. 


All reaction mixtures were analyzed using a Varian GC 3400 instrument equipped with a 
Varian 8000 autosampler. All data treatments were carried out using a Varian DC 604 
computer. The column of choice for the separation of the two triphenylpropenes was a DB-5 
fused-silica capillary column (corresponds to SE-54) with a film thickness of 0.25 pm. The 
column dimensions were 30 m x 0.32 mm i.d. and the carrier gas (nitrogen) flow-rate was 
1 -02 ml min-'. The injector temperature (splitless injection) was 230 "C and the detector (flame 
ionization) temperature was 235 " C .  The following oven temperature program was used: initial 
column temperature 60°C with an initial hold time of 1 min, increased to  150°C at 
50"Cmin-', to  200°C at 4O0Cmin-' and to 250°C at 30"Cmin- '  with a final hold time of 
4 min. The total analysis time was 9-71 min. The autosampler sampled a volume of 0.7  ~l and 
the injection time was 0.03 min. 


Splitless injection was chosen because the split mode did not yield reproducible results. The 
splitless mode demands reproducible injection times and volumes. A 4 mm open glass insert 
packed with glass-wool was used to increase vaporization. The procedure was highly 
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reproducible and gave the required accuracy. In the splitless mode, almost all of the sample 
is transferred on to  the column. The split valve solenoid was closed for 1 min and then opened 
to flush out the remaining sample. In this way severe solvent peak tailing was avoided. Figure 
5 shows a typical chromatogram and Figure 6 shows plots of - In( 1 - [ 21 / [ 11 0 )  vs time for the 


I -cn, I 


Figure 5 .  A typical chromatogram showed at 3% reaction. The left-hand (minor) peak refers to the product (2)  and 
the right-hand peak to the substrate (1). The stepped peak lines are a consequence of the printer used. Integration was 


of course performed much more accurately. The resolution value was 6 or greater 


0 5 10 15 2 0  25  


Figure 6 .  Plots of -In(l - [2]/[1]0) vs time for the runs in Table 2. The labels ' H ' H ,  'H'H, 'H'H and 'H'H refer 
to the substrate (first letter) and catalyst (second letter) 
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runs collected in Table 2. The ratio [ 21 ,/ [ 11 o has been shown by calibration to be equal to the 
peak area of 2 divided by the sum of the peak areas of 1 and 2 at reaction time f. 
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ABSTRACT 


A preliminary theoretical study of the mechanisms for the reactions of the perchlorofluoroethanes 
CF2CICC13 (l), CF2CICCI2F (2) and CF3CC13 (3), with nucleophiles has been carried out by the MNDO 
method, following the experimentally suggested process shown in Scheme 1. The unlikely chlorophilic 
attack in the first step of Scheme 1 has been shown to be feasible for 1, 2 and 3 by analysis of the MO 
interactions. The second step has been found to be affected by the anionic hyperconjugation which 
stabilizes the anions CF2ClCCl; (4), CF2CICCIF- (5) and CF,CCl; (6) and would make reactions (2) 
(the second step) unfeasible in gas phase, but in solution reaction (2) may still easily occur for 4 and 5. 


INTRODUCTION 


The carbon atoms of perhalofluoroalkanes are not vulnerable to direct SN2 type attack by 
nucleophiles, thus the nucleophiles can only attack the exposed halogen atoms. 


Nu- + H a l - C c +  Nu-Hal + - C c  


Recently, X.-Y. Li et al. reported the spontaneous reactions of sodium thiophen- 
oxide,’ aryloxides and alkoxides’ with 1,l-difluorotetrachloroethane ( I ) ,  1,1,2- 
trichlorotrifluoroethane (2) and 1 ,1 ,I-trichlorotrifluoroethane (3) leading to the formation of 
Nu-CF2CYC12 (Y = F,  Cl) type of products. Experimental investigations have suggested 
that the reactions proceed via an anionic chain process with the direct attack of the sulphur and 
oxygen nucleophiles on the chlorine atoms as the initiation step. This process has recently 
been defined as ‘Nucleophilic substitution initiated by halophilic a t t a ~ k ’ ~  (Scheme 1). The first 
step, i.e. the attack of the nucleophiles on the chlorine atoms, results in carbanions (4, 5 and 
6), which become perchlorofluoroethenes in the second step. 
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CF2XCC12Y 1: X = C1, Y = CI 
2: X = C1, Y = F 
3: X = F, Y = CI 


CF2XCCIY- 4: x = CI, Y = c1 
5: X = Cl, Y = F 
6: X = F, Y = C1 


NU- + CFzXCC12Y - Nu-Cl + CF2XCClY- (1) 
CF2XCCIY - F CF,=CCIY + X- (2) 
NU- + CF2=CClY - NuCF2-CClY- (3) 
NuCF2-CCIY- + CF2XCClZY - NuCF2-CCI2Y + CF2XCCIY- (4) 
NuCF~-CCIY- + NU-CI r NuCF~CCI~Y + NU- (5 )  


+ CI- (4) Nu- + NU-CI - NU-NU 
where Nu- = RS-, RO- 


Scheme 1 


The chlorophilic attacks by sulphur or  oxygen nucleophiles involve the cleavage of a C-CI 
bond and the formation of a relatively weaker S-CI or 0-C1 bond. At first glance, it seems 
that this reaction will be energetically unfavourable. However, the experimental results 
showed that the reactions can occur spontaneously at room temperature or even below. 
Therefore a theoretical study on the energetics of this reaction would be interesting and may 
give some answers to this puzzling problem. 


Thus we have been trying a quantum-chemical study for the mechanisms of these interesting 
reactions. In general, ub initio calculations (SCF, CI and MBPT.. .) with double-zeta basis sets 
augmented with polarization functions can give reliable theoretical descriptions for chemical 
reactions. However the big numbers of electrons in perchlorofluoroethanes have forced us to 
turn to the semi-empirical MNDO m e t h ~ d . ~  The MNDO method usually predicts reliable 
equilibrium geometries and heats of formation for organic molecules containing C, 0 and H 
atoms.5 However semi-empirical methods such as MNDO may not give reliable descriptions 
for the reaction paths and only a few MNDO studies for halogenides have ever been reported 
in the literature.6 These would be the potential difficulties for our MNDO study. 


We have performed the MNDO geometry optimization calculations for all the reactants and 
products in reaction steps (1) and (2) for 1 , 2  and 3, respectively. To save computing time, we 
have chosen CH30- as a model nucleophile. For the species presenting two or more stable 
conformers in our MNDO calculations, we always consider the most stable one. However, for 
1,1,2-trichlorotrifluoroethane we have obtained two almost equally stable conformers 2 and 2‘ 
(see Figure 1). 


The calculated results are given in Figure 1 (the MNDO optimized geometries, charge 
distributions, and the LUMO energies for 1, 2, 2‘ and 3), Figure 2 ( the MNDO optimized 
geometries and charge distributions for 4, 5 and 6 ) ,  and Table 1 (the calculated heats of 
formation). Based on these results, we will discuss reactions (1) and ( 2 )  and present our 
preliminary explanations for the experimentally suggested mechanisms for the reactions of 
perchlorofluorethanes with nucleophiles, especially for the ‘chlorophilic attacks’. 


RESULTS AND DISCUSSION 


1. Chlorophilic attacks of nucleophiles 


The reactions (1) shown in Scheme 1 involve the attack of Nu- (CH30-) on the chlorine 
atoms of perchlorofluoroethanes. We will explain why it is feasible. 
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Figure 1 .  The MNDO optimized geometries and the LUMO energies (cLUMO) of CFzXCClzY 1, 2, 2’ and 3. Bond 
lengths in A, angles in degrees, and charges given by the figures with the signs 


For the ordinary SN2 displacement reactions, Salem7 considered the reaction of 
chloromethane with nucleophilic reagents (anions) as his model reaction and successfully 
predicted the choices of the directions of the nucleophilic attacks on the carbon atom. His 
theory is based on the interactions between the HOMO (lone pair) of nucleophiles and the 
LUMO of chloromethane. This LUMO is essentially the empty ci* antibonding orbital of the 
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Figure 2. The MNDO optimized geometries of CF,XCCIY- 4, 5 and 6. Bond lengths in A,  angles in degrees, and 
charges given by the figures with thc signs 


Table 1.  The calculated heats of formation (kcallmol) and the AH (kcallmol) for the reaction step (1) of 
CH30- with 1 ,  2 and 3 


CFzXCCl2Y CH30- CF2XCCIY- CH30CI CF,=CCIY F- Cl- AH 


x = CI -109-7 -39.8 -154.4 -11.3 -91.3 -54.9 -16.2 
Y = c1 (1) (4) 


- 14.3 -151.0 


-11.3 -131.1 -54.9 
x = CI (2) 
Y = F  - 150.2 -39.8 -193.8 


-11.3 -91.3 -59.9" 
(2') (5) 


X = F  -158.6 -39.8 -189.7 -2.6 


"The experimental value (A.A. Woof. Adv. Inorg. Chem. Radiochem., 24, 1, 1981). 
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C-CI bond, and it will be broken under the attack of the nucleophiles, leading to the 
departure of the chlorine atom. The attack on the chlorine atom was not considered, since the 
amplitude on it in this LUMO is smaller than that on the carbon atom. Another reason for this 
is probably that it carries relatively big negative charge, repulsing the attacking anion. 
However, it should be emphasized that electrostatic effects alone cannot account for the 
phenomena in this kind of reaction.8 


We have performed the MNDO calculations for CH3Cl and CH30-. The LUMO energy of 
CH3Cl and the HOMO energy of CH30- are +0-996 and -2-415 eV, respectively, and the 
charge on the CI atom is -0.215 e. 


As we have mentioned, the carbon atoms of 1 , 2  and 3 are not vulnerable to the attacks of 
nucleophiles (CH30-),  since they are surrounded by six halogen atoms, the sizes of which are 
much bigger than protons. Based on our MNDO results, we have found that the electronic 
structures of 1,2 (2’) and 3 have two striking features, compared with that of CH3CI. First, the 
LUMOs of 1, 2 (2’) and 3 have negative energies (see Figurel) and they are much lower in 
energy than the LUMO (+O-996 eV) of CH3Cl. This is apparently because of the substitution 
of the electronegative halogen atoms for all the hydrogens in the molecules. Since the LUMOs 
of 1, 2 (2‘) and 3 are very close in energy to the HOMO ( E  = -2-415 eV) of CH30-,  the 
orbital interactions must be strong. Therefore reaction (1) can occur easily (even 
spontaneously). Secondly, the negative charges on the chlorine atoms in 1, 2 (2’) and 3 are 
small (see Figure l ) ,  which favours the attack of the negative ion CH30- on a chlorine atom. 


An effective HOMO-LUMO interaction also needs the best possible overlap. Our 
calculations indicate that the LUMOs of 1, 2 (2’) and 3 have very small amplitudes on the 
fluorine atoms, but have important amplitudes on the two carbon atoms and all (for 3 and 2’) 
or some (for 1 and 2) chlorine atoms. Actually these LUMOs can be considered to consist of 
the B* antibonding orbitals of the C-CI bonds. In conclusion, the strong HOMO-LUMO 
interaction between CH30- and the perchlorofluoroethane eventually incorporates the attack 
of CH30- on one of the chlorine atoms, leading to the breaking of the corresponding C-CI 
bond, and then the products of the reactions (1) (CH30CI and CF2XCCIY-) are obtained. 
This is our preliminary explanation for the chlorophilic attack in reactions (1). 


It is difficult to predict on which chlorine atom in 1 and 2 (2’) the anion CH30- attacks by 
only checking the amplitudes in the LUMOs and the small values of the charges. Since our 
calculated MNDO heats of formation for CF&lCClY- are slightly lower than the ones for 
-CF2CC12Y, we infer that the attack of CH30- will presumably be on one of the chlorine 
atoms connecting with the carbon which has more chlorine atoms. 


The above analyses, based on our MNDO results, are in agreement with the experimental 
indications. ’ ,2 


CH30- + Cl-CCIYCF2X + CH30CI + -CClYCF2X + AH 


Using the heats of formation shown in Table 1, the reactions (1) of CH30- with the 
perchlorofluoroethanes are indicated to be exothermic by 16.2, 14.3 and 2.6 kcal/mol for 1, 2 
and 3 respectively. The largest value 16.2 kcal/mol presumably indicates that 1 has the largest 
reactivity, which is in agreement with the experimental results.’*2 However, these 
thermodynamic parameters (AH) are not always parallel to the activation parameters and our 
calculated A H  values serve only as a rough indicator of the reactivity. We also performed ab 
inifio SCF (STO-3G) calculations for the energies of 1, 4, CH30- and CH30Cl at their 
MNDO optimized geometries, and the results indicate that the reaction (1) of 1 with CH30- is 
exothermic by 80 kcal/mol (apparently this value is too large). 
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2. The CF2XCCIY- ions and anionic hyperconjugation 


The potential anionic hyperconjugation in CF2XCCIY- (4,5 and 6) should stabilize the anions 
and therefore favours the chlorophilic attacks (the first step). However, it may cause a 
different effect on the second step in Scheme 1, namely, the p-elimination of the chloride or 
fluoride ions. 


Detailed investigations on the hyperconjugation in anions CF3-CH, and CF3-CFT have 
recently been r e p ~ r t e d . ~ . ~ ~ ~ "  In terms of MO theory this effect is based on the stabilizing 
interaction of the lone pair (n )  electrons on C- by the C-F u* orbital on the P-carbon. This 
interaction is strong becuase substitution of the electronegative fluorine atoms for the 
hydrogens on the fl-carbon lowers the energy of the ci* orbital. Dixon el aI" have shown, based 
on their a b  initio calculations, that the energy of CF3-CFF is much lower than the sum of the 
energies of CF2=CF2 and F-. 


Since the chlorine atom is also electronegative, we realize that the anions 4, 5 and 6 are 
presumably analogous to CF3-CF; and hyperconjugation stabilization must be considered in 
the study of the reactions (2). The MNDO optimized geometries of 4, 5 and 6 are shown in 
Figure 2. These geometries represent the most stable conformers of the anions, respectively, 
in our MNDO calculations. 


Compared with the geometries of their parent neutral molecules 1, 2 (2') and 3 (see Figure 
l ) ,  the C-C bonds of 4, 5 and 6 are all shortened and the C-X bonds anti to the lone pair 
lengthened. These are actually the two geometric features of the hyperconjugative anions.','o 
Using the heats of formation shown in Table 1, the reactions (2) are indicated to be 
endothermic by 8.2, 7.8 and 38.5 kcal/mol for 4, 5 and 6, respectively. (For the evaluation of 
the third value, the experimental heat of formation for F- has been used, and it would have 
been even bigger if the calculated one was used.) Based on the above discussions, we claim 
that 4, 5 and 6 are hyperconjugatively stabilized anions. 


It is worthy of note that in the most stable conformer of 4 or 5, predicted by the MNDO 
method, the lone pair on the C- atom is anti to a C-Cl bond on the @-carbon rather than to a 
C-F bond (see Figure 2), and that the stabilizing energy of anionic hyperconjugation in 6 is 
much bigger than in 4 and 5.  


3. The reaction mechanisms of nucleophiles with 1, 2 and 3 


The experimental investigationsIb have suggested that the reactions of nucleophiles with 1 and 
2 have an anionic chain process shown in Scheme 1, but for the reactions with 3, there may 
exist some other mechanistic pathway. We will try to give a preliminary explanation for the 
experimental indications by investigating only the first two steps of Scheme 1, reactions (1) 
and ( 2 ) ,  based on our discussion in the above two subsections. The analyses presented in 
subsection 1 have indicated that the reactions (1) are energetically feasible for all of the 
perchlorofluoroethanes 1, 2, and 3, therefore we will consider the reactions (2). 


Due to the hyperconjugation stabilization, the energies of the reactants 4,5  and 6 are lower 
than the ones of the products, respectively, in the reactions ( 2 ) ,  which presumably implies that 
the reactions (2) would be less favourable than their reverse reactions. 


XCF2-CClY- +- X- + CF,=CCIY 
However, the experimental results showed that there was no difficulty for the p-elimination 


of chloride from the carbanions 4 and 5.  The attempt of trapping 4 and 5 failed.lb Apparently 
the differences between the solvation energies of the carbanions 4 and 5 and the much smaller 
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chloride ion (X-) overwhelm the slight differences between the intrinsic energies of the 
reactants and the products. The situation for carbanion 6 is different since in this case the 
stabilizing energy of anionic hyperconjugation (38-5 kcal/mol) may be too large to be 
overridden. In fact, the trapping of 6 by forming CF3CCIZH has been achieved and a 
competitive reaction pathway other than the anionic chain process was indicated in the 
reaction of 3 with thiophenoxide.'b 


PhS- 
n + CF3CCl3 + PhSCl + -CC12CF3 + PhSCC12CF3 + CI- 


The optimized geometries and charge' distributions of 4, 5 and 6 (see Figure 2) also give hints 
supporting the experimental indications. In the geometries of 4 and 5, the C-X (C-Cl) bond 
anti to the lone pair (the bond to be broken) is much longer than a normal C-CI bond and the 
negative charge on the leaving X(C1) atom is already big (-0.580 and -0.591 e for 4 and 5), 
which make the X(C1) atom easily leave with one unit of negative charge in the solutions. 
However, relatively small negative charges on the three F atoms and the three approximately 
equal C-F bond lengths in 6 make the departure of a single F atom with one unit of negative 
charge more difficult. 


Based on the above discussions on the feasibility of the reactions (2) of the corresponding 
negative carbanions 4,5 and 6 in the solutions, we conclude that the mechanistic pathway for 
the reactions of the perchlorofluoroethanes with nucleophiles, shown in Scheme 1, is likely for 
1 and 2, but not always likely for 3. This is in agreement with the experimental indications. 
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ABSTRACT 


The interaction between pyridoxal-5 ' -phosphate (PLP) and pyridoxamine-5 '-phosphate (PMP) was 
studied by d.c. and differential pulse polarography. Two reduction waves (or two peaks) were observed. 
The first wave corresponds to the reduction of the adduct and the second to the reduction of free PLP. 
The behaviour was similar in analogous Schiff bases. The effects of pH, PMP concentration and 
the capillary characteristics were studied. The apparent formation constant as a function of the pH was 
calculated. Thermodynamic parameters were estimated at pH 7 and 0.1 M ionic strength. The 
polarographic and kinetic results show that the overall electrode process appears to be irreversible in a 
basic medium. 


INTRODUCTION 


It is well known that enzymes containing pyridoxal-5 ' -phosphate (PLP) play important roles 
in amino acid metabolism, I including transamination, racemiration and decarboxylation. PLP 
and pyridoxamine-5 '-phosphate (PMP) are coenzymes for enzymatic transaminations. Most of 
these enzymatic reactions have been simulated by non-enzymatic model reactions. '- I '  


In these non-enzymatic reactions, analytical methods have been proposed for measurements 
of pyridoxal (PL) and pyridoxamine (PM)  mixture^.^" The  absorption spectra of these 
substances have been studied. 3 - 9 7 1 1 , 1 2  Some absorption bands were used to obtain the total 
vitamin B6 content. 


Possible interactions between PL and PM or  between PLP and PMP in these non-enzymatic 
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studies were not considered. Recently, the interaction between PL and PLP with PM in the 
presence of metal ions has been described. l5 


The aim of this work was to study the interaction between PLP and PMP, which may help 
in the quantitative interpretation of these non-enzymatic models. In  addition, the study of the 
Schiff bases formed between PLP and different amines is useful in order to simulate the 
properties of the active site of PLP'6-24. In this paper the electrochemical characterization of 
the PLP-PMP adduct is described. 


EXPERIMENTAL 


PLP and PMP were purchased from Sigma. All chemicals were of analytical-reagent grade. 
The supporting electrolyte was a buffered solution 0.02 M acetic acid and 0.02 M phosphoric 
acid for pH < 8 - 5  and 0.02 M phosphoric acid and 0.02 M NaHCO3 for pH > 8.5.  The pH 
was adjusted with NaOH and the ionic strength to 0.5 M with NaNOl. All potentials were 
measured against a saturated calomel electrode. All solutions were purged with purified 
nitrogen prior t o  the electrochemical experiments. The temperature was kept at 25 2 0.1 "C. 


Polarographic measurements were carried out on a thermostated AMEL 494 cell equipped 
with a saturated calomel electrode, a platinum auxiliary electrode and a dropping mercury 
electrode, with the following characteristics: m = 0-946 mg s - ' ,  1 = 5 s and open circuit with the 
buffer at pH 1.94 and h = 40 cm. In differential pulse polarography (DPP) the drop time was 
2 .0  s and the pulse amplitude 20 mV. 


D.c. polarograms and DPP curves were recorded automatically by means of a Metrohm 
626 polarograph. A Beckman 3500pH meter was used to measure the pH. The solution 
temperature was kept constant with the aid of a Selecta Frigiterm thermostat. 


The PLP-PMP adduct was obtained by adding known amounts of PMP to PLP solutions 
of known concentration. Thus, solutions with different molar ratios wcre prepared. The 
mixtures were kept in the dark to avoid photolysis reactions. 


The overall reaction between PLP and PMP can be represented by 


KCHO + R'NH2 * RCH=NR'  + H2O (1) 


The apparent formation constant for this reaction was calculated from the expression 


(2) c s s  K = - -  
CPL KPM P 


where CSB, Cp~p and Cphlp represent the equilibrium concentrations of the Schiff base, PLP 
and PMP, respectively. 


RESULTS AND DISCUSSION 


The interaction between the two coenzymes gives rise to a Schiff base according to reaction (1). 
In the pH range 5-10, the reaction mixture yields two waves (or peaks) in d.c. polaragraphy 
(or DPP) at a PMP : PLP molar ratio of 20 : 1 (Figure 1). 


Earlier studies 19,23 of similar reactions ascribed the first wave to a two-electron reduction of 
the imine bond and the second wave to a two-electron reduction of the free PLP carbonyl 
group. We checked this assignment by comparing the reduction potential of the second wave 
with that obtained in the reduction of PLPz5.26 in the absence of PMP. The limiting currents 
were independent of time in all the experiments. The occurrence of two reduction waves 
indicates that the reaction mixture involves significant amounts of the PLP-PMP adduct, free 
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40 mV 
-.t 


Figure 1. (a) D.c. polarography at pH 9.0. First wave, PLP-PMP adduct; second wave, free PLP E, = - 680 mV. 
(b) DPP at pH 7 . 5 .  First peak, PLP-PMP adduct; second wave, free PLP E, = -500mV 


PLP and free PMP. The stability of both limiting currents with time indicates that reaction (1) 
reaches equilibrium under the experimental conditions used. The aldehyde group of PLP is 
hydrated to some extent in solution. 27928 Hence the reduction of PLP involves a dehydration 
reaction prior to the electrode process. However, the reduction of PLP in the pH range 2-10 
shows diffusion control in the limiting zone. 25.26 


We studied the influence of pH OR the reduction waves. The overall limiting current is 
independent of pH in the pH range studied (5-10). The limiting current of the first wave shows 
a bell-shaped variation, reaching a plateau at pH 8.5. The limiting current of the second wave 
also varies with pH (Figure 2 ) .  


The influence of capillary characteristics on the electrode process was studied. Current-time 
curves using a dropping mercury electrode were recorded on the top of the waves in the pH 
range 5-10. Our results show that the log iL vs log t plot corresponding to the first and overall 
waves were linear with slopes close to 0 .2  in both cases. 


These results indicate that both reduction processes are diffusion controlled. The variation 
of the limiting current of the waves (Figure 2 )  indicates that the equilibrium concentrations in 
reaction (1) are a function of pH. This effect is due to protonation equilibria of PLP, PMP 
and the Schiff base. The reduction of the Schiff base yields a single wave throughout the pH 
range 5-10. Hence fast tautomeric equilibria involved with these compounds are not detected 
at the electrode. Therefore, the Schiff base equilibrium concentration can be obtained from the 
limiting current of the first wave. 


Assuming that the diffusion coefficients of the electroactive species (Schiff base and PLP) are 
similar, equation (2)  can be transformed into 


where i L , s B  and iL,pL.p are the limiting currents of the first and second waves, respectively. 
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Figure 2. D.c. polarography. CPLP: 5 x M; CpMp = 1 x lo-' M .  (a) Variation of the limiting current with pH.  0, 
First wave; *, second wave; 6, overall process. (b) Variation of E M  with pH.  0, First wave, -, second wave 


Equation (3) shows that an apparent constant can be obtained from a study of the influence 
of the amine concentration. At pH 8 . 5  a plot of i L , s B / I L , p L p  vs PMP concentration yields a 
linear segment with a slope of 71 1 mol-', the total limiting current being independent of PMP 
concentration. 


The above results indicate that the polarographic method allows reaction (1) to be 
characterized. Hence from equation (3) and taking into account the limiting current at each pH 
the apparent constant was calculated. The plot of Kobs vs pH is shown in Figure 3.  


The variation observed confirms that the stability of the Schiff base is related to the 
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Figure 4. (a) Influence of ionic strength. pH 7.0. Plot of log K vs I"'. ('I,, I, = 1 x 
phosphate buffer; T =  2SoC.  (b) Influence of temperature. pH 7 .0 .  Ploi of In K v \  ( I /T )  x In ' .  CI'I I, = 1 x 10 


hi; L'IJ\II ,  = 3 x 10-* M ;  0.02 M 
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C'PXIP = 3 x lo- '  II; 0.02 hl phosphate buffer; ionic strength,  0. I h~ 


protonation equilibria of the adduct and the coenzymes. 7,29 Similar variations have been 
reported. 19923 However, a lower stability is observed in this case. 


A study of the influence of the ionic strength at pH 7 and 25 'C was carried out. The values 
of the apparent constant obtained from equation (3) are shown in Figure 4a. The constant 
decreases as the ionic strength decreases. A minimum amount of salt was necessary to avoid 
a migration current under the polarographic conditions. Therefore, it was not possible to 
extrapolate the values to zero ionic strength in order to obtain the thermodynamic constants. 
However, from the value of the constant at 0.1 M ionic strength an approximate value of the 
standard free enthalpy change of - 1.8  t 0.1 kcal mol-' was obtained, showing that the 
formation of the Schiff base is a spontaneous process. A study of the influence of temperature 
was carried out at 0.1 M ionic strength. The plot of In K vs 1/T was linear in the temperature 
range 15-37°C (Figure 4b). From the slope a A H  value of + 1 .5  ? 0.2 kcalmol-' was 
obtained. This method assumes that A H  is constant in the temperature range studied. From 
the positive value of the enthalpy change it can be concluded that the binding process is 
endothermic. An estimation of the entropy change gives a value of + 1 1  ? 1 calmol-'K-'. 


Finally, we determined some polarographic and kinetic parameters of the electrode process. 
The E1/2  vs pH plot displays linear segments in the pH range 6-10, with slopes of 
- 63 mV decade-' (first wave) and - 66 mV decade-' (second wave) (Figure 2). 


A logarithmic analysis of the first wave was carried out. In a weakly acidic medium the plot 
of E vs log i / ( k  - i )  was linear with a slope of - 30 mV decade-'. In a weakly basic medium 
this plot shows two linear segments. The slope of the linear segment at potentials more positive 
than El12 was close to -40 mVdecade-'. This result suggests that the electrode process is 
irreversible in basic medium. 


The polarographic parameters at the foot of the wave were also analysed. In basic medium 
an average value of - 39 mV decade-' for the Tafel slope was obtained. In addition, a study 
of the i-t curves was also carried out. The plot of log i vs log f at the foot of the first wave 
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was linear with a slope close to  0.5. These values confirm the irreversible character of the 
electrode process. The slope of the plot of El/2 vs pH indicates that two protons are involved 
in the electrode process. 


D P P  confirmed these results. In the p H  range 5-10 two peaks were obtained (Figure 1). The 
peak potentials shift t o  more cathodic values as the pH increases. The Ep vs p H  plot of the 
first peak displays a linear segment with a slope of - 63 mV decade-'. The variation of the peak 
current was similar to that obtained by d.c. polarography. Under some experimental conditions 
the waves in d.c. polarography are very close. Under these conditions the peaks obtained in 
D P P  show a better resolution. The limiting currents corresponding to  the processes in d.c. 
polarography were also obtained from the characteristic parameters of these peaks. 30 In  this 
case we checked that the calculated values of the apparent constant agree well with the &bs 
values in Figure 3. 


CONCLUSION 


This study has demonstrated the interaction between P L P  and  P M P .  The electrochemical 
characterization of the adduct was carried out by d.c. polarography and DPP.  The formation 
constant was calculated as a function of the pH,  showing a lower stability than for other Schiff 
base of PLP .  An estimation of thermodynamic parameters at  pH 7 was carried out. These 
results should be of interest in non-enzymatic model reactions. The electrode process involves 
two protons and appears to be irreversible in basic medium. 
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MULTIFUNCTIONAL CATALYSIS FOR 
TRANSAMINATION REACTION OF a-AMINO ACIDS 


WITH GLYOXYLIC ACID IN SYNTHETIC BILAYER 
MEMBRANE 


YUKITO MURAKAMI*, JUN-ICHI KIKUCHIt AND NOBUYUKI SHIRATORI 
Depurrment of Urgunic Synthesis, Faculty of Engineering, Kyushu University, Fukuoka 812, Japan 


ABSTRACT 


The transamination reaction of a-amino acids with glyoxylic acid as catalyzed by copper(I1) ions was 
investigated kinetically in an aqueous medium at pH 5.0 and 30.0 "C. 1,-Phenylalanine transferred its 
amino group to glyoxylic acid most readily among seven different amino acids used here in the 
single-walled bilayer vesicle formed with N,N-dihexadecyl-N~-[6-(trimethylammonio)hexanoyl~-1.- 
histidinamide bromide (N+CSHis2CI,). Such rate enhancement was found to originate from the 
cooperative trifunctional catalysis: a coordination effect exercised by copper(11) ions, a general acid-base 
catalysis by the imidazolyl group of the lipid, and a hydrophobic field effect provided by the bilayer 
vesicle. Lack of any of the three functions failed to give out significant rate enhancement. As regards 
correlation between the reactivity and the nature of a-amino acids, the copper(I1)-catalyzed 
transamination was progressively enhanced as hydrophobicity of the a-amino acid was increased in the 
N+CSHis2C,, vesicle. 


INTRODUCTION 


Bilayer aggregates formed with synthetic lipids have been extensively employed as novel and 
highly organized reaction media for various chemical reactions. W e  have recently shown that 
synthetic peptide lipids, having an  a-amino acid residue interposed between a polar head 
moiety and  a hydrophobic double-chain segment as a hydrogen bonding component, 
constitute morphologically stable bilayer membranes in aqueous and that 
single-walled vesicles formed with the peptide lipids provide effective reaction sites for 
simulation of several enzymatic  reaction^.^'^ 


In order t o  explore further novel features of the synthetic bilayer membranes as 
functionalized reaction media, we studied the  copper(l1)-catalyzed transamination reaction of 
various a-amino acids with gl yoxylic acid in the single-walled vesicle formed with each 
individual cationic peptide lipid, N'CSHis2C1,, or N+CSAla2CI6. The  results indicate that the  
single-walled vesicle formed with N+CSHis2C16 provides a very favorable reaction site for the 
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copper(I1)-catalyzed transamination of hydrophobic a-amino acids with glyoxylic acid, 
exhibiting high substrate selectivity. 


MULTIFUNCTIONAL CATALYSIS 


EXPERIMENTAL 


Materials 


The following &-amino acids were obtained from Nakarai Chemicals, Kyoto, Japan as 
guaranteed reagents: L-2-aminobutyric acid, L-norvaline, L-norleucine, DL-2-aminooctanoic 
acid, L-leucine, and L-phenylalanine. Glyoxylic acid of 98% purity and disodium 
ethylenediaminetetraacetate (EDTA) of guaranteed reagent grade were purchased from 
Wako pure Chemical Industries, Osaka, Japan and Dojin Chemical Laboratories, Kumamoto, 
Japan, respectively. Dansyl chloride [5-(dimethylamino)-l-naphthylsulfonyl chloride] 
for fluorescent labeling of amino acids was obtained from Nakarai Chemicals as a guar- 
anteed reagent. All the materials cited above were used without futher purification. Prepara- 
tion and characterization of N,N-dihexadecyl-N~-[6-(trimethylammonio)hexanoyl]- 
L-histidinamide bromide (N+CSHis2C$ and N ,  N-dihexadecyl-N"-[6- 
(trimethylammonio)hexanoyl]-~-alaninamide bromide (N+CSAla2C1J3 have been reported 
elsewhere. Imidazole from Nakarai Chemicals was purified by sublimation at 60 "C/O.OI 
mmHg. Copper(I1) perchlorate from Kishida Chemical Co., Osaka, Japan was dissolved in 
deionized water and standardized by conventional chelatometric titration. 


Kinetic measurements 


A solution involving single-walled vesicles was prepared by sonication of a dispersion sample 
of each individual lipid in an aqueous acetate buffer (25 mmol dm-3, pH 5-0, p0-10 with KCI) 
for 1 min with a probe-type sonicator (W-220F, Heat Systems-Ultrasonics) at 30 W and room 
temperature.6 Each run was initiated by adding an aqueous solution of C U ( C ~ O ~ ) ~  (12 pl) to 
the vesicular solution (1.2ml) containing an a-amino acid and glyoxylic acid, which was 
pre-equilibrated at 30.0 +_ 0.1 "C in a thermostatted cell. The initial concentrations of chemical 
species were set as follows for most of the runs: a-amino acids, 5.0; glyoxylic acid, 5-0; 
Cu(C104)2, 0.05; peptide lipids, 1.Ommol d ~ r - ~ .  The reaction was followed by measuring 
amounts of glycine produced at appropriate time intervals in the course of the transamination. 
Glycine was dansylated and quantitatively analyzed on a reversed-phase HPLC column of 
TSK gel ODS-120T by employing a Hitachi 655A-11 liquid chromatograph, equipped with a 
Hitachi F-1000 fluorescence spectrophotometer, in a manner similar to that reported 
elsewhere:' mobile phase, a mixture of Tris aqueous buffer (10mmoldm-3, pH8.0) and 
methanol at 7:3 v/v. For the control experiments carried out without C U ( C ~ O ~ ) ~ ,  EDTA 
(0-05mmoldm-3) was added to the solutions to avoid any disturbance caused by a trace 
amount of metal ion species. 
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RESULTS AND DISCUSSION 


Catalytic functions for transamination of rA-phenylalanine with glyoxylic acid 


The transamination of a-amino acids with a-keto aiids is catalyzed by vitamin B6-dependent 
transaminases in biological systems, as one of the most pivotal processes in amino acid 
metabolism. The vitamin B6 coenzyme acts as a mediator for the amino-group transfer in the 
enzymatic transamination through the reversible transformation between pyridoxal and 
pyridoxamine species; the former reacts with an a-amino acid while the latter with an a-keto 
acid.' It is well known in general that the corresponding transamination reaction in 
nonenzymatic systems essentially requires the participation of vitamin B6 or its derivative. 
However, the amino-group transfer from various a-amino acids to glyoxylic acid requires no 
coenzyme function though the presence of metal ions, such as AI(II1) and Cu(II), is 
required."" In the light of the previous studies on this transamination reaction without 
participation of the vitaminB, function, the copper(I1)-catalyzed reaction proceeds through 
the following sequential steps (see Scheme 1): (i) formation of a copper(I1) chelate of aldimine 
Schiff-base (ASB-CU") derived from an a-amino acid and glyoxylic acid; (ii) isomerization of 
ASB-CU" to the corresponding ketimine Schiff-base chelate (KSB-CU"); (iii) hydrolysis of 
KSB-Cu" to give an a-keto acid, glycine, and the copper(I1) ion. 
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c un 
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Scheme 1 


We examined the catalytic behavior of bilayer vesicles in this unique transamination 
reaction by employing L-phenylalanine as a hydrophobic a-amino acid. When the reaction was 
attempted in an aqueous acetate buffer (25mmoldm-3, pH 5.0, ~ 0 . 1 0  with KCl) at 30.0"C 
with and without the N+C5His2C16 vesicle (A and B in Figure l) ,  the formation of glycine was 
not detected to any extent in the absence of metal ions. On the other hand, the transamination 
reaction proceeded upon addition of copper(I1) ions in an aqueous acetate buffer (C in Figure 
1). The copper(I1)-catalyzed reaction was somewhat enhanced when imidazole was added (D 
in Figure l) ,  presumably due to its general acid-base catalysis. Mix has observed a similar 
catalysis exercised by pyridine in the transamination of various a-amino acids with glyoxylic 
acid in the presence of copper(I1) ions.9 The reactivity was also increased to a certain extent in 
the presence of the N+CSAla2Cl6 vesicle (E in Figure 1). In this case, enhanced formation of 
ASB-CU" in the hydrophobic vesicular domain is responsible for acceleration of the overall 
reation (see below). Thus, three types of catalytic functions are involved in the present 
transamination reaction under the conditions applied to the case of F in Figure 1: a 
coordination effect caused by copper(I1) ions, a general acid-base catalysis by the imidazolyl 
moiety of N+C5His2CI6 and a hydrophobic field effect provided by the bilayer vesicle. 
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Figurc 1. Time courses for transamination of 1.-phcnylalanine (54mmol  dm ') with glyoxylic acid ( 5 4 m m o l  
dm-3) in an aqueous acetate buffer (2.5 mmol dm-', ~ 0 . 1 0  with KCI) at pH 5.0 and 30-0°C in the presence of the 
following additives: A ,  EDTA ( 1 4 m m o l  dm-'); B,  EDTA (14mmol  dm-') and N' CSHis2Ci, (I.Ommol 
dm-3); C, C U ( C I O ~ ) ~  (045mmol dm-'); D, C U ( C I O ~ ) ~  (045mmol  dm ') and imidazole (1,Ommol dm '); E, 
CU(CIO~)~ (04Sminol dm ') and N'C5Ala2C,, (14mmol  dm '); F, CU(CIO,)~ (0.0Smmol dm-') and 
N 'C,His2Ci,(1.0mmol dm-') 


It is noteworthy that the N+CsHis2C16 vesicular system gave out marked rate enhancement 
in the presence of copper(I1) ions (F in Figure 1). The initial rate of reaction was accelerated in 
this vesicular system by ca. 20-fold, relative to that for the copper(I1)-catalyzed reaction in the 
identical aqueous buffer without other additives. The corresponding acceleration rates for the 
initial stage were observed to be much smaller when any one of the above three catalytic 
functions was eliminated. The initial reaction rates were accelerated for the Cu-(11)- 
N+CsAla2Cl6 and Cu(I1)-imidazole systems only by 1.4- and l.2-fold, respectively. 
Consequently, it is clear that the N + C S H ~ S ~ C , ~  vesicle provides a extremely favorable reaction 
site capable of exerting multifunctional assistance in the copper(I1)-catalyzed transamination 
reaction. 


Substrate selectivity in the N+C5His2CI6 vesicular system 


Figure 2 shows time courses for the copper(I1)-catalyzed transamination of various a-amino 
acids with glyoxylic acid in the presence of the N+CsHis2C,6 vesicle. The transamination 
reactivity varies sensitively by the nature of substituents placed in the a-amino acids. All the 
kinetic solutions were nearly clear and any detectable increase of turbidity was not observed 
for them during the reaction in a time range of 8 h, except for the case of DL-2-aminooctanoic 
acid. For the latter case, turbidity increased gradually after 4 h of the reaction period due to 
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Figure 2. Time courses for transamination of various a-amino acids (54mmol dm ') with glyoxylic acid (54mmol 
dm-j) as catalyzed by copper(I1) ions (0.05mmol dm ') and N 'CsHis2C1, (I.Ommo1 dm ') vesicle in an aqueous 
acetate buffer (25mmol dm-3, ~ 0 . 1 0  with KCI) at pH5-0 and 30-0°C: A,  1.-2-aminobutyric acid; B, r--alanine; C, 


1.-norvaline; D, 1;norleucine; E, ~1.-2-aminooctanoic acid; F, i.-leucine 


low solubility of the produced a-keto acid in the bulk aqueous phase. Such an increase in 
turbidity led to lower the transamination reactivity to a certain extent (E in Figure 2). 


When the reaction rate, as evaluated for the initial stage of each reaction in the 
N+CSHis2Cl6 vesicle (refer to  Figures 1 and Z), is plotted against the hydrophobic parameter 
(x)" for the side-chain segment of each a-amino acid (R in Scheme l) ,  a good linear 
correlation was observed for the following five a-amino acids (Figure 3): L-2-aminobutyric 
acid, L-norvaline, L-phenylalanine, L-norleucine, and DL-2-aminooctanoic acid. Thus, the 
transamination reactivity of the a-amino acid with glyoxylic acid is primarily controlled by an 
extent of entrapment of the a-amino acid into the vesicle, and the reaction proceeds very 
favorably in the hydrophobic vesicular domain. 


At this stage, some comments are required for the reactivities of L-alanine and L-leucine 
with glyoxylic acid. It has been reported that the copper(l1) chelate of the aldimine Schiff-base 
of L-alanine with glyoxylic acid is quite unstable, so that isolation of the complex is not possible 
from aqueous media, and readily isomerizes to the corresponding ketimine Schiff-base 
chelate.'' Cram et al. have claimed that the collapse ratio of an azaallylic carbanion formed by 
deprotonation of an imine is controlled by electronic and steric effects of a substituent 
attached to the ally1 carbanion.I2 Thus, a high reactivity observed for the amino-group transfer 
of L-alanine, relative to the case of L-Zaminobutyric acid in the NfCSHis2C16 vesicular 
system, seems to originate from the difference in electronic nature between the side-chain 
segments (R in Schemel) of the a-amino acids. On the other hand, a steric factor presumably 
prevails over an electronic effect as regards the reactivity of the L-leucine-glyoxylic acid 
system. 
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Figure 3. Correlation of the initial rate (V) of transamination with thc hydrophobic pararner (x) for substituent R of 
an a-amino acid (refer to Scheme 1). The V values were evaluated from the data given in Figures 1 and 2: A,  CH,; B, 


CHzCH,; C,  (CHz)XH,; D, CHzPh; E, (CHz),CH,; F, CHaCH(CH,)z; G ,  (CHz)sCHJ 
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Figure 4. Schematic representation of multifunctional catalysis for thc transamination of an a-amino acid with 
glyoxylic acid in the N C5His2C,, vesicle 
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Previously, we have investigated the copper (11)-catalyzed transamination of a hydrophobic 
pyridoxamine with pyruvic acid in synthetic bilayer membranes formed with the peptide 


The general acid-base catalysis by the imidazolyl group of N+CSHis2C16 was 
observed in the isomerization process of the ketimine Schiff-base chelate formed with the 
pyridoxamine derivative, pyruvic acid, and the copper(I1) ion to afford the corresponding 
aldimine Schiff-base chelate: In addition, such catalytic activity of the imidazolyl moiety is 
masked when the base is coordinated with the copper(I1) ion. 


On these grounds, an extremely high reactivity observed in the amino-group transfer from a 
hydrophobic a-amino acid to glyoxylic acid comes from cooperative assistance of the following 
functions (refer to Figure 4). (i) Formation of the copper(I1) chelate of the aldimine 
Schiff-base is enhanced in the hydrophobic vesicular domain. (ii) Since the aldimne Schiff-base 
acts as a terdentate ligand toward copper(I1) ions,"' the fourth coordination site of the 
copper(ii) ion is  occupied with the imidazoyl group of N+CsHis2Cl6. Such coordination 
behavior of copper(ii) ions with the imidazolyl group of the peptide lipid has been confirmed 
by electronic absorption spectroscopy. l 3  Thus, the Schiff-base chelate is fixed in the 
hydrogen-belt domain. (iii) Under such conditions, the Schiff-base chelate is placed at the site 
close to the histidyl residue of N+C5His2C16 and subjected to the effective general acid-base 
catalysis by the coordination-free imidazolyl group. In conclusion, the present work 
demonstrates that the bilayer membrane formed with NfC5His2C16 provides an effective 
reaction site capable of generating multifunctional catalysis. The present concept of 
multifunctional catalysis may be extended further and serve as a basic guidepost for designing 
novel supramolecular assemblies as functionalized reaction media. 


REFERENCES 


1. T. Kunitake, H. Ihara and Y. Okahata, J. Am. Chem. SOC. 105,6070-6078 (1983); J. K. Hurst, L. Y. C. 
Lee and M. Gratzel, J. Am. Chem. SOC. 105, 704S7056 (1983); I. Tabushi et af. ,  J. Am. Chem. 
SOC. 106,219-226 (1984); P. Herve, F. Nome and J. H. Fendler, J .  Am. Chem. SOC. 106,8291-8292 
(1984); T. Mizutani and D. G. Whitten, J .  Am. Chem. SOC. 107,3621-3625 (1985); J. van Esch, M. 
F. M. Roks and R. J. M. Nolte, J .  Am. Chem. Soc. 108, 60995094 (1986); R. A. MOS5, S. Bhattac- 
harya, P. Scrirnin and S. Swarup, J .  Am. Chem. Soc. 109, 5740-5744 (1987). 


2. Y. Murakami, A. Nakano and K. Fukuya, J .  Am. Chem. Soc. 102,4253-4254 (1980); Y. Murakami, 
A. Nakano and H. Ikeda, J .  Org. Chem. 47, 2137-2144 (1982). 


3. Y. Murakami, A. Nakano, A. Yoshimatsu, K. Uchitoni and Y. Matsuda, J. Am. Chem. SOC. 106, 
3613-3623 (1984). 


4. Y. Murakami, A. Nakano, A. Yoshirnatsu and K. Fukuya, J. Am. Chem. Sac. 103,728-730 (1981); 
Y. Murakarni, J. Kikuchi, K. Nishida and A. Nakano, Bull. Chem. SOC. Jpn. 57, 1371-1376 (1984); 
Y. Murakami, Y. Hisaeda and T. Ohno, Chem. Lett. 1357-1360 (1987). 


5. Y. Murakami, J. Kikuchi, K. Akiyoshi and T. Imori, J. Chem. Soc., Perkin Trans. 2 1919-1924 
( 1985). 


6. Y. Murakarni, J. Kikuchi and K. Akiyoshi, Bull. Chem. SOC. Jpn. 58, 1200-1204 (1985). 
7. E. E. h e l l  and S. J. DiMari, The Enzymes, ed. P. D. Boyer, Academic Press, New York (1970), 3rd 


8. D. E. Metzler, J .  Olivard and E. E. Snell, J. Am. Chem. Soc. 76, 644-648 (1954). 
9. H. Mix, Hopper-Seyler's Z .  Physiol. Chem. 325, 106-115 (1961). 


edn., vol. 2, pp. 335-370. 


10. Y. Nakano, K. Sakurai and A. Nakahara, Bulf. Chem. SOC. Jpn, 39, 1471-1476 (1966). 
11. C. Hansch and A. Leo, Substituent Constants for Correlation Analysis in Chemistry und Biology, 


12. D. A. Jaeger and D. J. Cram, J. Am. Chem. SOC. 93, 5153-5161 (1971); D. A. Jaeger, M. D. 
Wiley, New York (1979), pp. 65-167. 


Broadhurst and D. J .  Cram, J. Am. Chem. Soc. 101. 717-732 (1979). 
I ,  


13. Y. Murakami, J. Kikuchi, A. Nakano, K. Akiyoshi and T. Irnori, Bull. Chem. Sac. Jpn 57, 
1 1 16-1 122 (1984). 








JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 2, 455-466 (1989) 


DYNAMIC ISOTOPE DILUTION KINETIC STUDY OF THE 
THERMAL CONVERSIONS OF 


BICYCLO [ 3.2.01 HEPT-2-ENE TO 
BICYCLO [ 2.2.1 ] HEPT-2-ENE AND TO 
CYCLOPENTADIENE AND ETHENE 


JOHN E. BALDWIN* AND KEVIN D. BELFIELD 
Department of Chemistry, Syracuse University, Syracuse, N Y  13244, USA 


ABSTRACT 


Mixtures of bicycle[ 3.2.01hept-2-ene and bicyclo[ 2.2.1 ]hegt-2-ene, with one isomer labeled with two 
deuterium atoms, were isomerized in the gas phase at 276 C. By following the concentration ratios of 
do and d2 versions of bicyclo[2.2.l]hept-2-ene as functions of time one finds that the partitioning of 
bicyclo[ 3.2.01hept-2-ene between the primary products bicycle[ 2.2.1 lhcpt-2-ene and cyclopentadiene plus 
ethene is 2 :  1. This and earlier stereochemical results permit the calculation of the partitioning of the 
[ 3.2.01 olefin between the orbital symmetry allowed [ 1.31 carbon shift-with-inversion product and several 
forbidden or non-concerted reaction channels (approximately 1 : 1) and the stereochemistry of the ethene- 
dz formed from exo, exo-[6,7-2H2]bicyclo[3.2.0] hept-2-ene directly ( 1  : 1 E :  2). 


INTRODUCTION 


The unimolecular gas-phase reactions of bicyclo[ 3.2.01hept-2-ene ( I )  were investigated over the 
temperature range 307-353 OC by Cocks and Frey in 1971. ' The overall decomposition of 1 
was kinetically first order at  initial reactant pressures above 2 Torr;  product mixtures were 
found to  contain norbornene, cyclopentadiene plus ethene, and five other products (Scheme 1). 
Three of the five were identified as methylcyclohexa-l,3-dienes by comparison of GC retention 
times with those of authentic samples on four different columns. The other two products had 
similar retention times to those of truns,truns-hepta-l,3,5-triene and 'cis-hepta-l,3,5-triene.' 


Kinetic data were analyzed in terms of three primary reactions (Scheme 1): olefin 1 reacts 
through [ 1,3] carbon migration of C-7 from C-1 t o  C-3 to form bicyclo[2.2.1 Jhept-2-ene 
(norbornene; 2), cleavage of the C-1 -C-7 and C-5-C-6 bonds to give cyclopentadiene (3) and 
ethene, and fragmentation of the cyclobutane unit in the alternative sense, with cleavage of 
C-1-C-5 and C-6-C-7 to yield hepta-l,3 Z,6-triene (4). Both norbornene and the heptatriene 
reacted further under the reaction conditions to  give cyclopentadiene and ethene, respectively, 
through a retro-Diels-Alder process, and  a mixture of the five isomers found in the product 
mixture. 
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Scheme 1 


This kinetic study showed that ( k ,  + k 3 )  B k4 and that kl and k3 were of similar magnitude. 
The provisional character of this last inference was emphasized repeatedly: ‘rate constants for 
individual processes are subject to large errors;’ ‘the calculated values for k [  are. .  . subject to  
large errors;’ ‘most of the experimental inaccuracies occur in splitting the sum (k l  + k3) into 
its component rate constants;’ ‘our values for (kl + k3) are reliable but.. . the individual values 
are suspect.’ 


The fundamental circumstance which impeded the deduction of reliable values for kl and k3 
is that fact that k2 9 k l .  For the kinetic situation outlined in Scheme 1, the concentration of 
2 as a function of time is as given in equation ( I ) ,  and is always very small when k2 $- kl .  


[2(t)1 = kl (k2 - kO)-’ { exp( - kot) - exp( - k2t) 1 [2(0)1 (1) 


Here ko is the rate constant for disappearance of 1; ko = kl + k3 + k4. 
To measure a reliable value of kl one must measure [ 2(t)] accurately, which is a difficult task 


when 2 is always a minor component in a complex reaction mixture. When [2(t)] is very small, 
small absolute errors in measuring it are large relative errors, leading to large errors in estimates 


Several facets of the thermal chemistry of bicycle[ 3.2.01hept-2-ene as delineated by Cocks 
and Frey attracted our attention. It is one of the simplest bicyclic olefins giving a [ 1,3] carbon 
sigmatropic migration product through a supraficial process, and thus with only two 
stereochemical options; it offers a direct competition between a possibly allowed and concerted 
[ 1,3 1 shift with inversion and cyclobutane cycloreversion pathways, which are generally 
considered to be stepwise, diradical-mediated reactions; and it presents some daunting 
challenges to experimentalists concerned with detailed definitions of stereochemistry and 
reaction rates for specific individual paths. 


One of these challenges has just been faced by two groups concerned with the stereochemistry 
of the [1,31 shift reactions, 1 to 2.4,s Using deuterium-labeling techniques, the isomerization 
was shown to proceed with predominant but not exclusive inversion at the migrating carbon. 


of k i .  


1-dz 2-dz 
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Another challenge, definition of the relative importance of the four possible stereochemical 
paths open for the conversion 1 to 4, seems beyond the grasp of currently available techniques 
and strategies. Here we address two others, the kinetic partitioning between kl and k3 and the 
stereochemistry of the reaction 1-d2 to  3 plus [ 1 ,2-2H2]ethene. 


RESULTS 


Dynamic isotope dilution method 


A dynamic isotope dilution approach was employed to secure a reliable measure of kl. This 
experimental technique seemed well suited and practicable for our objectives. It is, however, 
not so commonly utilized as to require no explanation, yet the logic, mathematical analysis and 
experimental tactics involved are easily understood. 


If  two reactions, the thermal decomposition of olefin 1 (Scheme 1) and the Diels-Alder 
retroadditon of 2 4 ,  took place simultaneously in a gas-phase kinetics bulb, the labeled 
norbornene-dz could be viewed as an internal time-dependent (hence 'dynamic') standard; 
[2-d2(t)] could be calculated at any time if [2-d2(0)] and the rate constant for disappearance 
of 2-d2 were known. Measurements of [ 2 ( t ) ] /  [2-d2(t)] by mass spectrometry could then give 
2(t) and lead to values for k l  and k3. This approach would avoid analytical situations where 
two concentrations of very different magnitudes must be determined simultaneously by the 
same experimental method, inevitably leading to comparable absolute errors for both and large 
relative errors for the low-concentration component. 


Mathematical treatment of this kinetic situation is straigthforward. Rate constants 
kj ( j  = 0-4) have been defined above (Scheme 1). Let kj  be the corresponding rate constants 
for reactions involving &-labeled substrates 1-dz and 2-d2. If 1 and 2-dz are heated 
simultaneously, Equations (1)  and (2) apply. 


[2-d2(t)l = (exp( - k i t )  I [2-d2(0)1 (2) 


Let a represent the molar ratio of [3.2.0] substrate to isotopically different norbonene at 
t = 0; then the experimentally accessible [2(t)l/[2-dz(t)] ratio is a constant times a simple 
function of independently measurable or already known rate constants and 01 [Equation (3)] . 


[2(t)]/[2-dz(t)] = k l ( k z - k o ) - ' ( e x p ( k z ' - k o ) f - c x p ( k i  - k z ) t j a  (3) 


A simple linear correlation of the experimentally observable concentration ratio for the 
isotopically distinct norbornene compounds in reaction mixtures against the given function of 
rate constants and time, and the initial concentration ratio a,  will have a slope equal to 


For an inverse labelling experiment, that is, one with 1-dz and 2 as starting materials, 
kl (k2 - ko)-'.  


equation (4) would apply. 


[2-d~(t)1/[2(l)l  = kl(ki -- kd)-' (exp(k2 - k6)r - exp(k2 - ki)r)01 (4) 


If secondary deuterium kinetic isotope effects were negligible, then equations (3) and (4) 
would reduce to equation (5 ) ;  both regular and inverse dynamic isotope dilution experimental 
data should correlate in simple linear fashion with 1 exp[kz - ko)t] - 1 ) a .  


( 5 )  I[z(t)I from 1(0))/[2(t) from ~ ( 0 ) )  =kl(kZ-ko) - ' l exp[(k2-ko) t ]  - 1)ol 
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Syntheses 


Bicycle[ 3.2.01hept-2-ene (1) was secured through a selective reduction of 
bicycle[ 3.2.0lhepta-2, 6-diene6 with diimide. ' Reductions of bicycle[ 3.2.0]hepta-2,6-diene 
and norbornadiene with dideuteriodiimide afforded the &-labelled substrate I-dz and dynamic 
standard 2-d2. These compounds were easily isolated from the respective reaction mixtures 
and purified by preparative gas chromotography. 


Gas-phase isomerizations 


A 1-1 Pyrex kinetics bulb was designed and fabricated to permit the withdrawal of small samples 
of a gasesous reaction mixture during kinetic runs with the aid of a gas-tight valved syringe. 
When a sample had been secured, the syringe valve was closed, the sampling needle was 
replaced with one suitable for injection into a gas chromatograph inlet and the relative 
concentrations of a reactant versus octane as an internal standard or of a do- versus 
&-hydrocarbon were determined by GC-MS analyses in the selected ion monitoring mode. 


A mixture of 1, 1 4 ,  octane and 2-methylpentane, serving as a bath gas to bring the initial 
pressure to about 45 Torr, was heated at 275.7 'C; the first-order rate constant ko for the 
overall disappearance of bicyclo[ 3.2.01hept-2-ene calculated from the seven kinetic points 
taken over a 37-h period (1 * 5  half-lives) was 8.2 x s-'. For the competitive decomposition 
of 1 and 1 4 ,  logarithms plots of [ l-dz(t)] / [ 1 ( t ) ]  data obtained by GC-MS against time led 
to a value for ko - k6 of 6 x lO-'s-'; kd, then, is 7 - 6  x s- ' .  The composite of secondary 
deuterium isotope effects for all decomposition modes of the [3.2.0] olefin is accordingly 
ko/kd = 1.08, a reasonable' though not too precisely defined value. 


Two kinetic runs at 276.2 and 276-0 "C for the Diels-Alder retrogression of norbornene (2) 
were run with octane as internal standard and 2-methylpentane as a bath gas.' The reactions 
were run to 3 .6  and 4.2 half-lives, and gave k2 values of 2.81 and 2 . 8 2 ~  s-I ,  
respectively. A competitive run with 2 and 2-d2 at 275.7 "C gave k2 - ki = 6 - 3  x s - ' ;  ki, 
then, at 276.0 "C is 2.76 x s - '  and kz/ki  = 1-02. 


From these four experimentally defined first-order rate constants (ko, kd, kr and ki), the 
differences required for calculations based on Equations (3) and (4) are ki  - ko = 2.68 x 
ki - k2 = - 6  X (all in units of s-I) .  kz - k6 = 2.74 x and k2 - ki = 6 x 


Dynamic isotopic dilution kinetic runs 


Four independent dynamic isotopic dilution kinetic runs were conducted, one using 1 and 2-dz 
as starting materials and three using the inverse labeling option. The data are presented in 
Table 1 .  


The first run based on the concurrent reactions of 1 and 1-d2 was analyzed with the aid of 
equation (3). The linear correlation between observed [ 2(r)J /[2-&(t)] along the ordinate and 
[ exp(ki - ko)t - exp(ki - k2)t )a values along the abscissa, required by equation (3), was 
observed. Standard least-squares linear regression analysis gave intercept, - 0 -024, slope 
1.72 x lo-* and I-= 0-999 (5 points). 


The three runs based on the 'inverse labeling' option, with I-& and 2 as co-reactants, were 
treated together since the correlation of equation (4) predicts that data from runs with different 
[1-&(0)/[2(0)] ratios will fall on the same straight line. That expectation was confirmed 
(Figure 1). Linear regression gave intercept -0.031, slope 1-67 x and r =  0.999 (13 
points). 
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Table 1. Norbornene from bicyclo [ 3.2.0. ] hept-2-ene to isotopically distinct norbornene internal 
standard at  276 "C 


Run 1: a = 7 - 3 0 a  Run 2: 01 = 2-97b Run 3: a = 3.394b Run 4: a! = 4.93b 


rc I2(t)l/i2-d2(01 t [2-dz(t)1/[2(t)l t [2-W)1/ [2( t ) I  j [2-dz(t)l I [ 2(t )I 


1.54 0.048 4.03 0.078 3.99 0.094 2.73 0.065 
2.54 0 * 096 5.33 0.132 5-24 0.156 3-77 0.121 
3.61 0.187 6-40  0-203 7-25 0.362 4-15 0 -  193 
4.71 0.285 7.71 0.325 5 - 8 8  0.318 
6.89 0.654 9.06 0.511 


10.59 0.827 


O 1 0  20 30 4 0  5 0  6 0  


(exp((k'2-ko)cl - e x p ( ( k ' ? - k 2 ) r ) ) a  


Figure 1 .  Dynamic isotopic dilution plot for runs 2, 3 and 4 (Table 1) correlated with equation (4) 


When all 18 data sets in Table 1 were correlated by the function given in equation (9, with 
neglect of secondary isotope effects, both regular and inverse labeling data fell on the same line, 
with intercept - 0.029, slope 1-66 x lo-' and r = 0.999 (Figure 2). 


DISCUSSION 


While 'static' isotope dilution experiments have long been utilized to secure information which 
would be hard to gain by other means," the 'dynamic' isotope dilution kinetic method 
employed here has been exercised much less frequently. Notable recent successes with this 
kinetic method have been achieved by Zimmerman and co-workers I '  as they clarified the 
significance of possible intermediates in complex photochemical reactions. 
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0 10 2 0  30 4 0  5 0  6 0  


i e x p ( ( k 2  - k g ) ~ )  - 1 ICY 


Figure 2 .  Dynamic isotope dilution plot for normal and inverse labelling runs 1 ,  2 ,  3 and 4 (Table 1) correlated with 
equation ( 5 )  


According to the kinetic analysis which they used, adapted to our kinetic situation and 
notational conventions, and when [2(0)] = 0 and k2 = ki, equation (6) relates the observable 
quantities to rate constants. 


In( [2-&(0)1 [I(t)l - [2-&(t)l[1(0)1 I / {  [2-&(t)l[2(t)l I = k2t + W(k2 - ko)/kll (6) 


Hence a plot of the function of concentrations on the left against time should correlate with 
time, in a simple linear fashion with slope equal to k2 and intercept equal to In[(k2 - k o ) / k l ] .  
In this work, the alternative derivation seemed more convenient and appropriate. For a linear 
plot based on equation (3) the unknown being estimated, kl(k2 - ko)-',  is derived from a slope, 
while the correlation of equation (6) gives In[(k2 - ko)/kl] as an intercept, extrapolated from 
experimental points secured at reaction times substantially greater than zero. Especially when 
relative few kinetic points are available for analysis, the extrapolation to an intercept as in 
equation (6) seems more vulnerable to error than the correlations of equations (3) and (4). The 
data analysis of equation (6) may be used to advantage in certain situations, however, such as 
when k2 is not known from independent experiments and all concentrations called for in 
equation (6) may be determined. 


A standard estimation of 95% confidence intervals for the intercepts and slopes'2 for the 
linear correlations of Figures 1 and 2 shows that the intercepts are not significantly different 
from zero, nor are the slopes significantly different from one another, For the second 
correlation, the slope is ( 1  -67 5 0-04) x 


In addition to the likely error in these correlations associated with scatter in data from 
GC-MS determinations of the relative concentrations of labeled and unlabeled norbornenes, 
the final value of the slope from the correlation will depend on uncertainties in a values and, 
very critically, in the rate constants used in the exponential terms. For equation (9, for 
instance, propagation of error considerations l 3  leads to the conclusion that, since the partial 
derivative of exp[(kz - ko)tI - 1 with respect to k2 - ko is f(exp(k2 - ko) t ) ,  the contribution 
from uncertainty in kz - ko to the total variance in the slope of the correlation plot will increase 
rapidly with time. One thus has conflicting considerations to balance: data at long times will 
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tend to give higher correlation coefficients, but any error in k2 - ko will contribute more and 
more to the overall variance of the calculated slope. 


The important point to keep in mind is that the relatively narrow estimates of uncertainty 
in slope obtained with the correlations of equations (4) and ( 5 )  do not include uncertainties 
stemming from a lack of total accuracy in the rate constants used to calculate the exponential 
functions on the right-hand side of the equations. Inaccurate values of these rate constants may 
give linear plots, but the calculated slope values will not provide reliable estimates of k l .  Aware 
of this, measurements of k2, ki, ko and k6 were made in the same kinetic bulb and with the 
same digital platinum resistance thermometer used in the isotope dilution experiments, and data 
as gathered in Table 1 were secured emphasizing times within two half-lives for the 
cycloreversion of the internal standard. 


.Three-way kinetic partitioning of 1 4  


The detailed kinetic study of Cocks and Frey' gives kl + k3 = 0.87 ko at 276 O C ,  a value 
consistent with our own observations. We assume that this proportionality will be reasonably 
valid for 1-d2 also: ki  + kj = 0-87 k6. Hence ki + kj  = 6.6 x ki = 1 *67 x 
ki - kd = 4-5  x k i  = 2-  1 x and k.i = 1-0 x (all in units of s-'). 


Stereochemistry of direct formation of [ 1,2-2H2]ethene from 1-d2 


Total [ 1,2-2H2]ethene generated from I-& at 276 "C is a 33 : 67 mixture of Z and E isomers 
(33 2 2% Z).4 The stereochemistry of ethene-d2 formed by way of an intermediate 
norbornene-d2 is governed by k,' and k,' , since the Diels-Alder retrogression occurs with clean 
preservation of stereochemistry. ([ 1,2-2H2]ethene from 2-d2, analysed by FT-IR, was of 2 
stereochemistry; no E isomer was detected. I ? )  Stereochemical work with I-& at 276 "C has 
shown4 that the two stereochemical components of kl  are in the proportion k,' : k: = 76 : 24. 
Simple arithmetic then leads to the estimates that 16% of the ethene-dz generated is the Z 
isomer and 52% is the E isomer formed by way of norbornene-d2 isomers. The stereochemistry 
of ethene production by the direct kj path is then 17: 15 Z:  E. Given the experimental 
uncertainties in the estimation of ethene-dz stereochemistry by FT-IR spectroscopy and of the 
stereochemistry of the isomerization from 1 4  to norbornene-d2  isomer^,^ the very small 
apparent preference for (Z)-ethene-d2 production in the direct k j  fragmentation is not 
meaningful: the E and Z isomers are formed at equal rates. 


Five-way kinetic partitioning of [ 6,7-'H2] bicycle[ 3.2.01 hept-2-ene 


From the value of k f  now available, ki = 3 . 4  x s - ' .  Hence five 
distinct rearrangement and fragmentation modes for 1 4  have now been assessed at 276 OC; 
in order of relative importance, and as a percent of the overall rate constant 
kd = ki' + k: + ki + k4, they are k: = 45%, ki = 28%, equally divided between ( E ) -  and ( Z ) -  
ethene-d2-producing variants, k: = 14% and k4 = 13%. 


and k: = 1.1 x 


CONCLUSIONS 


The complexities inherent in the multiple thermal reactions of 1-d2 pose severe difficulties to 
experimental investigations and equally serious problems of interpretation. The delineation of 
relative importance of the five discrete modes of reaction attempted here or, more accurately, 
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or four discrete modes and one composite mode (k4, having four possible stereochemical 
variants participating to  unknown extents), depends on experimental evidence derived from 
reaction kinetics, ' analyses of stereochemistry for intermediate norbornene-d2 and ethene-dz 
isomers4 and dynamic isotope dilution kinetic studies. Each experimental result involves some 
uncertainty and, when combined, the breakdown of relative rate constants summarized above 
is subject to some imprecision. 


Two conclusions follow from this realization. First, continued efforts toward more precise 
ways of gaining primary data are needed, in this case and of course in other investigations of 
thermal reactions of comparable complexity. Part of this potential for improvement may be 
realized through better synthetic methods for preparing precisely defined isotopically labeled 
molecules for study, and part through improved analytical techniques. It seems likely, for 
example, that tunable diode laser spectroscopy applied to  analyses of [ 1 ,2-'H2]ethene isomers 
will give substantially more precise results than can be attained by FT-IR spectroscopy. l 5  


Second, any interpretation of the relative rates deduced must focus on the general pattern 
observed. A rationale purporting to  derive each relative rate constant to the nearest 1% would 
be more than the data could support. Acknowledging this limitation, the data nonetheless show 
several clear results: at 276 'C, the k{ : k; balance is about 68 : 32, or 2 : 1, and the ethene-dz 
generated in the direct k j  path is a 1 : 1 mixture of stereoisomers. A diradical(5) leading directly 
from l-dz to 3 and CHD=CHD formed by rotation about C-5-C-6 toward H-C-5 as the 
C-l-C-7 bond breaks, and which lives long enough for rotation about C-6-C-7 to permit 
stereorandom ethene-dz formation, is the most obvious mechanistic rationale for this result. 
This diradical intermediate does not reclose at C- 1, as bicyclo[ 3.2.01hept-2-ene-dz recovered 
from reaction mixtures shows no loss of stereochemical integrity. 4 ,5  Whether diradical5 always 
fragments or sometimes closes at C-3 to  give norbornene-d2 isomers is not deducible from the 
data available. 


I H 
7 F  


5 6 


I f  5 always fragments, then k; relates to its formation, and loss of stereochemistry on the 
same direct route ( k i )  may be ascribed to another diradical (6 ) ,  formed from I-& with 
rotation about the C-5-C-6 bond away from H-C-5, and which partitions between inversion 
and retention products. Alternatively, some combination of an allowed [ 1,3] carbon 
sigmatropic shift with inversion component and a stereochemistry-compromising kinetically- 
competitive alternative path may be involved. 


If, on the other hand, the kr' component of the [ 1,3 J shift derives from 5,  then so would 
an equal component of the ki' product; the allowed path would be associated with a rate 
constant k: - k: = 2.3 x s - '  (30% of kd) and the rate constant for the formation of 5 
would be 2k: + k ; = 4 - 3  x 10-6s-'. Even this extreme point of view leaves the 
stereochemically allowed [ 1 ,3 ]  shift reaction as a major component, and of similar magnitude 
as the alternative non-allowed isomerizations and fragmentations. 


At a higher temperature (312 "C) ,  Klarner ef af.' observed 1 1 % ~  retention stereochemistry 
in norbonene-dz products from l-dz and 18 _+ 4% ( Z ) - [  2H2]ethene from direct and indirect 
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paths. Assuming that ethene-d2 formed by way of k; again consists of 1 : 1 2 :  E,  then one may 
estimate by simple calculation the ki : kj balance, i.e. ki is 82% of kl + k;.  This deduction from 
the assumption suggests that the k'l : k'3 ratio increases with increasing temperature, or the 
(k: - k: ) : (2k: + k i )  ratio increases with increasing tempcrature. The second interpretation 
views the increase in stereoselectivity in the [ 1,3] carbon migration at the higher temperature 
as the consequence of a change in the (ki' - k: ) : (2k: + k j )  balance, rather than as a more 
selective partitioning of diradical6. The allowed [ 1,3] shift would then have a higher activation 
energy that the cleavage of I-& to form diradical 5. 


After a 17-year hiatus,' a return to  this fundamental problem in reaction kinetics and 
stereochemistry has begun to yield some relevant information and make plain the 
complexities of the reactions involved. 4 , 5  Clearly, though, more detailed experimental work 
employing a variety of techniques will be required over a range of temperatures before the full 
complexities of the thermal chemistry of 1 and I-& will be unraveled and better understood, 
and current uncertainties and speculations are sorted out. 


EXPERIMENTAL 


Octane (Gold Label, 99 + 070) and 2-methylpentane (99 + 070) were used as received from Aldrich 
Chemical Company. Norbornene (2 j (Aldrich), distilled through a 10-cm glass Vigreux column, 
had b.p. 95-96 " C .  


Gas chromatographic-mass spectometric (GC-MS) analyses were performed with Hewlett- 
Packard (HP) 5890, 5970B and 9836 instruments and computer. The GC-MS data were 
acquired with injection port and transfer line temperatures of 160 "C, a carrier gas (helium) 
flow-rate of 0 - 6  mlmin-' and an oven temperature program of 30 "C held for 6 - 5  min, then 
increased at 15 "Cmin- '  to 100 "C. Data acquisition was executed in the selected ion 
monitoring mode. 


Analytical GC analyses were carried out with a 25 m x 0.2 mm i.d. cross-linked 5 %  
phenylmethylsilicone fused-silica capillary column (column A) and a 25 m x 0.2 mm i.d. cross- 
linked methylsilicone capillary column (column B) connected to a single injection port using 
a 0-4-mm two-hole Supeltex M-2A Ferrule (Supelco, 2-2467). The carrier gas was helium at a 
flow-rate of 1 mlmin-'; a detector temperature of 300 "C, injector temperature of 160 ' C ,  
oven temperature of 45 "C and H P  3390A and 3392A reporting integrators were used. 
Preparative GC separations were accomplished with a 300 cm x 0-6  cm i.d. 20% 
p,p'-oxydipropionitrile on Chromosorp P column at 40 "C and a Varian Aerograph A90-P3 
instrument with helium as the carrier gas. 


Proton NMR spectra were obtained for CDCl3 solutions with Me& at 6 0.0 ppm as internal 
reference on a General Electric QE 300-MHz or GN 500-MHz instrument, interfaced to a VAX 
8650 data system. Gas-tight syringes used for introducing a sample into the kinetics bulb were 
obtained from Dynatech Precision Sampling Corp. (Series A-2, 5.0, 2 - 0  and 0.5 ml). Dilute 
solutions of hydrocarbon products were concentrated by careful distillation using either a 
Nester/Faust spinning-band apparatus equipped with a 70-cm Teflon band or a BIR Instrument 
Corp. Model 800 micro spinning-band apparatus equipped with an 20-cm Teflon band. 


Bicycle[ 3.2.01 hept-2-ene (1) 


A yellow suspension of 114 mg of potassium azodicarboxylate (0.59 mmol), 50 mg of 
bicyclo[3.2.0]hepta-2, 6-diene6 (0.54 mmol) and 0.5 ml of methanol was stirred at room 
temperature under a nitrogen atmosphere. A solution of 3 7 . 2 ~ 1  of glacial acetic acid 
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(0.65 mmol) and 0.2 ml of methanol was added slowly by syringe over 2 h. The reaction 
mixture was then stirred for 18 h; the yellow color faded and a white precipitate appeared. The 
mixture was cooled in an ice-bath and added to  a cold mixture of water and pentane. The layers 
were separated and the aqueous portion was extracted three times with pentane. The pentane 
extract was washed with water, saturated NaHC03 and brine and then dried over MgS04. The 
resulting solution was filtered and concentrated by distillation. Capillary GC analysis gave the 
following retention times on column A (column B, Yo yield): unreacted 
bicyclo[3.2.0]hepta-2,6-diene, 4.21 rnin (3.84 min, 5%); 1, 5-00 rnin (4.60 min, 89%); 
bicyclo[3.2.0]heptane, 5.65 rnin (5-25 min, 6%). Preparative GC afforded pure 1: 'H NMR, 
d 5.77-5-79 (d, 2H), 3.21 (bs, lH),  2.86-2.89 (quintet, lH),  2.49-2.54 (dd, lH), 2.29-2.32 
(quintet, lH), 2.11-2- 17 (m, 2H), 1.64-1 *70 (quintet, 2H). GC-MS analysis, m/z (relative 
intensity): 95 (0.3), 94 (M', 3-7), 91 (7. l), 79 (27- l) ,  77 (16.5), 67 (6-8), 66 (loo), 40 (6-9), 
39 (22.8). 


[ 6,7-'Hz] Bicycle[ 3.2.01 hept-a-ene( I-&) 


This was prepared in an analogous reaction from 40 mg of bicyclo[ 3.2.0]hepta-2,6-diene 
(0.43 mmol), 114.6 mg of potassium azodicarboxylate (0.59 mmol), 37.5 ml of acetic acid-dl 
(Norrel, 99 atom-% 'H, 0.65 mmol) and 0.7 ml of methanol-dl (Aldrich, 99.5 + atom-Yo 
'H). Capillary GC analysis of the concentrated product mixture gave the following retention 
times on column A (column B, Yo yield): for unreacted starting diene, 4-17 rnin (3-81 min, 
5 % ) ;  1-dz, 4.97 rnin (4.59 min, 90%); bicyclo[3.2.0]heptane-2,3,6,7-d4, 5.54 min (5.16 min, 
5%). For 1-dz: 'H NMR, d 5-77-5.79 (d,2H), 3.20 (bs, lH), 2.85-2.87 (m, lH), 2.49-2.54 
(dd, IH), 2.30 (m,0-17H), 2.11-2.15 (m, 1*17H), 1.62-1-67 (t, 1.66H). GC-MS analysis, 
m/z(relative intensity): 97 (0.3), 96 ( M + ,  3-6), 93 (3-8), 81 (12.5), 80 (15-2), 67 (9.4), 66 (loo), 
40 (11.6), 39 (14.5). 


[ 5 ,6-2H2 ] Norbornene 


This was prepared through a dideuteriodiimide reduction of norbornadiene (7.0 g, 76 mmol) 
using 11 -65 g of potassium azodicarboxylate (60 mmol), 4.03 g of acetic acid-dl and 15 ml of  
methanol-dl. Capillary GC analysis of the crude product mixture gave the following retention 
times on column A (column B, Yo yield): for unreacted norbornadiene, 3.72 min (3.37 min, 
54Yo), 2-d2, 4.03 rnin (3.69 min, 28%); [2,3,5,6-'H4]norbornane, 4.78 rnin (4.40 min, 18%); 
For GC-purified 2-dz: 'H NMR, d 5.99 (s,2H), 2.84 (s,2H), 1.54 (bs, 0*25H), 1-30-1.31 
(m, lH),  1.06-1.08 (m, lH), 0.93 (bs, 1.75H). GC-MS analysis, m/z(relative intensity), 97 
(0*9), 96 (M', 11*9), 80 (7 .9 ,  78 (6.7), 67 (lO-O), 66 (loo), 40 (16.9). 


Mass spectral analyses 


The mass spectral analyses were based on relative m/z M and M +  2 ion intensities and the 
appropriate relationship [equation (7)] to convert observed ( M  + 2)/M ratios to the 
corresponding concentrations ratios; here do and d2 as subscripts refer to ion ratios determined 
with authentic do and dz reference compounds. There was no observable M +  2 ion for 1; for 
2 the ( M +  2)/M ratio was 0.002. For 1-dz and 2-d2, M / ( M +  2) ratios were 2.816 and 0.047. 


[ C ~ H ~ D Z I / [ C ~ H I O I  = { [ ( M +  2)/MI - [ ( M +  2)/MIdol/(l - [ ( M +  2)/MI [ M / ( M +  2)ld2l 
(7) 







DYNAMIC ISOTOPE DILUTION KINETIC STUDY 465 


Kinetic bulb 


A 1-1 Pyrex bulb was fitted with a 20 cm x 6 mm i.d. Pyrex stem, an Ace Flickit Teflon stopcock 
(8200-05), Ace threaded adaptor (5037-03) containing a Hamilton septum (76010) and Ace 
nylon bushing (65037-12), and a QG Corp. Teflon stopcock leading to a vacuum line. The bulb 
was situated in a spherical cavity within an aluminium block fitted with thermostatically 
controlled heating cartridges (Wellman EC208 1). Half of the heating cartridges were 
connectged directly to a Superior Metric Powerstat while the remainder were regulated by a 
Bayley Instrument Model 253 Precision Temperature Controller. The temperature of the 
aluminium block close to  the bulb was monitored with an HP  2802A digital thermometer. The 
pyrolysis bulb was conditioned by heating cyclohexene (distilled) at 276 "C and 50 Torr for 
48 h. 


Rate constants for the decomposition of bicycle[ 3.2.01hept-2-ene (ko) and 
[ 6,7-ZHz]bicyclo[ 3.2.01 hept-2-ene (kd) 


The initial pyrolysis mixture contained 29.6mg of 1 (0.31 mmol), 32-9 mg of l-dz 
(0.34 mmol), 11.0 mg of octane (0-  10 mmol) and 57.5 mg of 2methylpentane (0.67 mol). The 
mixture was injected into the evacuated kinetics bulb at 275.7 "C. The pressure in the bulb after 
introduction of the mixture was calculated to be 49 Torr. The mixture was sampled with a gas- 
tight syringe and analyzed by GC-MS. Seven sets of m/z  94, 96 (for bicyclo[ 3.2.0lhept-2-enes) 
and 114 (for octane) ion intensities were obtained over 37 h (1.5 half-lives). After correcting 
the m/z intensities for a component derived from 1 4 2 ,  the natural logarithms of the corrected 
9411 14 ion intensity ratios versus time were subjected to least-squares analysis to  give 
8.2 x s-' for the rate constant ko ( r =  0.98). (Calculation based on the activation 
parameters reported by Cocks and Frey' give k l  + k3 = 8 . 8  x s-' at 276 "C.) A 
logarithmic plot of [ l -dz ( t ) ]  / [  1 (f)] versus time (six points) gave ko - kd = 6 x lo-' s- ' .  


Kinetics of retrogression for norbornene (2) and [5,6-2Hz] norbornene (2-dz) 


In a typical experiment, 17 mg of 2, 25 mg of octane, and 83 mg of 2-methylpentane were 
injected into the evacuated kinetics bulb at 276.6 " C .  The mixture was sampled with a gas-tight 
syringe and analyzed by GC-MS five times over 3 - 6  half-lives. A first-order kinetic plot for 
norbornene relative to octane as internal standard gave 2 - 8  x s-l  for the Diels-Alder 
retroaddition of 2. A duplicate run (276-0 "C, six points, over 4.2 half-lives) gave 
2.81 x s-' .  A mixture of 2, 2-dz, octane and 2-methylpentane at 275-7 "C was followed 
in a similar manner (ten points, 4 half-lives); the rate constants derived were k2 = 2.78 x 
and k2 - ki = 6.3 x s-' .  


Dynamic isotopic dilution experiments 


In a typical kinetic run, 30.0 mg of 1-dz (0.31 mmol), 9 .9  rng of 2 (0.11 mmol), 12.5 mg of 
octane (0- 11 mmol) and 71 - 0  mg of 2-methylpentane (0.82 mmol) were combined. Analysis by 
capillary GC indicated a [1-d2(0)]/[2(0)] ratio of 2-97. The mixture was injected into the 
evacuated (3.5 x Torr) kinetics bulb at 276.0 ? 0.2 "C. The reaction mixture was 
sampled with a gas-tight syringe fitted with a 0.028 x 16 in needle (custom made by Supelco) 
at  various times. The long needle was replaced with a shorter needle (0.028 x 2 in) (Supelco 
2-2299) and the sample was injected directly into the GC-MS system for analysis. Observed 
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concentration ratios for 2 and 2-dz for all four dynamic isotopic dilution runs are recorded in 
Table 1. 
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GAS PHASE REACTIVITIES OF ISOMERIC IONS: 
METHYLENEDIPHENYLCYCLOPROPANE AND 


DIPHENYLMETHYLENECYCLOPROPANE 


C.-J., PINEDA*, H. D. ROTHt, A. M. MUJSCE, M. L. SCHILLING AND W. D. REENTS, JR.? 
AT& T Bell Laboratories, Murray Hill, New Jersey 07974, USA 


ABSTRACT 
Gas phase iodmolecule reactions have been used to probe the structure of ions obtained by electron 
impact upon 1-(diphenylmethy1ene)cyclopropane and 2,2-diphenyl-l-methylenecyclopropane. The 
resulting ions of molecular composition CI6Hl4 (mlz 206+) were reacted with charge transfer reagents 
(6-9 < IP < K-SeV), giving evidence for the presence of isomeric ions with different reactivities. The less 
reactive ion is identified as a trimethylenemethane species (TMM+) in which one cyclopropane bond is 
broken; the more reactive ions are assigned as vertical ions in which the cyclopropane ring is unaffected. 
The vertical ions have recombination energies of 8.44 k 0.05eV, whereas TMM+ has one of 
7*41+0.05eV. The TMM+ fraction is not constant; it increases with increasing IP of the reagent. This is 
attributed to a reagent-catalyzed isornerization of the vertical ion to TMM+. In addition, the reagent ions 
are observed to undergo a unique reaction with the neutral methylenecyclopropane derivatives: electron 
transfer and ring opening to yield TMM+. These findings limit the application of the customary 
equilibrium measurements as a method to determine the substrate IP. 


INTRODUCTION 


The thermal and photochemical rearrangements of methylenecyclopropane and its derivatives 
have attracted much interest because of the unusual nature of the intermediates and/or 
transition states through which the reorganization proceeds. More recently, electron 
transfer induced isomerizations of methylenecyclopropane systems have been studied. A 
radical cation with a bisected trimethylenemethane structure (1, R = C6Hs) was suggested as 
the most logical intermediate.‘ This assignment is further supported by the results of nuclear 
spin polarization (CIDNP)  experiment^.^ The same technique also indicated the existence of a 
second type of methylenecyclopropane radical cation, in which the spin is, in essence, 
localized in the olefinic moiety, and the cyclopropane ring is unaffected (2, R = C6H5).’ 
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The generation and observation of these species in solution is characterized by three 
features: they are generated by a comparatively mild method, viz. electron transfer to a 
photoexcited acceptor molelcule; any excess energy is rapidly dissipated; and the lifetimes of 
the individual radical cations are limited, because of rapid electron return from the geminate 
acceptor radical anion. Accordingly, only radical ion rearrangements with relatively low 
barriers are observed.' 


It was of interest to extend the investigation of these species to reaction conditions under 
which they can be generated with a wider range of energies, and under which the dissipation of 
excess energy is inefficient. These conditions are met in the gas phase; accordingly Fourier 
transform mass spectrometry appeared to be the best method."."' It should be noted that some 
energy is dissipated by bond cleavage to form fragment ions typically observed in a mass 
spectrum. There is still energy retained in the unfragmented gas phase ions which is 
insufficient for causing fragmentation to a lower mass ion but still in excess of the amount of 
excess energy present for an ion in solution. 


The trimethylenemethane ion (TMM', 1) can be approached from two precursors, 2,2- 
diphenyl-1-methylenecyclopropane (myrn-MCP, 3) and 1-(dipheny1methylene)cyclopropane 
(syrn-MCP, 4). Our objectives in the present study were to determine whether the nonvertical 
ion 1 was formed in the gas phase from either asyrn-MCP or syrn-MCP and the fraction of 
this species if it was not the exclusive structure present. 


Two 'localized' methylenecyclopropane ions must be considered as alternatives, the more 
stable 'diphenylethene-type' ion, 2, and the less stable 'diphenylcyclopropane' ion, 5, which is 
the molecular ion derived from 3. The former ion has been implicated as an intermediate in 
solution7 whereas the latter, under the same conditions, could only be a fleeting intermediate, 
with a lifetime shorter than a nanosecond.' 


3 4 5 


Differentiating and assigning ion structures in the gas phase is not straighforward since a 
structure can only be inferred from experiments in which the ions are perturbed. In this study, 
selective ion/molecule reactions were evaluated, a method similar to that used to differentiate 
the isomeric ions of mlz 42+ generated by electron impact on cyclopropane. The reactions of 
these ions with NH3 included proton transfer as well as formation of CNH; and CNH5f. l 1 . l 2  


Convincing evidence for the existence of two isomeric ions was presented. At ionization 
energies just above the ionization potential (IP) of cyclopropane the extent of proton transfer 
to NH3 was dependent upon ionization energy. This finding was rationalized by postulating an 
energy dependent ring-opening process. However, the identity of the second (ring-opened) 
isomer was not readily recognized. Initially, this species was assigned the propene cation 
~tructure ,"* '~ but more recent results show that the trimethylene cation is a more likely 
a~s ignment . '~ ,~ '  Unlike the cyclopropane study, a likely second structure for the 
methylenecyclopropane derivatives is suggested by the results of electron transfer reactions in 
solution. In the present study selective charge-transfer ion/molecule reactions were used for 
differentiating the isomeric ions because significant differences are expected between the 
recombination energies of the isomeric ions (corresponding to the ionization potentials of the 
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Propene Molecular Ion Trimethylene Cation 


respective neutrals; vide infra). A group of reagent molecules were selected having ionization 
potentials varying over the full range of expected values, 69eV to 8.8eV. 


EXPERIMENTAL 


The ion/molecule reactions were carried out in the ion trap of a modified Nicolet FTMS-1000 
Fourier transform mass spectrometer. The instrument contains a differentially pumped dual 
cell which permitted addition of the reagent and reactant on separate sides. The following 
conditions were used in these experiments: trapping voltage, 1.0V; electron energy, 15f  l e v  
(FWHM); trapping time, 5 m s  to 10s; ionization duration, 5ms; cell temperature, 25°C. In 
order to examine the effect of ionization energy, the reactions with biphenylene were carried 
out at lOeV and 70eV as well. It is important to note that the electron energy has a broad 
energy distribution typical of heated filament sources. During electron impact ionization, ions 
were allowed to transfer between the two cells so that mlz 206+ from the reactant could be 
isolated from its neutral precursor and allowed to react exclusively with the charge transfer 
reagent. However, the orifice between the two cells which allows ion transfer also permits the 
flow of some reactant neutral into the reagent cell and vice versa. This flow resulted in a 
reactant concentration that was -1% of the reagent concentration in the reagent cell. This had 
a significant effect in some reactions as discussed later. As a precaution, ions not of interest, 
particularly those below mlz 178+, were ejected from the cell by double resonance prior to 
reaction. 


Ion intensities were monitored as a function of reaction time. Intensities at each time were 
normalized to the total ion intensity at that time. The intensity curves were fitted to 
exponential decay functions to evaluate the relative amounts of the isomeric ions. A single 
exponential decay was sufficient to fit the mlz 206+ intensity decay for the reaction with 
ferrocene (Figure 1). Most other reactions were adequately described by a dual decay and an 
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Figure 1 .  Intensity vs. time plot for m/z 206+ generated by electron impact ionization of 1- 
(dipheny1mcthylene)cyclopropane during ion/molecule reaction with ferrocene. 0 206 ' 0 ferrocene * 
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unreactive portion. A third exponential decay was necessary to account for the results 
observed with azulene, suggesting that three different species of rnlz 206+ react with the 
reagent at different rates. In some cases a back reaction was observed; accordingly the data 
were fitted with an additional component reflecting that rise. Overall, the observed decay 
curves were fitted to an equation of the form 


dlldt =AePB'+ Ce-D'+Ee-F'+ G( 1 - e-Hf) + J (1) 


using a least squares fitting procedure in the ASYSTANTTM software package on an AT&T 
PC 6310 personal computer. A second or third exponential decay to fit the data was added 
only when the curve fitted badly with the simpler equation. The 'back reaction', when present, 
was fitted by the fourth term in equation (1). The fifth term was used when an unreactive 
fraction was present. 


MATERIALS 


2,2-Diphenyl-l-methylenecyclopropane was prepared by debromotosylation of 2,2-diphenyl- 
1 -bromocyclopropane-1-hydroxymethyltosylate. ' The isomeric substrate, 1-(diphenylmethy1ene)- 
cyclopropane was prepared by reaction of cyclopropyldiphenylphosphonium bromide with 
benzophenone.'' These products were purified by high performance liquid chromatography 
using a 1/4" x25 cm column with Waters-Millipore-y-Porasil as solid support and 2,2,4- 
trimethylpentane as eluent. The resulting purity of both compounds was found to be >99% by 
capillary gas chromatographyhass spectrometry. The charge transfer reagents employed were 
high grade commercial materials. They were used without further purification. 


RESULTS 


The molecular ions (mlz 206+) from the reactants 2,2-diphenyl-l-methylenecyclopropane, 
mym-MCP, or 1-(diphenylmethylene)cyclopropane, sym-MCP, were reacted with a series of 
reagent molecules having ionization potentials ranging from 6.9 to 8.82eV. The extent of 
charge transfer reaction of m/z 206+ with each reagent was monitored as a function of time, 
and the decay behavior was analyzed in terms of multiple-exponential decays and a 
nondecaying fraction as discussed in the Experimental Section. The pre-exponential factors 
and the constant were used to obtain the relative amount of each structural isomer for every 
reaction. Several different types of behavior was observed. With reagents of high IP either no 
or miniscule conversion was evident. For example, the reaction of rnlz 206+ (generated from 
mym-MCP) with p-xylene (IP = 8.37eV) leads to a rapid conversion of less than one tenth of 
the ions, with the remainder unreactive. 


With a reagent of intermediate IP, substantial but less than complete conversion is observed 
leading to formation of the reagent ion and neutral reactant. This case is illustrated in Figure 2 
for the reaction of mlz 206+ (from sym-MCP) with biphenylene (IP = 7-56eV). 
Approximately one half of the initial population of mlz 206+ reacts by charge transfer 
generating the biphenylene molecular ion (mlz 152+). The decay of mlz 206+ and the rise of 
m/z 152+ can be described by a dual exponential function (vide infru). This type of behavior is 
typical for many of the reactions studied, but the extent of conversion depends upon the 
reagent. 
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Figure 2. intensity vs. time plot f o r  miz 206' and a fragment ion, miz 128 ' , (M-C,H,) ' . gencratcd by electron 
impact ionization of I-(diphcnylmcthy1cne)cyclopropanc during ionimolcculc reaction with hiphcnylcnc (formula 


weight 152). 0 206' 0 152' + 128' 
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Figure 3. Intensity vs. time plot for mlz 206+ generated by electron impact ionization of I -  
(diphenylmethy1ene)cyclopropane during ion/moleculc rcaction with anthracene. The observed decay is simulatcd by 


single (--) and dual(-) exponential decay functions 


For example, Figure 3 shows the experimental decay due to the reaction of m/z 206+ from 
sym-MCP with anthracene. These data are presented together with the calculated fits using 
single and dual exponential decays. (The error bars are the size of the symbols.) Clearly, a 
dual decay function is necessary for a satisfactory fit. For reagents with IPS in the range 7-85 to 
8.50eV, a complicating back reaction was observed. This behavior is illustrated in Figure 4 for 
the reaction of m/z 206+ from sym-MCP with naphthalene. It is ascribed to the non-ideal 
separation of the substrate and reagent neutral molecules (vide infra). 
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Figure 4. Intensity vs. time plot for m/z 206' (0) gcncrated by electron impact ionization of 1-  
(diphenylmethylene)cyelopropane during ionimoleculc rcaction with naphthalene (0 C,,,H: 


The results of the ionlmolecule reactions are summarized in Tables 1 and 2. The fraction of 
ions of mlz 206+ which failed to react with a given reagent is designated as 'unreactive'; the 
fraction of reactive ions is divided into 'moderately reactive' and 'very reactive' according to 
their relative rates. The indication of a back reaction reflects regeneration of mlz 206+ as 
noted above for naphthalene. 


The effect of electron impact ionization energy was evaluated for the reaction with 
biphenylene. The kinetic evaluation of the different species was carried out at 10, 15, and 
70eV. The results are presented in Table 3. 


Table 1. Reaction of 1-(diphenylmethy1ene)cyclopropane molecular ion 
with selected electron donor reagents 


Moderately Very Back 
Reagent IP Unreactive Reactive Reactive Rxna 


[eVI [%I [%l ["r,l 


Ferrocene 6-90h 0 
Azulene 7.4lC 1 Id 


Biphen ylene 7.56' 46 
Acenaphthene 7.73' 66 


Anthracene 7-47' 25 


Hexamethylbenzene 7.85' 68 
Naphthalene %loc 67 
p-Xylene 8-37' 87 


Toluene 8.82b 96 
m-Xylene 8.50' 80 


100 
54 
45 
32 
19 
21 
14 
5 
0" 
0' 


O N  
34 N 
30 N 
22 N 
15 N 
1 1  Y 
19 Y 
8 Y  


20 Yf 
4 Y' 


"Charge transfer of the reagent cation to diphenylmethylenecyclopropanc to form the 
open cation. 
bH. M. Rosenstock, K. Drakl, B. W. Steiner and J. T. Herron, J .  fhys .  Chem. Ref, 


'R. D. Levin and S. G. Lias, Nat'l. Stand. Ref. Data Ser., Nat'l. Bur. S1und. (U.S . ) ,  71 


dAmount of slowly reacting species. There was no unrcactive species. 
'Cannot be differentiated from the unreactive fraction. 
'This is normal charge transfer reaction. 


Data, Suppl. I .  6. (1977). 


(1982). 
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Table 2. Reaction of 2,2-diphenyl-l-methylenecyclopropane molecular ion 
with selected electron donor reagents 


Reagent IP 
[evl 


Moderately 
Unreactive Reactive 


[%l [%1 
Very Back 


Reactive Rxn” 
[%I 


Azulene 
Biphenylene 
Acenaphthylene 
Hexamethylbenzene 
Naphthalene 
p-Xylene 
rn-Xylene 


7 d  78 
41 26 
52 5 
49 10 
75 3 
86 4 
92 oc 


15 N 
33 N 
43 N 
41 Y 
22 Y 
10 Y 
8 Y‘ 


“Charge transfer of the rcagent cation to methylcnediphcnylcyclopropane to form the 


hR. D. Levin and S. G. Lias, Nat’l. Stand. Ref. Data Sur., Nat’l. Bur. Stand. (U.S.) ,  71 


‘H. M. Rosenstock, K .  Drakl, B. W. Steiner and J. T. Herron, J .  Phys. Chem. Ref. 


dArnount of slowly reacting species. There was no unreactive species. 
eCannot be differentiated from the unreactive fraction. 
‘This is a normal charge transfer reaction, observed upon ionization of m-xylene and 


open cation. 


(1982). 


Data, Suppl. I, 6 (1977). 


interaction with methylenediphenylcyclopropane as electron transfer reagent. 


Table 3. Effect of electron impact ionization energy on distribution of isomers 


Reactant Electron Moderately Very 
Energy Unreactive Reactive Reactive 


kV1 [%I [%’.I [%I 
Diphenylmethylenecyclopropane, 4 10 52 21 27 


15 46 32 22 
70 31 42 27 


Methylenediphenylcyclopropane, 3 10 59 27 14 
15 41 26 33 
70 15 11 74 


For comparison with previous work on diolefin dimers, particularly dicyclopentadiene and 
derivatives, the ions of m/z 206+ from sym-MCP were reacted with their precursor. The 
abundances of very reactive, moderately reactive, and unreactive ions (13%, 23%, and 65%, 
respectively) fall into the general range observed with reagents of high IP. 


DISCUSSION 


The charge transfer reactions between the ions generated from meth ylenecyclopropane 
derivatives and several appropriate electron donors show several unusual features in addition 
to the existence of different isomeric ions. We will discuss the nature of the ions formed, their 
recombination energies, the factors affecting their populations, and the nature of an unusual 
back reaction. 







124 C.-J. PINEDA ET A L .  


Structural assignments 


Based upon the CIDNP results obtained in solution, two structure types must be considered 
for the ions of mlz 206+: the molecular (vertical) ions and a ring-opened, nonvertical ion 
(TMM+), 1. The latter species is distinguished from either vertical ion by diffcrent electron 
recombination energies (corresponding to different ionization potentials of the respective 
neutrals). For asym-MCP, an ionization potential similar to that of 1 ,I-diphenylcyclopropane, 
(IP = 8.50eV), is e ~ p e c t e d , ' ~  whereas the IP of sym-MCP should be similar to that of 
1,l-diphenylethylene (IP = 8.00eV).'X In contrast, the diradical neutral derived from 3 is 
expected to have a substantially lower IP, possibly similar to the value for phenylmethyl 
radical (IP = 7.20eV).19 


Charge transfer ionholecule reactions have been used to determine the ionization potential 
of molecules;2s22 their application to differentiate isomers should be straightforward. 
However, the systems discussed here gave peculiar results with several reagents. For example, 
in the charge transfer reaction of mlz 206+ (generated from sym-MCP) with naphthalene, N, 
the intensity of m/z 206+ decreased initially, but then increased again. N+ showed 
complementary behavior (Figure 4). The initial decay is assigned to the formation of N+ by 
charge transfer from mlz 206+ (cf. reaction 2). The subsequent partial recovery of intensity 
arises from the apparent back reaction, i.e. N+ reforms mlz 206+ (reaction 3). 


206++N + N++206 


N++206 + 206++N 


This unusual observation is ascribed to the presence of a small fraction (-1%) of (neutral) 
substrate molecules (asym-MCP or sym-MCP) in the trapped ion cell with the reagent. The 
observed rate of the back reaction (3) is considerably lower than the rate of the initial charge 
transfer reaction (2), in keeping with the lower concentration of the substrate. In principle, a 
back reaction should decrease the efficiency of conversion resulting ultimately in a constant 
intensity of the ions, thereby enabling an equilibrium measurement. However, the system 
discussed here is complicated by the fact that the back reaction results in the formation of 
TMM+, 1, resulting from an isomerization of the closed structure. (This observation will be 
discussed in more detail later). As a result, normal equilibrium measurements to obtain 
ionization potentials are not applicable in this system. Instead, reagents with a range of 
ionization potentials were selected in an attempt to bracket the ionization potentials of the mlz 
206+ isomers. Furthermore, the back reaction ruled out normal bracketing methods. Instead, 
the variation of the intensity of rnlz 206+ with time was fitted to a multiple exponential decay 
function as described in the Experimental Section. The structural isomers were then assigned 
on the basis of their reactivities. 


The decay behavior of the ions of mlz 206+ in the reaction with biphenylene (Figure 2) and 
anthracene (Figure 3) is noticeably different. Nevertheless, both can be described by the same 
type of decay functions. Attempts to fit the decay of rnlz 206+ from sym-MCP to a single 
exponential decay function and an unreactive portion resulted in a far from satisfactory fit (cf. 
Figure 3); only a dual exponential decay function and an unreactive portion provided an 
acceptable fit to the data. 


The unreactive fraction was assigned to the species of lowest recombination energy, TMM+, 
1, but two additional decay components remained. This was true as well for the alternative 
substrate, asym-MCP. In either case, the species decaying with a moderate reaction rate 
becomes unreactive with m-xylene (cf. Tables 1, 2). This behavior is commensurate with the 
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estimated recombination energy of the closed structures (2 or 5); accordingly, the moderately 
reactive ions are assigned as vertical ions in which the cyclopropane ring remains unaffected. 


The recombination energies of the moderately reactive ions are also consistent with 
rearranged ions having dihydronaphthalene or indene structures. Both 7 and 8 are, in essence, 
diphenylethene ions with estimated recombination energies similar to 2. Nevertheless, these 
structures were eliminated as candidates. Their involvement would require a 100% efficiency 
of ring cleavage, which is without precedent in either cyclopropane".'2 or 
dicyclopentadiene .23 


The third and most reactive component undergoes charge transfer even with toluene 
(IP=8-82eV). Its reaction rate exceeds the Langevin (collision) rate by roughly an order of 
magnitude. At higher ionization energies (70eV) the very reactive ion is dramatically 
increased in abundance when generated from asym-MCP and probed with biphenylene. On 
the other hand, the abundance of this ion is essentially independent of ionization energy when 
generated from sym-MCP. The pronounced difference in their response to ionization at low and 
high energies sets apart asym-MCP and sym-MCP most clearly. The presence of the very 
reactive fraction constitutes a major problem for the interpretation of these data. This 
behavior cannot be ascribed simply to ion loss from the cell; this very reactive component is 
the only one which reacts with toluene and m-xylene with the simultaneous formation of the 
corresponding molecular ions. Internal vibrational energy should have only a slight effect on 
the rate of charge transfer;24 but not the nearly order of magnitude effect observed here. The 
explanation is difficult; there have not been extensive studies on charge-transfer reactions 
involving reaction partners of this size. We tentatively suggest two explanations for the very 
reactive species. A closed structure in a comparatively long-lived electronically excited state, 
possibly a quartet state, may explain the apparent high recombination energy. An alternative 
explanation involves a ring-opened ion (6) which lacks allylic or benzylic stabilization. Such an 
ion occupies a larger volume than the other reactant ions, possibly resulting in a larger reaction 
cross section. This species may be expected to become more prominent at higher ionization 
energies, as is observed for at least one of the reagents (cf. Table 3). 


Recombination energies 


The least reactive species, the bifunctional ion of structure 1, reacts rapidly with ferrocene but 
is unreactive toward anthracene. Its reaction with azulene is very slow, with an efficiency of 
0-03-0.07. This suggests that the driving force may be, in part, the nonequilibrium reaction 
due to a lack of the neutral reaction partner (corresponding to uncharged 1) for the reverse 
reaction. Thus, the recombination energy of species 1 is assigned as approximately equal to the 
IP of azulene, 7.4 k 0.05eV. This value lies slightly above that of our estimate (7.2eV) but 
clearly below the values estimated for the vertical ionization potentials or the recombination 
energies of the rearranged ions, 7 and 8. 
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The moderately reactive species are assumed to be the molecular ions. For both asyrn-MCP 
and sym-MCP, the 1P must lie between those of p-xylene and rn-xylene, 8.45 -C 045eV. This 
value is comparable to our estimated ionization potentials of 8.5eV and 8.0eV, respectively. 
The most reactive species has a recombination energy that appears to lie higher than the 
ionization potential of toluene, 8-82eV. 


Isomerization 


The observed fraction of TMM+, I ,  increases with increasing ionization potential of the 
reagent, coincident with a decrease in the amount of MCP+ (MCP+ will be used as a generic 
term for both the closed sym-MCP+ and closed asyrn-MCP+). Since the initial population 
prior to reaction must be independent of reagent, the isomerization of MCP+ to TMM+ must 
be catalyzed by the reagent. This is supported by the 'back reaction' which involves catalysis of 
the isomerization of MCP to TMM by the reagent cation. Catalytic isomerization in the gas 
phase is not without precedent. For example, the reaction of HOC+ with D2 led to the 
formation of DCO+.2s 


D-D , \  ,D. H-D 


D H '  D 
'\ + / o=c o=c o=c / 


/' - - H 
\ 
+ + 


For the methylenecyclopropane derivatives discussed here, the reaction of the closed 
molecular ion, MCP+, can follow two pathways, charge-transfer (4a) to form the reagent 
cation or isomerization (4b) to form the nonvertical ion, TMM+: 


MCP+ + reagent -+ reagent' + MCP (4a 1 
+TMM+ +reagent (4b) 


The occurrence of the charge-transfer reaction depends on the ionization potentials of the two 
reactants but the formation of TMM+ is governed by a more complicated reaction surface. 
This is illustrated in Figures 5 and 6 for the reactions of four reagents with MCP+. The relative 
energies for the reactants and most products, both neutral and ionic, are well known or have 
been determined in this study. The energies of the ion/molecule complexes and the energy of 
TMM+are not known. Suggested values are indicated by dashed lines as a guide to the 
expected general behavior. The relative heights of the isomerization barrier and the final 
products, TMM+ and reagent, cannot be determined from this study. The following discussion 
assumes that the isomerization barrier lies at higher energy and thereby is the rate-limiting 
step in the reaction. If it were to lie at lower energy, there would be an unreasonably small 
destabilization on going from the associated MCP+ to the transition state for isomerization. In 
addition, if the isomerization barrier were lower, then TMM+ would react with azulene to 
produce A+. This reaction is not observed. 


A comparison between the reactions of MCP+ with the reagent naphthalene (N) and 
azulene (A) illustrates substantially different behavior (Figure 5). For the reaction with N, 
formation of TMM+ was observed from both MCP+ and N'. This observation requires that 
the energy of the products and the isomerization barrier lie below the energies of both sets of 
reactants. In contrast, for the reaction with azulene, the energy of the A+ and MCP lies 
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Figure 5.  Schematic represcntation of the net isorncrization o f  vertical rnethylcnecyciopropane ion (MCP ' ) in the 
presence of naphthalene (N) and azuiene (A) 


-0.03eV below the energy of the isomerization barrier (vide infra). This fact coupled with the 
entropy constraints for isomerization favors the charge-transfer reaction (4a) relative to the 
isomerization process (4b). Thus the reaction with A is adequate to evaluate the true initial 
population of TMM'. 


The back reaction, i.e. the apparent regeneration of mlz 206+ from the reagent cation, 
occurs for reagent molecules with IP > 7-8eV; this reaction can be explained only if it results in 
the formation of TMM+. The energyheaction coordinate plots for reaction of MCP+ with 
acenaphthene (B) and hexamethylbenzene (H) are compared in Figure 6. Based on  the 
observed lack of a back reaction for B+,  the isomerization barrier must lie higher in energy 
than the pair MCP and Bf (>7973eV above nonassociated MCP and B). Likewise, since H+ 
does exhibit the back reaction, the isornerization barrier must lie <7.85eV above the energy of 
nonassociated MCP and H. Thus, the barrier for isomerization of TMM+ to MCP+ lies 7.8 _+ 


OaleV above nonassociated MCP and reagent. 
This barrier appears to lie below the energy of MCPf (cf. Figures 5 and 6); thus 


spontaneous isomerization to TMM+ might be expected. However, the isomerization barrier 
represents the transition state for isomerization of an ion associated with a reagent molecule. 
The association energy lowers the barrier to a value below the energy of nonassociated MCP+. 
Thus the energy for isomerization is supplied by the association energy plus the energy from 
charge transfer to the reagent. Without that extra energy, MCP' is quite stabe as evidenced by 
its large fraction of the 206+ population (Tables 1 and 2). The associated MCPt, which lies at 
the minimum between the reactants and the isomerization barrier, is more accurately 
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Figure 6. Reaction coordinates for the interactions of MCP+ with hexamethylbcnzenc (H, left) and acenaphthenc (B, 
right). Since the energy of the pair, H+ plus MCP, lies appreciably a b v e  the pair, H plus TMM', clcctron transfcr 
and ring opening can occur in the association complcx. Conversely. as Bt plus MCP is nearly isoencrgetic with B plus 


TMM+ the association energy is not sufficcnt to overcome the barrier for this process 
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The energy of TMM+ cannot be determined directly from these experiments. Its value is 
limited by the following considerations. The energy of neutral TMM must lie higher than the 
energy of either sym- or usym-MCP. The energy of TMMf plus the reagent is assumed to lie 
below that of the isomerization barrier. Given these constraints, the energy of TMM must be 
higher than the MCPs by 0.17 f 0.17eV and the energy of TMM+ must be higher than the 
MCPs by 7-79 k 0.17eV. The relative energies of these isomers are illustrated in Figure 7. 


Isomer populations 


The true initial populations of TMM+ are determined for the reaction with azulene (vide 
supra). These values are 7% and 11% for asym-MCP and sym-MCP, respectively. Obviously, 
there is little difference in the extent to which these two molecules undergo ring-opening upon 
electron impact in the gas phase. In marked contrast one-electron oxidation in solution results 
in ready ring-opening of usyrn-MCP whereas sym-MCP remains closed.' This difference 
between gas phase and solution may be due to the higher efficiency with which excess energy is 
dissipated in solution and may be further accentuated by different solvation energies for 
different structure types. The fractions of closed (moderately reactive) and 'hot' (very 
reactive) species were also determined for the reaction with azulene. For sym-MCP, the 
abundances are 54% and 34%, respectively, whereas for usym-MCP, the abundances are 78% 
and 15% respectively. 


Comparison to related systems 


The driving force for the ring opening of the cyclopropane systems lies in their strain energy 
and in the presence of an allylic cyclopropane bond. The formation of an allylic radical and a 
doubly benzylic cation along with the release of strain energy more than offsets the energy 
required to sever the bond. However, ring opening is not limited to cyclopropane systems 
giving rise to  stabilized radical cations. The cyclopropane cation itself has been found to 
undergo ring opening in the gas phase."-" The observed reactions are consistent with the 
presence of cyclopropane molecular ion and of a ring-opened isomer, trimethylene radical 
cation. Our results parallel that finding: two isomers are present which represent the 
ring-closed and ring-opened ions of the cyclopropane derivatives. The ring-opening of 
cyclopropane ions, like the ions in this study, was observed to vary with ionization energy. The 
ion population in the cyclopropane study was probed by ion/molecule reactions to determine 
the fractions of each isomer. However, based upon the results of our present study, this type of 
probe can affect the ion populations through isomerization to the more stable form. Thus the 
abundances may be distorted when an ion/molecule reaction is utilized to either generate an 
ion, e.g. by charge transfer, l 4  or probe its structure, e.g. by proton transfer."-Is This caveat is 
applicable for all systems with low barriers to isomerization. In any of these systems, the 
rearranged or ring-opened isomer may be formed by two different processes, and its fraction, 
therefore, will be larger than that caused by the initial ionization process alone. 


of the ions derived from 
[4+2]dicyclopentadiene and derivatives. In that study the isomer populations were probed by 
reacting the ions with their precursors. In the light of the current study we note that the 
abundance of the ring-opened singly linked ions was probably overestimated. A similar 
reaction between sym-MCP and its 'molecular' ion indicated the presence of 65% ring-opened 


A similar situation was encountered in our previous 
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isomer (TMM+), a value considerably higher than the 11% derived from the corresponding 
reaction with azulene as an electron transfer reagent. 


SUMMARY 


Ions of m/z 206+ derived from electron impact on sym- and asyrn-MCP were reacted with 
reagents having ionization potentials from 6.9 to 843eV. A fraction of the ions are unreactive 
except with two reagents having the lowest ionization potential. These ions are assigned a 
trimethylenemethane structure, 1, with an IP equal to 7.41 k 0.05eV. A second fraction of 
ions are reactive with all but two reagents having the highest IP. These ions are assigned the 
structure of the corresponding molecular ion with an IF equal to 8.44 f 0-05eV. A third 
fraction of ions are reactive with all the reagents used in this study. The identity of this ion is 
uncertain but is ascribed to a long-lived electronically excited species. The observed 
abundance of each structure varies systematically with the IP of the reagent. Isornerization 
within the ion/molecule complex is postulated to explain the abundance variation. The 'true' 
abundances are assigned based upon reaction with the lowest IP reagent, azulene, which 
discriminates among the three species. The abundances for the first, second, and third 
fractions are: 11%, 54%, and 34%, respectively, for sym-MCP and 7%, 78%, and 15%, 
respectively, for mym-MCP. 
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ABSTRACT 


Benzyl cations, free of counter ions, have been generated from the nuclear decay of tritium atoms 
contained exclusively in the side-chain of multi-labelled toluene and allowed to react in competition 
experiments with benzene and toluene. The aromatic substitution was studied in both the gaseous and 
liquid phase, employing pure aromatics or aromatics dissolved in n-hexane, carbon tetrachloride and 
nitromethane as the reaction medium. In the gaseous systems, at 20 Torr total pressure, high mefa 
substitution of toluene indicates extensive isomerization of the excited intermediates, while the increase 
of the k ~ / k ~  value in the presence of NH3 suggests that selective transalkylation competes with proton 
transfer to ammonia from the benzyl cation adducts with benzene, but not with toluene. High positional 
and low substrate selectivities were measured in solution, the decrease in kT/ka (from 2 .8  
to 1.7) in the different solvents being accompanied by an increase in the 0 / 2 p  ratio. Competition 
experiments between benzene and methanol indicate that the reaction is not diffusion controlled. The 
influence of the reaction medium on the substrate selectivity is explained by postulating the formation of 
a cation-solvent adduct, where the solvent molecule undergoes displacement by the substrate. Positional 
selectivity would be controlled in a subsequent step. 


INTRODUCTION 


Friedel-Crafts benzylation has been the subject of much work of a synthetic and mechanistic 
nature. The kinetic results obtained in recent years appeared crucial to the debate regarding 
the mechanism of electrophilic aromatic substitution. 2-  ’ The reaction does not generally fit 
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Brown’s relationship, t displaying a low reactivity ratio ( k ~ / k e )  in both competitive and non- 
competitive experiments, * which contrasts with the high positional selectivity deduced from the 
isomeric composition of products from toluene. Further, the substrate but not the positional 
selectivity appears to be very sensitive to the experimental conditions, e.g. the nature of the 
benzylating reagent, the catalyst and the purity of the solvent. 3v6,7 


To explain these and other results, Olah4 postulated a variable transition-state mechanism 
for electrophilic aromatic substitution, where the substrate selectivity of strong electrophiles, 
such as the benzyl cation, is determined by an early transition state leading to the formation 
of an oriented r-complex, which in turn evolves into isomeric Wheland intermediates, 
substituted at ortho, meta and para positions. 


DeHaan et al. “ noted that the formation of benzylating electrophiles by Friedel-Crafts 
catalysts is rate determining, except for p-nitrobenzylation, the attack on the aromatics of the 
reacting species, i.e. benzyl cations or possibly a cation-catalyst anion pair, taking place in a 
fast step. Therefore, following Jencks’ approach, they suggested as an alternative explanation 
for the low substrate selectivity the possibility that this reaction step occurs at or near to the 
diffusion-rate limit. This would not conflict with the observed high positional selectivity, 
according to  an argument given by Rys. 


Since a clear characterization of the attacking electrophile is undoubtedly necessary for the 
understanding of the reaction mechanism, we decided to investigate the benzylation of 
aromatics by originally free benzyl cations, produced by the nuclear decay of tritium atoms 
contained in the methyl group of specially prepared multi-labelled toluene. 


The technique, developed many years ago in our laboratories” and already applied to the 
electrophilic tritiation and methylation of aromatics, 1 2 , 1 3  allows one to generate within any 
homogeneous system of interest randomly distributed carbenium ions of well defined structure 
and initial charge location, lacking a counter ion, their positive charge being balanced by a far 
removed electron. The nuclear process responsible for their formation is independent of the 
medium employed, and the presence of residual radioactive label5 makes it easy to follow their 
reactions through the analysis of the neutral end products. These unique features make the 
experimental approach eminently suited to  the study of competitive reactions, in the absence 
of complicating and undesirable effects such as phase separations and changes in the kinetic 
law of formation of the reagent caused by the moisture inevitably present in the system, or 
mixing problems which often affect Lewis acid catalysed alkylations. 


This present paper describes the results obtained in study of the competitive reaction of 
nucleogenic benzyl cations with benzene and toluene under widely different conditions, 
including experiments in the gas phase, in excess liquid aromatics and in n-hexane, carbon 
tetrachloride and nitromethane solutions of the aromatic substrates. 


EXPERIMENTAL 


All the reagents and solvents employed for the preparation of the decay systems, the inactive 
carriers or the standards for gas-liquid chromatographic (GLC) or high-performance liquid 
chromatographic (HPLC) analyses were commercially available samples, unless stated 
otherwise. 


Authentic samples of the isomeric benzyltoluenes were prepared according to  established 
procedures3a from the reaction of the corresponding xylyl chlorides with benzene in the 


t An exception is provided, for example, in Reference 7 by the TiCI4-catalysed reaction of benzyl chloride in excess 
aromatics. 
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presence of AlC13-CH3N02, and purified by preparative GLC on the same columns as used 
for the analysis of products. 


Labelled toluene, containing at least two tritium atoms exclusively in the side-chain, was 
prepared, diluted with inactive toluene to a specific activity of 25.4 Cimol-', purified and 
isotopically checked by the method of Cacace et a1.14 


The gaseous samples were prepared by introducing tracer amounts of radioactive C6HsCX3 
(0.6 mCi) and appropriate amounts of the substrates, contained in fragile glass ampoules, into 
carefully outgassed and evacuated 500-ml Pyrex bulbi. After addition of the gaseous 
components (oxygen, employed as a radical scavenger, and ammonia, when required) by 
conventional techniques in a greaseless vacuum line, the bulbs were cooled at - 196°C and 
sealed off. The ampoules were then broken and the components allowed to mix at room 
temperature. 


The liquid samples, prepared by dissolving tracer amounts of the labelled precursor 
(0.6 mCi) in 2 ml of the substrate solution, were introduced into Pyrex vials equipped with a 
capillary neck sealed by a mobile mercury plug, which ensures complete filling of the volume 
by the liquid phase. 


All the samples were stored in the dark at 25 "C. After the decay time (12 months), the vessels 
were cooled, opened, carefully washed with methanol in the case of gas-phase systems, known 
aliquots of inactive carriers were added and the contents analysed by radio-GLC and HPLC, 
after thorough mixing. 


A Carlo-Erba Model C gas chromatograph equipped with a hot-wire detector and connected 
to  a Berthold 80-ml internal flow proportional counter, heated at 160 "C, was employed for the 
analyses. Helium was used as the carrier gas at a flow-rate of 24 mlmin-' for the following 
columns: (i) 5-m SP-1200 (5%)-Bentone 34 (1 -75%) on Supelcoport (80-100 mesh), operated 
at  160°C; (ii) 4-m SP-1000 (10%) on Supelcoport (100-120 mesh), operated at 200°C. A 
helium-methane (1 : 3) gas mixture (25 mlmin-') was added to  the effluents to obtain an 
appropriate blend for proportional counting. 


HPLC analyses were carried out on a Perkin-Elmer Series-3B chromatograph equipped with 
a 15-cm Rofil C-18 (5 pm) column from Alltech, eluted with water-methanol (40 : 60) at a flow- 
rate of 1 mlmin-', and connected to a UV detector set at 300 nm, in series with a Berthold LB 
503 HS flow liquid scintillation counter. 


The identity of the tritiated products was established by comparison of their retention 
volumes with those of authentic samples, and their yields were determined by comparison of 
the measured activities with the area of the corresponding inactive carrier elution peaks. 


RESULTS 


The results of competitive experiments, carried out with equimolar amounts of benzene and 
toluene, are reported in Table 1. Each substrate was introduced at a 10 Torr partial pressure 
in the gaseous systems together with 0 2  and NH3, when necessary, or at a 0 - 3  M concentration 
in the solvents employed. Competitions in a mixture of the pure liquid aromatics and between 
benzene and methanol in n-hexane were also carried out, with the aim of estimating the order 
of magnitude of the absolute rate constants of the reaction of benzyl cations with the 
substrates. In fact, the absolute rate constant of the reaction with methanol has been measured 
in pulse radiolysis experiments. l 5  


The total radiochemical yields of products are expressed as the ratio of their activity to that 
of the labelled benzyl cations produced during the storage period, calculated from the initial 
activity of C6HsCX3, the half-life of tritium, and decay time and the average number of tritium 
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Table 1 .  Competitive reaction of decay-produced benzyl cation with benzene and toluene 


Yield of 
System composition product ('70) 


Isomeric composition 
benzyltoluene (To) 


Apparent relative 
Substrates Total PhCHzX reactivitya 0- m- P- 


Gas 


Gas 


Liquid 
n-C6H 14 


CCL 


CH3NOz 


a Calculated with respect to benzene by assuming first-order dependence on the substrates concentration; s.d. = 10% 
(see text). 


Corrected to account for methanol dirner formation. 


atoms per molecule, measured from the yield of diphenylmethanes in independent experiments 
involving the decay of CsHsCH3 in a large excess of liquid benzene-&. l 4  


Significantly, the expected diphenylmethane and isomeric benzyltoluenes are the major 
aromatic neutral end-products from all experiments; in the pure aromatics and in n-hexane 
solution minor yields of benzyl alcohol were also recovered, possibly owing to reaction of the 
benzyl cations with residual moisture present in the system or on the walls. Higher yields of 
the alcohol in nitromethane and the isolation of benzyl chloride in tetrachloromethane are 
indicative of possible reactions of initially excited ions with the solvent. 


The reported kr /ks  ratios were calculated by assuming a first-order dependence of the rates 
of the substrate concentration. All the analyses were carried out at least in triplicate, and the 
results are affected by a standard deviation of < 10%. 


DISCUSSION 


Formation of the reagent 


As a consequence of the p- decay, a tritium atom changes into 3He and a positive charge is 
generated into the precursor molecule within a time s) that is very short on the 
chemical reactivity scale, and therefore the process is largely independent of the medium 
employed. The C-He bond undergoes rapid fission, owing to the repulsive nature of its 
potential energy curve, and, in the case of benzyl tritide, a free benzyl cation is produced in 
the system: 


C6H5CX3 + [ C7H5Xz3He] + + 3He + C6HsCX2+ 


The results of both charge mass spectrometry and theoretical treatments show that daughter 
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ions in their ground electronic state are generated from ca 80% of the decay events, the 
remaining 20% being formed in highly excited states prone to extensive fragmentation into 
reactive species whose possible products do not interfere with those of interest to this work. 


As a conclusion, benzyl cations of well characterized structure are formed from multi- 
labelled toluene, in the absence of counter ions and with a random spatial distribution within 
the system. Since the activity levels employed are extremely low, any self-radiolytic effect can 
safely be neglected, and the presence of a second tritium atom in the cation allows the detection 
of very small traces of products by sensitive radiochemical methods. 


The reagent is formed by a rapid process with a geometry reminiscent of that of the parent 
molecule; this means that the benzyl cation originally has a pyramidal structure whose upper 
excitation energy limit with respect to the most stable planar structure can be estimated as ca 
30 kcal mol-', in comparison with the corrcspondingly deformed methyl cation. l 9  This is not 
a problem in solution, where the high collision rate with the medium allows efficient relaxation 
of the reagent; it should be considered, instead, in the low-pressure gas-phase experiments, 
where only intramolecular relaxation can occur prior to interaction with the substrate. 


Nevertheless, previous experiments in gaseous methanol 2o at high pressure showed that the 
decay produced benzyl cations do not undergo isomerization reactions during the time 
(10-9-10-7 s) required for their trapping, and therefore retain their original structure, even in 
the gas phase. 


Gas-phase benzylation 


The stability and reactivity of the benzyl cation with respect to its isomers has been extensively 
studied by mass spectrometric methods in the low-pressure range, from Torr in ICR 
experiments*' to a few Torr in 'high-pressure' MS.22323 Addition to toluene [equation (2)1 
gives ions I of m/z = 183 which, depending on the pressure and temperature, may dissociate 
back to the reagents or to an ion of m / z  = 105 [equation (3)], corresponding to  the xylyl cation. 
This is the product detected under ICR conditions, where the adduct ions cannot be observed 
even at room temperature, owing to exceedingly inefficient collisional stabilization. 


C6HsCH2' + C6H5CH7 4 C ~ H ~ C H Z C ~ H ~ C H ~ +  (2) 


I C6H6 + C H ~ C ~ H ~ C H Z +  (3) 


I 


The y-radiolysis of toluene, ethylbenzene and rn-xylene at a few Torr total pressure led to 
formation of the corresponding alkylated diphenylmethanes as the major products. 24 


The absence of radioactive xylylated products from the decay experiments show either that 
reaction (3) does not take place above 20 Torr, although the benzyl cations might originally 
possess excess vibrational energy, or, less likely, that xylyl ions are unreactive towards 
toluene. 


The addition of benzyl ions to benzene and toluene is expected to the exothermic by ca 13.4 
and 21.9 kcal mol-', respectively, based on a proton affinity value of the ring position bearing 
the benzyl substituent equal to that of an unsubstituted position (proton affinity values taken 
from Ref. 25a and AHf" of neutral species from Reference 25b). The estimated AHo for the 
reaction with NH3 is ca -34.8 kcalmol-' (AHf" of benzylamine from group additivity from 
Reference 26). 


Although the amount of benzylamine formed could not be measured reliably, owing to  
exchange and counting problems, the decrease in the total yield in the presence of ammonia 
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roughly accounts, as expected from the relative concentration of nucleophiles in the system, 
for one third of the benzyl ions produced. 


The apparent increase in substrate selectivity in the presence of NH3 indicates an appreciable 
discrimination in an exothermic gas-phase alkylation. On the other hand, the isomeric 
composition of the products from toluene shows exceedingly high yields of meta substitution, 
which decrease in favour of ortho in the presence of a base, suggesting that ortho-substituted 
arenium ions can rearrange into the meta isomers. 


Certainly, the experimental conditions employed, i.e. the relatively low pressure and the 
absence of a collision gas, do not favour efficient transfer of the excess energy originally present 
in the benzyl cations from their formation process or imparted to the intermediates by the 
exothermicity of the reaction. Therefore, fast isomerization towards a thermodynamically 
controlled distribution of products may take place, unless the gaseous Wheland intermediates 
are efficiently quenched by collisions and/or rapidly deprotonated by a base, as is the case of 
other gas-phase alkylations. 13927 Moreover, back-dissociation of the excited adducts to the 
reagents could occur in this system and also affect, in favour of toluene, the substrate 
selectivity; evidence against this possibility is provided, however, by the observed increase in 
the reactivity ratio in the presence of ammonia, which should reduce the effect by intercepting 
the benzyl cations and shift the selectivity in the opposite direction. The results rather suggest 
that selective transalkylation from the adducts of benzene, but not of toluene, to ammonia 
competes to some extent with deprotonation. 


In this view, the reported reactivity ratio should be considered simply as indicative, 
representing only an upper limit of the true substrate selectivity. Further studies on the gas- 
phase benzylation by other techniques are in progress in the laboratory to clarify the point. 


Benzylation in solution 


The situation is different in the liquid phase, where efficient relaxation of the reagent and of 
the intermediates with the medium can take place. Here high positional and relatively low 
substrate selectivity are observed, as generally noticed in traditional Friedel-Crafts 
benzylation. However, significant system-to-system variations were found in the apparent 
relative reactivity of benzene and toluene. 


In the first place, the rate of the overall alkylation process is limited, under the conditions 
employed, by the rate of formation of the benzyl cations from the decay of the labelled 
precursor, which can be calculated from the decay constant of tritium, the average number 
of tritium atoms in labelled toluene and its concentration in the system, to  be ca 
2 x moll-' s -  '. The electrophile is therefore generated at extremely low concentrations 
from a uniformly distributed precursor, subject to statistical nuclear events absolutely 
independent of the medium employed, and may select between the competing substrates. 


If any appreciable contribution by vibrationally excited benzyl cations were to be expected 
in the liquid phase, it would tend to level the substrate selectivity and its effect would be most 
evident in the neat aromatics. The observation, instead, just in this system of the highest kr/ke 
ratio suggests that the electrophile must undergo a number of unreactive collisions with the 
medium sufficient to dissipate its excess energy before reacting with a substrate molecule. 
Therefore, the present results are likely to concern the reactivity of a bona fide free benzyl 
cation in thermal equilibrium with the medium. 


Since the reported results do not fit Brown's selectivity relationship, one might expect, as 
already suggested,6c that the free benzyl cations could react with the substrate faster than they 
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can diffuse and therefore display disguised selectivity. Competition experiments between 
methanol and benzene were carried out to test this possibility. 


The benzyl cation reacts with methanol in 1,2-dichloroethane with a rate constant 
k m = 6 x  107mol-115~’  forthemonomerand K e k d = 2 x  10’ mo1-212s-1 forthedimer, where 
K, represents the equilibrium constant for dimerization, several orders of magnitude lower than 
the diffusion-controlled limiting values. 


At the CH3OH concentration employed in our experiments, i.e. 0.6 M, appreciable amounts 
of the dimer are likely to be present. From infrared spectroscopic measurements in CC14,28 
A H o  = - 9.2 kcal mol-I and A S o  = - 28 e.u. at 298 K,  leading to an estimate of Ke = 4 for the 
dimerization reaction. Assuming hydrogen-bond formation to  be not much influenced by 
differences in the solvents, both CH3OH and (CH3OH)z appear to react at nearly the same 
specific rate. 


Allowing for dimer formation in our experiments, k~,ow/kt3 = 1 -2,  leading to  an estimate of 
the absolute rate constant value for the benzylation of benzene of the order of 
5 x lo7 mol-l I SKI; this makes any correction for non-equilibrium distribution of  reactant 
concentration negligible in our systems when compared with diffusion-controlled limiting value 
of 2 x 10” mol-I 1 s - l ,  estimated by the Smoluchowski equation ( k o b s  = 4~rD’),’~ assuming 
reasonable estimates for the separation of the centres of the reacting molecules r = 5 A and the 
coefficient of mutual diffusion D‘ = 5 x lo5 cm2 s - ’ . ~ ’  


It therefore appears very likely that the reaction of benzyl cations with benzene and toluene 
is not diffusion controlled under the experimental conditions employed, as also indirectly 
suggested by the observation that the much more reactive decay-produced methyl cation does 
not dramatically deviate from the reactivity-selectivity relationship ( k ~ / k ~  = 2.3; 40.1 To o-, 
27.0% m-, 32.9% p -  in the pure aromatics at different concentration ratios).I3 


Our results show an influence of the medium on the substrate and the positional selectivity 
of the reagent; the data also indicate that a decrease in the kr / ke  ratio is also accompanied by 
an increase in the 0 /2p  ratio, in accordance with Olah el d . ’ s  suggestion of an ‘early’ transition 
state reflecting the charge distribution of the starting aromatics. 3c 


Certainly, the least solvated attacking reagent is to be sought in n-hexane, where, 
incidentally, the lowest deviation from Brown’s relationship was found (b  = log fp/& = 1.1). 
However, the high yield of meta substitution (19%) also shows that the Wheland intermediates 
survive long enough in this solvent to undergo extensive isomerization. 


As shown by spectroscopic measurements, aromatic hydrocarbons form weak complexes 
with tetrachloromethane, where the aromatic molecule represents the electron donor to the 
halogen atom.31 This helps to explain the low substrate selectivity in CC4, since the 
nucleophilic character of toluene should be comparatively depressed with respect to benzene 
by such an interaction with the solvent. On the other hand, the isomeric distribution of 
benzyltoluenes appears kinetically controlled and displays an 0/2p ratio of 0.9. 


The substrate selectivity measured in the pure benzene-toluene system is set among the 
lowest levels observed in Friedel-Crafts benzylations in excess aromatics, 3c.7 and the positional 
selectivity displays lower para substitution in favour of ortho substitution. This can be 
understood since the original electrophile in our case is the free cation and not a cation-catalyst 
anion pair. 


In nitromethane, the k ~ / k t 3  ratio is comparable to that obtained in the presence of Lewis 
and the isomeric distribution of products differs for higher ortho substitution and the 


virtual absence of meta substitution. Moreover, in the latter system, isolation of appreciable 
amounts of benzyl alcohol, which cannot be traced back to  reaction with water contained in 
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CH3N02, accounting for ca one third of the total products yield, indicates a strong interaction 
of the originally free cation with the polar solvent. 


It is therefore suggested that the relatively higher substrate selectivity in CH3N02 can be best 
understood by assuming formation of an electrophile-solvent adduct wherc the ‘solvent’ is 
displaced from by a substrate molecule. 


The low reactivity of the meta position of toluene with respect to a position of the benzene 
ring, and hence the disagreement with Brown’s relationship, together with the proposed 
substitution mechanism are consistent with a rate-limiting step determining the substrate 
selectivity. 


--t a-complexes (4) 


In this view the positional selectivity would be controlled at a later stage, involving the 
formation of the a-complexes. At this level, the absence of interaction by a counter ion and 
the enhanced role of the solvent may justify the difference observed in the isomeric distribution 
of products. 


In conclusion, these data concerning an originally free benzyl cation have shown that, apart 
from any quantitative interpretation which deserves more extensive results, the effect of the 
reaction medium on reactivity and selectivity towards aromatic substrates is enhanced in the 
absence of the strong and indiscriminate electrostatic interaction with a counter ion. 


The action of the solvent takes place at two levels: (i) it may form an adduct with the 
electrophile so that the substitution can be looked upon as a displacement of the interacting 
solvent molecule by the substrate, thus influencing the substrate selectivity, and (ii) it perturbs 
the charge density in the electrophile-substrate complex, determining the final product 
distribution. 
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THEORETICAL STUDIES OF THE SINGLET 
AND TRIPLET POTENTIAL ENERGY SURFACES 


OF CYCLOBUTANEDIYL 
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Arnold and Mabel Beckman Laboratories of Chemical Synthesi.s#, 164-30 California Institute of Technology, 


ABSTRACT 


Cyclobutanediyl (2) has been studied in both its singlet and triplet states by ilb initio electronic structure 
theory. The triplet, which is the ground state of the molecule, exists in both C 2 ,  and C2,, forms which 
interconvert via a C,, transition state. For the singlet, only a C,,, form is found. It passes, via a C, 
transition state, onto the C,,, surface on which bicyclobutane (3) is the only minimum. The ring-flipping 
(inversion) process in 3 includes the singlet biradical as an intermediate, and involves a novel, non-least 
motion path similar to  one previously proposed by Gassman. Semiclassical periodic orbit theory indicates 
that the various minima on both the singlet and triplet surfaces can interconvert via quantum mechanical 
tunneling. 


We recently reported the synthesis and characterization of a series of 1,3-~yclobutanediyls 
(1 ). ' The cyclobutanediyls constitute the first general class of directly observable, localized 
1,3-biradicals, and a variety of structures bearing both alkyl (1-Me, l-CD3, 1-Et, 1-Pr) and 
unsaturated (1-MP, 1-EV, l-Ph, l-Vin, l-Vin-d6) substituents have been characterized in their 
triplet states by electron paramagentic resonance (EPR) spectroscopy. The spectroscopic 
studies on 1 provided much information o n  the molecular and electronic structure of these 
biradicals, in that zero-field splitting parameters were quantitatively correlated to the spin 
distributions in the molecules. In addition, the EPR spectra of some structures displayed 
interpretable hyperfine coupling, which showed a single, large hyperfine coupling constant 
with the ring methylene hydrogens. 


1-CD, : R;=R,=CD, 
l-Et : R,=R,=CH$H, 
I-Pr : R. =R.,=n-C .H, 


I 


1-MP : R,=CH,,, R p P h  
I-EV . R,=CH,CH,, R,=CHCH, 
I-Ph : R. =R.,=Ph 


i d  


l-b'in : R,=R,=CHCH, 
l-Vin-d, : R,=R,=CDCD, 
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We have also studied the matrix isolation decay kinetics of 1.2 Structures with delocalizing 
substituents (1-Vin, I-EV, and I-Ph) exhibit normal (i.e. Arrhenius) behavior, while large 
deviations from such behavior are observed in the fully localized biradicals 1-Me and 1-Et. The 
latter result suggests that quantum-mechanical tunneling may be a major factor in the decay 
process of simple cyclobutanediyls. 


In conjunction with these experimental studies, we have now undertaken a detailed 
theoretical investigation of the parent cyclobutanediyl, 2 (i.e. I-H). Structures of this type 
have been the subjects of several recent theoretical studies,>' but these did not address 
several issues of special relevance to our experimental work. Ideally, of course, one would like 
to make a direct comparison between theory and experiment. However, the parent 
cyclobutanediyl 2 is the only system to date that we have been unable to observe 
spectroscopically, and one of the goals of the present work is to provide an explanation for this 
result. Theoretical studies on the substituted structures are infeasible because of their larger 
size and lower symmetry. Nevertheless, the experiments indicate that we can rationally 
explain the substituent effects as perturbations on the basic cyclobutanediyl framework, 
suggesting that a theoretical study of 2 would be valuable. 


A-0-W 
2 3 3 


Previous theoretical studies on 2 have generally been concerned with the singlet state, which 
is assumed to be an intermediate or transition state in the inversion process of bicyclobutane 
(3, equation (l)).%' In the present work, we have studied both the triplet and singlet potential 
energy surfaces of 2 in detail. In order to make meaningful comparisons between these two 
states, one must use for the singlet a two-configuration self-consistent field (TCSCF) 
wavefunction, or an equivalent generalized valence bond method (GVB (1/2))." For the triplet 
state we use the restricted Hartree-Fock (RHF) method."' We have previously shown that this 
level of theory is both necessary and sufficient for a balanced treatment of singlet and triplet 
states in molecules of this sort.x 


COMPUTATIONAL METHODS 


All calculations were performed using the Gaussian 86 program package.'' As mentioned 
above, RHF calculations were performed for triplets and GVB (1/2) for singlets. Geometry 
optimizations were performed using the 3-21G basis set.12 In  most cases these are followed by 
single-point calculations using the 6-31G* basis set. l 3  For stationary points, the geometries 
were completely optimized subject only to molecular symmetry constraints. The stationary 
points were characterized as local minima, transition states, or higher-order saddle points by 
performing frequency calculations to determine the number of imaginary frequencies (zero, 
one, or more than one, respectively). For points along a reaction pathway, one geometric 
parameter corresponding to the reaction coordinate was fixed, and all remaining coordinates 
were optimized within molecular symmetry constraints. 


THE TRIPLET POTENTIAL SURFACE 


We initially optimized triplet 2 within D2h symmetry constraints. However, the frequency 
calculation on the optimized structure (2a, Figure 1) revealed the presence of two imaginary 
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2a 
Dzh double maximum 
Energy (3-21G) 0.61 
Energy (6-31G*) 1.20 


2b 
czh minimum 
Energy (3-21G) 0.0 
Energy (631G*) 0.0 


2c 
C,, minimum 
Energy (3-21G) 0.15 
Energy (6-31G*) 0.21 


2d 
C, transition state 
Energy (3-21G) 0.31 
Energy (6-31G*) 0.58 


Figure 1. Structures and relative energies of stationary points o n  the triplct potential surface. Energies in kcal/mol 
relative to 2b (total cnergy - 153.962410 hartrccs (3-21G) or -154.827167 hartrecs (h-31G*)) 


frequencies. These correspond to the symmetric and antisymmetric out-of-plane bending 
motions (symmetries h , ,  and b3,,) of the hydrogens attached to C1 and C3 (i.e. the radical 
centers). (Our choice of coordinate system places the cyclobutane ring on  the xy-plane, with 
the CH2 groups along the x-axis.) These distortions strongly indicated the existence of local 
minima having C2,, and C2,1 symmetries, respectively. 


Optimizations within C2,, and C2,, symmetries both led to stationary points (2b and 2c, 
respectively) which were characterized as local minima (i.e. no imaginary frequencies). In  
addition, we located the transition state (C, symmetry) for the interconversion of these two 
minima (2d). The structures and relative energies of these stationary points are shown in 
Figure 1, and detailed geometrical parameters are given in Table 1 .  


Contrary to what was assumed in our previous study,' these calculations indicate that triplet 
2 is not planar. In both minima, H I  (the hydrogen attached to C,) and H3 are substantially 
removed (by an angle of about 20") from the plane of the ring. We might also point out that 
these geometries are optimized with the 3-21G basis set, which is known to generally 
underestimate the extent of pyramidali~ation. '~ This is reflected in the greater energy 
differences between planar and non-planar forms in the 6-31 G* calculations. The relative 
stabilities among the structures remain the same. 


While the hydrogens show substantial deviations from planarity, the cyclobutane ring itself 
remains essentially planar. In 2b, the ring is necessarily planar by symmetry. In 2c, the 
deviation from planarity is only about 5 ". Interestingly, the ring puckers towards the same face 
of the ring as HI and Hg. In both structures, the planes containing the CH2 groups remain 
essentially perpendicular to the ring place. This is constrained by symmetry in 2c; in 2b the 
deviation from perpendicularity is only 0-3 ". 


The transition state structure (2d) can be seen to be intermediate in structure between 2b 
and 2c (Figure 1,  Table 1 ) .  One methine hydrogen (HI) is essentially in the plane of the ring, 
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c d 


Figure 2. Contour plots of the singly occupied molecular orbitals in 2b ( a  and b)  and 2c (c  and d )  in the HICIG3H~ 
plane 


and the single imaginary frequency in this structure corresponds to the bending motion of this 
hydrogen. 


Figure 2 shows contour plots of the singly occupied molecular orbitals for both 2b and 2c in 
the place containing H1CI-C3H3. From the plots we estimate that the orbitals containing the 
radical electrons are tilted from the z-axis by about 12" in 2b and by about 10" in 212. The 
orientations of these orbitals are important in determining the value of the EPR P-hyperfine 
coupling constants (aH''). For planar radical centers, these are given by the relationis 


a t  = A + pC cos2 8 ( 2 )  
where p is the electron density at the radical center; A and C are constants with typical values 
of 0-5 and 4 0 4 5  G, respectively; and 8 is the dihedral angle between the axis of the p orbital 
on the a-carbon and the C-H bond. For the pyramidalized radical centers of interest here, 
this equation is perhaps best considered as a semi-quantitative guideline. In 2c we expect two 
hyperfine couplings since the CH2 protons are not equivalent. However, we estimate using 
equation (2) that the difference between the two is of the order of 5-7 G, which is comparable 
to a typical intrinsic linewidth in a triplet spectrum.' In 2b all the CH2 protons are symmetry 
equivalent, and we expect a single hyperfine coupling constant. Attempts to apply equation 
(2) to 2b produce a value for a& in the range of 3 0 4 0  G, which is in acceptable agreement with 
the value of 32G observed in the spectra of 1-CD3.' We note that simulation of this 
experimental spectrum required an unusually large linewidth. Possible causes of this could be 
a mixture of C,,, and C2,, forms, or,  perhaps, tunneling (see below). 


The question remains whether the substituted cyclobutanediyls (1) also adopt a C2,.,-like 
structure. We have performed single point calculations (using the 3-21G basis set) on 
dimethylcyclobutanediyl (1-Me), using the geometry optimized for 2 for the ring and the 
optimized geometry of the t-butyl radical for the methyl groups." The relative energy ordering 
of 1-Me structures derived from 2a-2d remains unchanged. The CZh-like structure is of lowest 
energy, followed by the C2,-like structure (0.23 kcal/mol higher), then the C.Jike structure 
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(1.08 kcal/mol), and the D,,-like structure has the highest energy (2-28 kcal/mol). While these 
values would certainly change upon optimization, the results indicate that there are no major 
changes expected in the cyclobutanediyl structure upon substitution with a localized 
substituent. 


We do expect changes when the substituent is a delocalizing group. For example, in 
divinylcyclobutanediyl (1-Vin), delocalization would provide a substantial driving force 
towards planarity. We assume that this delocalization energy is sufficient to overcome the 
small intrinsic preference for non-planarity in the cyclobutanediyl framework. We have not 
been able to explore this question, however, since calculations on 1-Vin would be quite a 
significant undertaking, requiring the full correlation of at least six n electrons." 


1-Vin 


THE SINGLET POTENTIAL SURFACE. INVERSION PROCESS OF 
BICYCLOBUTANE 


Singlet 2 has generally been regarded as a transition state or an intermediate in the inversion 
process of bicyclobutane (3, equation (I)). Collins and co-workers5 have reported a single 
imaginary frequency for the DZh structure, indicating it is a transition state. However, their 
calculations were done at the RHF level. a wholly inadequate level of theory for such a 
molecule, in that it fails to adequately treat the biradical nature of the structure. The inversion 
barrier they obtained (82.5 kcal/mol) was unrealistically large, further illustrating the failure of 
the RHF method for this type of system. Inclusion of some level of electron correlation via 
MP3 and CI methods did not substantially alter these results. In contrast, the barriers obtained 
by Schleyer and co-workers (using GVB (1/2)/3-21 G)4 and by Gassrnan and co-workers (using 
GVB (1/2)/PRDDO)3 were much more realistic, but somewhat too small (29.1 and 
23.2 kcal/mol, respectively). While the actual barrier height has not been determined 
experimentally, it is known that 3 undergoes a thermal ring-opening process to give butadiene 
with an activation energy of 40-6 kcal/mol, rather than undergoing inversion." Thus the 
inversion barrier has to be significantly higher than 40.6 kcal/rnol , and thermochemical 
estimates suggest a value in the vicinity of 47 kcal/mol.'9 


In addition to obtaining the barrier height, Gassman and co-workers also traced the 
inversion pathway. They did this by using the flap angle of 3 as the reaction coordinate. What 
they found was that the inversion process does not follow a least-motion pathway. 
Surprisingly, the bridgehead hydrogens initially move inward as the flap angle increased.'" At 
a flap angle of about 150", the hydrogens reverse their direction of motion and move outward 
towards planarity. Gassman also found a shallow local minimum on the inversion pathway, 
corresponding to a structure with a planar cyclobutane ring but having H i  and H3 out of plane 
(C2" symmetry). The structure of this minimum was not optimized, and it was postulated that 
the DB structure was the transition state between this shallow minimum and its inverted 
counterpart 


In our own work we began by optimizing the D211 structure (2e, Figure 3, Table 1). This 
structure is, of course, identical to Schleyer's, which was obtained at an identical level of 
theory, and is qualitatively similar to Gassman's. Collins' structure has an unreasonably short 
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n 


2e 
D2h double maximum 
Energy (3-21G) 0.94 
Energy (6-31G*) 1.49 


3 
Cz, bicyclobutane 
Energy (3-21G) -28.19 
Energy (6-31G*) -38.42 


2g 
C. transition state 
Energy (3-21G) 0.66 
Energy (6-31GV 1.02 


Figure 3. Structures and relative encrgics of stationary points on the singlet potential surface. Energies in kcalhol  
relative to 2f (total energy - 153.9601 17 hartrees (3-21G) or -154,824840 hartrces (6-31G")) 


CI-C3 distance (1*86A), which is no doubt a consequence of using RHF theory. Our 
frequency calculation on 2e resulted in two imaginary frequencies, as was found for the triplet 
state. Optimization within C2Ir symmetry resulted in a local minimum (2f), but we found no 
minimum with C2,, symmetry other than bicyclobutane. In addition, we found a transition state 
with C,, symmetry (2g). 


Our calculations thus indicate that singlet 2 lies in a minimum. This singlet biradical has C21r 


symmetry, like the lowest energy structure of the corresponding triplet, and it lies in a 
reasonably deep well (1 kcal/mol below the C, form at the 6-31G* level). In contrast, the 
parent 1,3-biradical trimethylene (4) does not exhibit a (computational) minimum on the 
singlet surface.*' It closes without activation to cyclopropane. Apparently, ring strain is 
enough to induce a true well on the singlet surface of a localized 1,3-biradical. 


4 


Inspection of the transition state (2g) indicates that its single imaginary frequency 
corresponds to the motion of H I .  This is expected for a transition structure between a C2,, form 
(3) and a C,, form (2f). We have attempted to calculate intermediate points in this reaction 
pathway. Starting from bicyclobutane (3), gradual deformation of one of the bridgehead 
hydrogens did not lead to the transition state structure. In fact, the flap angle decreases (from 
120 to l l 8 O )  and the C1-C3 bond shortens (1.530 to 1-518A) as the hydrogen angle is 
deformed from 133-6" in 3 to 150". Instead, we found a reaction pathway which did result in 
the breaking of the CI-C3 bond (and formation of a biradical) by opening up the flap angle of 
the ring (i.e. the same pathway proposed'by Gassman and co-workers). This C2,, path is shown 
in Table 2. Unlike Gassman, however, we did not find a minimum on this reaction pathway. 
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Table 3. Structures obtained by deformation of C3CIH angle 
from 2g" 


C3CIH angle 184.3fjh 175 160 


rc,c, 2.1178 
rc1cz 1.5385 


CIC3H angle 156.64 
flap angle 181.73 


rc2c2 1,5467 


Energy (3-21G)' 28.85 
Energy (6-3lG*)c 39.45 


2.1153 
1.5390 
1.5469 


158.37 
184.59 
28.70 


d 


2.1210 
1.5440 
1.5468 


155.71 
183.62 
28.25 
38.40 


"Bond lengths in angstroms, bond angles in degrees, energies in 
kcal/mol. 
bStructure corresponding to 2g. 
'Relative to bicyclobutanc. 
d6-31G' energy not calculated. 


Instead, the energy keeps increasing as we deform the flap angle beyond 180 ". We do observe 
a relatively flat surface in the neighborhood of 180". 


O n  the other hand, when we start with the C,v transition state 2g and follow the mode 
corresponding to the imaginary frequency (i.e. the motion of H I ) ,  we appear to be 
approaching a structure of C,,, symmetry (Table 3). The structures represented in the last 
column of Table 3 and the 185" column in Table 1 are in fact quite similar, as shown in more 
detail in Table 4. It appears, then, that the reaction pathway obtained by following the 
reaction coordinate from the transition state (2g) intersects that obtained by following the flap 
angle from 3, the intersection point (2h) being the structure shown in Table 3. 


Table 4. Comparison between near-coincident structures 
(2h) from Tables 2 and 3" 


From Table 2 From Table 3 


rc,c, 2.1246 
rc,c* 1.5463 
Tc3c-2 1.5463 
TC,H 1.0716 
TC3H 1.0716 
rc*tia 1.0845 
rc,t*, 1.0825 
CIC3H angle 156.19 
C3C1H angle 156.19 
XGH, angleh 124.64 


flap (C2XC4) angle' 185.0' 
XGHh angleb 125.85 


2.1210 
1.5440 
1.5468 
1.0706 
1.0717 
1.0844 
1.0825 


155.71 
160.0' 
124.88 
125.63 
183.6 


~ 


"Bond lengths in angstroms, bond angles in degrees. 
bX is a point along the ClC3 vector such that C,X and CaX are 
perpendicular. 
'These coordinates were constrained in the optimizations. 
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40 


58 


36 


0 0.2 0.4 0.6 0.8 1 


Reoction coordinate 


o v *  I f '  * ' * 


Figure 4. Reaction pathway in the singlet inversion of bicyclobutane. Insert is an expansion of the region near the 
transition state. Energies are at the 6-31G* level relative to hicyclobutane 


Based on these observations, we propose the following pathway in the inversion of 3. 
Initially, the reaction coordinate is well represented by the flap angle of 3. This is similar to the 
reaction pathway proposed by Gassman, and the 'wrong way' motion of the bridgehead 
hydrogens is also observed here (Table 2). This pathway leads to a 'plateau' at a flap angle of 
about 180" (2h). At a flap angle near 185", one of the hydrogens starts to move faster than the 
other, This leads to a C, transition state (2g) and ultimately to a C,,, intermediate (2f). From 
this point on, the other hydrogen's motion takes over, taking the molecule past a second c, 
transition state (equivalent to the first) and ending back on a C,,, 'plateau'. From this point on, 
it is a steep downhill path to inverted 3. This is a lower energy pathway than the one obtained 
by staying within C,,, symmetry, following the flap angle. The reaction pathway is shown in 
Figure 4. 


We note that this pathway is similar in spirit to the one proposed by Gassman and 
co-workers, in that it involves a change in the molecular internal coordinate which corresponds 
to the 'reaction coordinate'. The main difference is that in Gassman's pathway C,,, symmetry is 
maintained throughout the process, whereas we have discovered a lower energy pathway if 
this constraint is relaxed. We also point out that the current pathway is somewhat more fully 
characterized, in that we have located a true transition state based on its single imaginary 
frequency, and the involvement of the DZIz structure is ruled out on the basis of its having two 
imaginary frequencies. 


The structures and energies we obtain for 3 and 2e are identical to those obtained by 
Schleyer and c o - ~ o r k e r s , ~  since both calculations were done at the  GVB (1/2)/3-21G level. By 
invoking a lower energy transition state, the inversion barrier is 28.85 kcalimol at the 3-21G 
level. As pointed out above, this value is too small. Considerable improvement is achieved 
when the calculation is done at the 6-31G* level. The inversion barrier is now 39.44 kcalimol. 
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This is much closer to the expected value, and we presume that the results may be improved 
further if the geometries were optimized at the 6-31G* level. 


This is the correct inversion pathway at this level oftheory. Some of the energy differences, 
though, are quite sma1l-e.g. 2e vs. 2g is less than 500cal/mol. The same is true of the 
geometry differences between consecutive structures along the path. Higher level theory could 
reverse the relative orderings of some structures, and, of course, the ‘true’ (i.e. experimental) 
inversion path could also differ from that of Figure 4. We believe, however, that the general 
form of this path is correct. 


As in the triplet case, we expect the presence of delocalizing substituents to significantly 
alter the structure and energy of the biradical. In particular, 1,3-diphenyl-2,4- 
dicarbomethoxybicyclobutane undergoes inversion with an activation energy of 26 kcal/mo1.22 
This can be rationalized by a stabilization of the transition state due to the delocalizing phenyl 
groups. The presence of delocalizing groups would also tend to planarize the biradical 
structures. 


SINGLET-TRIPLET GAPS 


In Table 5 we show the singlet-triplet energy differences for 2 at various geometries 
corresponding to minima and transition states on the triplet and singlet surfaces. For all these 
points, the triplet is always below the singlet in energy. The energy difference between the 
lowest triplet state (CZh) and the lowest singlet (C2h) is 1.46 kcal/mol at the 6-31G* level. We 
have previously shown that this substantial triplet preference in 2 is a consequence of a 
fortuitous balance between direct (through-space) and indirect (through-bond) overlaps of the 
two radical centers.’ Both interactions are strong, but they are opposite in sign, so the net 
effect is that they almost completely cancel each other. The radical centers in 2 essentially have 
no overlap. However, the exchange repulsions between the two centers are still quite 
substantial, and so a triplet preference results. 


Table 5. Vertical singlet-triplet gaps (kcaI/mol) 
~ ~ 


Structure S-T Gap (3-21G) S-T Gap (6-31G*) 


2b 
2c 
2d 
2f 
2g 


1-80 1-78 
1.44 1.14 
1.77 1-56 
0.66 0.65 
1.79 1-64 


TUNNELING IN CYCLOBUTANEDIYLS 


The potential energy surfaces of 2 show several minima separated by fairly low barriers. The 
structures of these minima differ from each other mainly in the positions of HI and H3, thus 
conversion from one minimum to another would involve mainly the motions of these 
hydrogens. Given the small mass of the moving particle and the low energy barriers involved, 
it seems feasible that quantum mechanical tunneling could play a major role. 


The existence of C2,, (2b, 2f) and C2,, (2c) minima instead of the more symmetrical D2h 
structures is reminiscent of a Jahn-Teller distortion. The tunneling dynamics of Jahn-Teller 
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distorted molecules have been studied using semiclassical periodic orbit 
method, the tunneling rate is given by 


In this 


where vR is the frequency of the reactant corresponding to the reaction coordinate and 0 is a 
barrier penetration integral. For an Eckart barrier,25 8 is given by 


where is the effective barrier height (i.e. the barrier height adjusted for zero-point 
energies of all vibrations except the reaction coordinate), vi is the imaginary frequency at the 
top of the barrier, and E is the vibrational energy of the reactant in the mode corresponding to 
the reaction coordinate. Equations (3) and (4) are applicable for tunneling between 
degenerate (symmetry equivalent) structures. Similar equations may be derived for the 
non-degenerate case, in which case the endothermicity of the reaction also affects the rate. 


We have applied this method to calculate several tunneling rates in 2. The results are shown 
in Table 6. These results certainly support our expectation that tunneling is a major factor in 
the interconversions among cyclobutanediyl minima. 


It is also interesting to consider the possibility that tunneling is a factor in the decay of triplet 
2 to 3. Unfortunately, a direct calculation of this tunneling rate is not possible, since there is no 
well-defined barrier for the process. Figure 5 shows the energy diagram for singlet and triplet 2 
along a portion of the singlet inversion pathway. There is an infinity of crossing points between 


170 175 180 185 


flap ongle (deg.) 


Figure 5. The crossing point between the singlet and triplet potential surfaces along the singlet inversion pathway. 
Energies are at the 6-31G* level relative to bicyclohutane 
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the singlet and triplet adiabatic surfaces, but we take the crossing point shown in Figure 5 to be 
reasonably representative of these. This crossing point occurs at an energy of 0.75 kcal/mol 
above the 2c minimum (0.9 kcal/mol above 2b). We note that once this barrier is crossed, there 
is no additional barrier to form 3. Compared to the barriers in the tunneling calculations 
above, the singlet-triplet crossing barrier is similar in height. Also, the process of crossing this 
barrier involves similar internal motions of the molecule. Thus we may conclude a similar 
tunneling rate may be expected, if not for the fact that the reaction is spin forbidden. The 
simplest way to account for this effect is to scale the barrier permeability by an appropriate 
factor. Data from a variety of sources indicate that simple, unimolecular processes in triplet 
biradicals have Arrhenius pre-exponential (A) terms that are smaller by factors of 104-10s 
compared to expectations for analogous spin-allowed reactions.2.2" If we scale the tunneling 
rate by a factor of lo-' to account for this spin forbiddenness, we would still obtain a rate on 
the order of lo's-'. This is certainly fast enough to account for the failure to observe 2 
experimentally - it simply decays too fast to allow detection. Of course these calculations also 
suggest that, if one could prepare singlet 2, it would tunnel out of its shallow well quite rapidly. 


Note that the motions involved in the tunneling process are mainly in H I  and H3. Therefore, 
putting more massive substituents on these positions would slow down the tunneling rate, and 
this explains why we are able to observe the simply substituted systems such as 1-Me and 1-Et. 
For these structures, though, we still see a manifestation of (very much slower) tunneling, in 
that their decay rates are essentially independent of temperature. Unfortunately we do not 
have reliable values for the parameters necessary for a tunneling calculation on these 
substituted systems, especially considering that the tunneling rate calculation is quite sensitive 
to minor variations in the barrier height and frequencies. We do note, however, that it is 
possible to obtain for I-Me a tunneling rate for the closure reaction comparable to the 
experimental results (ca. using reasonable estimates of the barrier height 
(1 kcal/mol - the energy difference between the C2,?-like and C,-like structure of I-Me) and 
frequencies (148cm-' for vR, l l l i cm- '  for v!).*~ Thus, this theoretical analysis is not 
inconsistent with tunneling in the bond forming reaction of I-Me. 


CONCLUSIONS 


The potential energy surfaces of singlet and triplet cyclobutanediyl have been investigated 
using RHF and GVB (1/2) methods, No significant change was found when the calculations 
were performed with the 3-21G or 6-31G* basis sets. 


At this level of theory, triplet cyclobutanediyl was found to be not planar. Instead, the 
lowest energy structure has C,, symmetry, and a secondary minimum having C,,, symmetry 
was also found. The two interconvert over a small barrier through a C,y transition state, and it 
seems quite likely that tunneling is involved in this process. 


Singlet cyclobutanediyl was found to be a true minimum having a C,, structure. A quite 
unusual reaction pathway for the inversion process of bicyclobutane is proposed. The 
mechanism does not involve a planar D2/, transition state; instead it passes through the CzIz 
intermediate. The barrier to inversion is calculated to be 39-45 kcal/mol. 


The singlet-triplet gap of cyclobutanediyl was calculated to be 1.46 kcalhol.  A crossing 
point between the triplet and singlet surface was located at an energy 0.75 kcal/mol above the 
triplet C2,> minimum. Crossing this barrier may involve quantum mechanical tunneling, and 
this would provide an explanation for our inability to observe the parent system, triplet 2. 
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Quite simply, the substituted structures 1-Me and 1-Et are stabilized by their mass, which 
greatly slows the tunneling process and allows their direct detection by EPR. 
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ABSTRACT 


Dipole moments of para-substituted benzoyl chlorides and bromides, partly measured in benzene and 
partly recalculated from elderly literature, were analysed in terms of bond moments and additional 
contributions expressing the conjugation. Although the gross moments are similar, their decomposition 
yields different pictures for acyl chlorides and bromides. Only in the latter can significant electron transfer 
from the halogen be observed. On the other hand, conjugation with the benzene nucleus is strong in both 
aromatic acyl chlorides and bromides, but stronger in chlorides. There is agreement with the evidence 
from some other physical quantities but not from all. 


Conjugation of a double bond with a lone electron pair has been studied most thoroughly on 
systems X=C(R)Y. Experimental proof was based on lengthening of the formally double bond 
C=X, on their stretching frequencies5 and 
on the barriers to rotation around the C-Y An independent line of evidence was 
obtained from dipole  moment^:^"-'^ the vector difference (pm) of the actual dipole moment 
(pexp) and that calculated for the non-polar structure l a  (pcalc) may be interpreted as a charge 
redistribution originating from a contribution from the polar structure l b  [equation (l)]  . 


(1) 


shortening of the formally single bond C-Y, 


p m  = Pexp - pcalc 


X x’ 


1A I B  


The absolute values of p m  revealed439 that conjugation generally increases with increasing 
basicity of Y (dialkylamides’ > amides’ > esters’), and less regularly also with the electron- 
attracting ability of X (amides > a m i d i n e ~ , ~  but imidates = esters4). To extend these 
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investigations to  acyl halides (2) the possibilities are more restricted: no barrier to rotation 
exists and no x-ray structures are available except for an ester of chloroformic acid." The 
object of this work was the analysis of the dipole moments of acyl chlorides (3, Table 1) and 
bromides (4) with some supporting arguments from published electron diffraction studies and 
ab initio calculations. From a comparison for the series amides 7-esters '-acyl chlorides we 
expected that the contribution of structure 2b would be reduced, almost negligible. In the study 
of chloroformates" we interpreted their dipole moments in terms of the formal no-bond 
structure 2c rather than 2b, but a more quantitative evaluation was hindered by the 
simultaneous presence of the alkoxy group. 


2b 20 2c 2D 


We processed the dipole moments of 3 and 4 in the same way as in our previous work.*,'-'' 
First the direction of pexp was determined, exploiting the para substituents. Then pcalc was 
obtained by vector addition of standard bond moments" of the bonds C = O  and C-Cl or 
C-Br. Finally, pm was calculated according to equation (1). The merit of our procedure is 
treatment in terms of vectors, which even gives the direction of p m ,  compared with previous 
attempts on other classes of compounds13 where the direction of pm was assumed a priori. 
Dipole moments of acyl chlorides 3a-d were reported many years ago; l4 we recalculated them 
according to  a more reliable procedure. 15. 


EXPERIMENTAL 


2-Methyl-5-nitrobenzoyl chloride, l6  m.p. 60 "C (chloroform) was used. 
Substituted benzoyl bromides (4a-4d) were prepared from the sodium salts of carboxylic 


acids with phosphorous pentabromide, l 7  purified by vacuum distillation or crystallization from 
carbon tetrachloride, kept over phosphorus pentoxide and used for measurement within 48 h. 
2-Methyl-5-nitrobenzoyl bromide was prepared by the same procedure, m.p. 64 "C (hexane); 
found, C 39.04, H 2.65; calculated for CsH6BrNO3, C 39.37, H 2.48%. 


Dipole moments were determined in benzene solution by the method of Halverstadt and 
Kumler." Solutions in benzene were prepared in a dry-box. Usually five different 
concentrations were used, not exceeding the weight fraction w2 = 0.005. 


Relative permittivities of the solutions, c12, were measured at 25 "C on a heterodyne 
apparatus at a frequency of 1 - 2  MHz, the measuring cell being calibrated with specially purified 
benzene. Densities were measured with an Ostwald-Sprengel pycnometer. 


Molar refractions, RD,  were calculated by summing Vogel's increments '' valid for 20 'C, 
those for CO in ketones and for aliphatic chlorine or bromine being used throughout. For the 
substituents on the benzene ring, increments were used as derived directly from 
monosubstituted benzene derivatives, while the conjugation C6Hs-CO was expressed by an 
additional increment of 1.3 cm3. The latter correction accounts both for the conjugation within 
the functional group and for the conjugation with the benzene ring; the calculated RD values 
for benzoyl chloride and bromide agree reasonably with the experimental values. Correction 
for atomic polarization was taken as 5 %  of the RD value as recommended. The results are 
listed in Table 1. 
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Table 1. Polarization and dipole moments of aroyl chlorides and bromides (benzene, 25 "C) 


No. Compound 
P4 RDb PC 


Dla pa  (cm3 mol-') (cm3 mot-') (D) 


3a Benzoyl chlorided 9.36 -0.312 280-4 37.1 3-44 
3h 4-Methylbenzoyl chlorided 11.28 -0.272 365.0 41.1 3.97 


3d 4-Bromobenzoyl chlorided 2.37 -0.529 137-8 44.9 2.11  
3c 4-Chlorobenzoyl chlorided 2.80 -0.401 129.8 42.0 2.05 


3e 4-Nitrobenzoyl chlorided 0-919 -0.434 70.8 44.4 I .09 
3f 3-Nitrobenzoyl chloride 8.06 -0.470 318.2 43.4 3.66 
3g 2-Methyl-5-nitrobenzoyl chloride 8.15 -0.448 346.9 48.1 3.81 
4a Benzoyl bromide 6.11 -0.656 239.7 40.0 3.12 
4b 4-Methylbenzoyl bromide 7.24 -0.541 306.9 44.6 3.57 
4c 4-Chlorobenzoyl bromide 2.85 -0.524 158-1 44.9 2.33 
4d 4-Bromobenzoyl bromide 2.88 -0-743 174.7 47.8 2.47 
442 2-Methyl-5-nitrobenzoyl bromide 7.24 -0.488 380.2 51.0 4-00 


aslopes of the plots ~ 1 2  and dY2, respectively, versus the weight fraction W Z .  


'Correction for the atomic polarization, 5% of the RD value. 


measurements at the highest concentrations have been omitted. 


Calculated from increments, see Experimental. 


Obtained by recalculating the original experimental data14 according to the Halverstadt-Kumler procedure. l S  Several 


Theoretically expected dipole moments, pcalc, were calculated by vector addition of standard 
bond moments" (in debye): H-C,I 0.3, H-Car 0, C=O 2 . 5 ,  C-CI 1.60, C-Br 1-57 (for 
halogens bonded on an sp2 carbon) and Ca,-N02 4.0. The bond angles used for the 
calculations, C-C=O 127" and C-C-CI and C-C-Br 112", were taken as means values 
f rom several electron diffraction and microwave studies. 2 0 - 2 3  The results of the calculations 
are shown in Figures 1 and 2. 


RESULTS AND DISCUSSION 


The first task is to determine the direction of the experimental dipole moments. In geometric 
terms this means constructing a triangle given its three sides: the dipole moments of the paru- 
substituted compound, of the unsubstituted compound and of the substituent itself. When this 
triangulation was repeated for all para-substituted benzoyl chlorides (3a-e), good agreement 


Figure 1. Vector analysis of dipole moments of aroyl chlorides 3a-3e. Light arrows, bond moments; heavy arrows, 
mesomeric moments expressing the conjugation CI-CO (ml)  and C6H5-C0 (m2); dotted lines rejected alternative 
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Figure 2. Vector analysis of dipole moments of aroyl bromides 4a-d. Symbols as in Figure 1 


was obtained (Figure 1). This agreement is proof of bond moment additivity on which our 
whole reasoning is based. I t  would be improved if the CH3-Car dipole were taken as 0.4 D 
rather than 0 - 3  D as used hiterto,12 but the improvement is not important. Note that there are 
in principle two solutions, the points M and N, of which M is preferred with regard to the 
subsequent analysis. The vector from H to M (not shown explicitly in Figure 1) represents the 
averaged group moment of the CCCl group; pexp = 3.52 D at an angle of 15" to the C,,-C 
bond. In the next step, the expected dipole moment of the ideal structure 2a (pcatc)  is obtained 
by summing the bond moments C=O and C-CI in appropriate directions (vector from H to 
P). The difference p,,, [equation ( I ) ]  is represented by the vector from P to M and includes all 
interactions in the molecule of benzoyl chloride: in addition to those described by the structures 
2b and c (component denoted7" mz), also the conjugation of the carbonyl bond with the 
benzene nucleus, structure 2d (component m~). The latter can be estimated from the difference 
between the dipole moments of aliphatic and aromatic compounds: 


m l =  Par - f i a l +  ~ ( C ~ I - H )  (2 )  


For pal the experimental value for acetyl chloride24 (3 a 2 5  D in benzene solution) can be used. 
The direction of pal is not known but we can assume the direction of ml from the centre of 
the benzene nucleus toward the oxygen atom, i.e. 12" to  the Car-C bond. With this 
assumption, the solution of equation (2) is ml = 1 *37 D (Figure 1) and m2 = 0 -  10 is actually 
near to zero with respect to the inherent approximations. The dipole moment of acetyl chloride 
is then represented by a vector from the point CH3 toward the point P (14" to the C-C bond, 
i.e. - 39" to the C=O bond). The latter value compares favourably with a d e t e r m i n a t i ~ n ~ ~  on 
formyl chloride ( -  43") and also with calculated values26327 ( -  39" and - 51",  respectively). 
With the alternative direction of par (point N in Figure l), an alternative solution of equation 
(2) would be obtained (dotted lines). However, this possibility can be rejected; on the one hand, 
the value of m2 would be inconceivably large (1 -95 D), and on the other, the dipole moment 
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of acetyl chloride would lie at an angle of - 88" to the C=O bond, at variance with the above 
results for formyl chloride. 2 5 - 2 7  All the available evidence, both experimental25328 and 
t h e ~ r e t i c a l , ~ ~ , ~ ~  suggests that the dipole moments of acyl chlorides are situated nearer to the 
C = O  than to the C-Hal bond. The same holds for acyl f l ~ o r i d e s ; ~ ~ . ~ ~ ' ~ ~ - ~ ~  the most recent 
calculation on formyl fluoride32 (STO 6 31G) yielded p = 2.753 D, 42" to the C=O bond. 


We attempt to obtain further experimental proof using 2-methyl-5-nitrobenzoyl chloride 
(3g). There are good grounds33 for believing that its conformation is planar and the form 3gA 
should be more populated than 3gB for steric reasons. Then the alternative M would require 
that the experimental value of p 2  is nearer to the lower of the two calculated values. Contrary 
to expectation, the conformation 3gA is only 40070 populated. The steric hindrance of the 
methyl group is negligible since we obtained almost the same conformational equilibrium (36%) 
for simple 3-nitrobenzoyl chloride (3f). 


From the preceding analysis it follows that there is little conjugation, if any, within the COCl 
group, but in aromatic derivatives this group is strongly conjugated with the benzene nucleus. 
The latter conjugation is expressed by a vector ml = 1.37 D, whereas in esters,' 
dimethylamide~~ and thiol esters34 it does not exceed 0.3 D, as follows directly from 
comparison the dipole moments24 of corresponding derivatives of acetic and benzoic acid. On 
the other hand, the determination of the COCl conjugation (mz = 0.10, or almost zero) did not 
follow only from experimental facts but depends also on the assumption about the direction 
of ml (Figure 1). In previous work7,'3"~34*3s the latter was assumed in the Car-C bond instead 
of from the ring centre toward 0 as here. This choice was without consequence in the case of 
small v a l ~ e s , ~ , ' , ~ ~ . ~ ~  but it could affect the present results, giving rise to m2 up to 0.5 D (see 
Figure 1). In the belief that the COCl conjugation is actually negligible, we searched for 
arguments from other physical quantities. 


Chlorine quadrupole coupling constants in acetyl chloride 36 and propionyl chloride37 were 
interpeted by a 9 or 10% a-character (from the structure 2b) and 42 or 36% ionic character 
of the C-CI bond. The integrated absorption intensity A(C=O) in acetyl chloride suggests 
a conjugation similar to that in esters but much weaker than in amides. 38 The intensity of ring 
vibrations A(v16~ + V16b) reveals a much stronger conjugation with the benzene ring than in 
esters or amides, 38 this is confirmed also from the barriers to rotation around the CarPC 
bond. 39 From electron diffraction and microwave determinations on acyl chlorides without 
electron-attracting substituents, 20-22928,40-43 we obtained average values I(C=O) = 1.19,, and 
I(C-Cl) = 1.793 A .  The former is insignificantly shorter than in esters' and the latter is almost 
equal to that in primary chloroalkanes but longer than that in c h l ~ r o a l k e n e s . ~ ~  We were unable 
to  find any mutual dependence of these two bond lengths, as is observed, for example, in esters 
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or a m i d i n e ~ . ~  Moreover, there was no difference between conjugatedz2,28*40-42 and non- 
conjugated 20s21,44 acyl chlorides; only derivatives with electron-attracting s u b ~ t i t u e n t s ~ ~ - ~ '  
showed a shortened C-Cl bond. More significant is the shortening of the Car-C(0j bond in 
aromatic acyl chlorides, 22,40 suggesting a stronger conjugation than in aromatic esters. The 
heat of formation of acetyl chloride49 enabled us to construct an isodesmic (in the broader 
sense) reaction [equation (3)1, whose reaction enthalpy is only a quarter of the value for acetic 
acid" or methyl acetate (- 79 kJ). 


( 3 )  (CH3)zCHHal+ (CH3)2C=O -+ CH3C(O)Hal+ (CH3)3CH 


Hal = C1: Hq98 = - 22 k J  mol-' 
Hal = Br: H%s = - 16 kJ mol-' 


All these molecules are stabilized, but part of thc stabilization energy may be due to  factors 
other than conjugation. Of similar compounds, imidoyl chloridess1 did not reveal any 
conjugation. In chloroformates a complex interaction was found that was not present in acyl 
chlorides or esters; our conclusion about the similarity of chloroformates an acyl chlorides was 
based on the wrong vector direction in the latter, now disproved. Most recently the strong 
conjugation with the benzene ring in benzoyl chloride was inferred from 170 NMR shifts." 


When the whole analysis was repeated for benzoyl bromides (4a-d) a quantitatively different 
result was obtained (Figure 2). The gross moments of 3 and 4 are similar but the moment of 
the COBr group (3.20 D) differs from that of COCl mainly in its direction ( 2  45" to  the Car-C 
bond). Similarly as for acyl chlorides, we preferred the vector direction from P to M on the 
basis of equation (2) and of the experimental dipole moment of acetyl bromide24 (2.45 Dj. In 
the present case the decision was unambiguous since the equation has no solution for the 
alternative direction (from P toward N). Similarly to 3g, 4e did not help in deciding between 
the two directions. Its conformation, similar to 3gA, is 47% populated only; evidently even 
the steric hindrance of bromine is insufficient. As the final result we obtained the vector 
ml = 1-20 D, corresponding to a weaker conjugation with the benzene ring (2d) than in acyl 
chlorides, and a surprisingly large value of mz = 1-80 D (124" to the Car-D bond). With 
respect to its direction, the latter value should not be interpreted as a contribution of the 
structure 2b but rather as reduced polarization of the C-Br bond. 


It is true that the experimental dipole moments of 4 are loaded with larger errors than usual, 
owing to the instability of the samples. Also, the fit in Figure 2 is worse than that in Figure 1 
and the important 4-nitro derivative is lacking because the compound was insufficiently soluble. 
Although the value of m2 may be overestimated, we believe that the difference in the charge 
distribution in acyl bromides and chlorides is real. Evidence from other physical properties is 
scarce. The C=O bond length in several acyl bromides 20,23945 is insignificantly shortened 
compared with structurally similar chlorides. However, the C-Br bond lengthzozz3, 1 -967 A, 
is not only longer than that in bromoalkenes but even than in b r o m o a l k a n e ~ . ~ ~  Of the infrared 
intensities, 38 A(C-0) indicates a stronger interaction in bromides but A (Y16a + Y16b) also 
suggests a stronger conjugation with the benzene ring. In contrast, the rotational barrier is 
lower in benzoyl bromide. 39 The reaction enthalpy of the isodesmic reaction (3) suggests again 
a stronger interaction in acetyl bromide which, of course, can have a different basis. Even the 
molar refraction yields an accordant picture, although it is controlled also by the properties of 
the excited state. The experimental values for acetyl chloride and bromide are 0.7 and 1 .O cm3, 
respectively, larger than those calculated from increments; l 8  benzoyl chloride and bromide 
reveal an additional increase of 0.6 and 0.2 cm3. 


In conclusion, there is some evidence that the interaction in the molecule of acyl bromides 
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is stronger than that in acyl chlorides, but the result from dipole moments is the most salient. 
Verification by another method seems desirable. 
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STUDIES ON ORGANOPHOSPHORUS COMPOUNDS 
XXXII. A MOLECULAR MECHANICS STUDY OF THE 


HYDROLYTIC REACTION OF ALKYLPHOSPHONATES 
AND ALKYLPHOSPHONYL CHLORIDES 


SHUSEN LI, XIUGAO LIAO AND CHENGYE YUAN* 
Shanghai Institute of Organic Chemistry, Academia Sinica, 345 Linling, Shanghai 200032, China 


ABSTRACT 


The alkaline hydrolysis of several alkylphosphonates and alkylphosphonyl chlorides has been 
investigated by molecular mechanics calculations (MM2, 1985 version). The difference of the steric 
energies (AE) between tetracoordinate substrate and pentacoordinate transition state of phosphorus 
compounds represents the activation energy (AEp) in hydrolysis. The change of A E  for various alkyl 
groups relative to methyl group (AAEK) is suggested as a measure of the steric effect of substituents. 
Thus the correlation analysis involving log k and AAEK of the branched alkyl group gives good results 
and it is reasonable to anticipate that analogous treatment using AAER for the straight chain alkyl group 
is not satisfactory owing to the minor contribution of steric effect of the latter. However, the multiple 
regression analysis of log k with AAER and Taft's u* provides very good results. As shown by us, for the 
hydrolytic reactions studied, the proposed AAER is much better than Taft's E, and Charton's v, the 
commonly used well-known steric parameters in the chemistry of carbon compounds. 


The hydrolytic reaction of alkylphosphonates and alkylphosphonyl chlorides has been the 
subject of many previous investigations. 'M In QSAR studies Charton suggested using Y'.' 
and/or v ' ~  as steric parameters of alkyl groups in correlation with the rate constants (log k )  of 
the hydrolytic reaction. Unfortunately, the results were not very satisfactory. More recently, a 
kinetic study of alkaline hydrolysis of 2-alkyl-2-oxo-l,3,2-dioxaphosphorinanes and -phosphe- 
panes was reported by us. "' The results showed a significant difference in hydrolytic behavior 
between phosphonates and carboxylic esters. The commonly used structural parameters E,, Y, 
v', and o* provided, as a rule, not very satisfactory results with phosphorus compounds. In 
order to evaluate the substituent effect on the hydrolytic process of alkylphosphonates and 
alkylphosphonyl chlorides, molecular mechanics calculations (Allinger's 1977 force field, 
MM2, 1985 version)" were used to investigate the contribution of the steric effect of the alkyl 
group in these compounds. The molecular mechanics calculations have been used to study the 
steric effect in the hydrloytic reactions of carboxylic esters, ' * . I 3  t ~ s y l a t e s l ~ ~ ' ~  and other 
 reaction^.'^.'^ The energy difference between a substrate and its transition state was used to 
measure the steric effect of substituents. Our results also indicate that the difference of energy 
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between the tetracoordinated and pentacoordinated species presents a good measure of the 
steric effect of the substituents in phosphorus compounds. 


MOLECULAR MECHANICS CALCULATIONS O F  PENTACOORDINATE 
PHOSPHORUS COMPOUNDS 


Holmes" modified MM1 (Allinger's 1973 force field) for calculating the pentacoordinate 
phosphorus compounds. In order to account for the stability difference between the trigonal 
bipyramid (TP) and square pyramid (SP) conformations, the 1,3 bond electron-pair repulsion 
for the atoms bonded to the pentacoordinate phosphorus atom was introduced, and this 1,3 
repulsion energy Ek$ was calculated by means of van der Waals interaction: 


EAB = D [a exp ( -bP*)  - c (P*)6]1.3 (1) 


a, b,  and c are general constants. D is a constant which is used to balance the contribution of 
each enery term, usually in the region of 0.05-0.2. 


p* = (rVDW.A + rVDW.B)/r* (2) 


rVDW,* and rvnw,B represent van der Waals radius of atom A and B respectively. I* is the 
modified distance between A and B (see below). 


According to the structural data of pentacoordinate phosphorus compounds, the bond 
angles between equatorial bonds which possess different polarity are derived from 120" in 
trigonal bipyramid, such as in PF5 ( I ) ,  LF,,PF,, - 120", while in PHF, (2), LF,,PF,, = 112", 
LHPF,, = 124", in PF4CH3 (3), LCPF,, = 122.2", LF,,PF,, = 115.6", in PF3(CH3)2 (4), LCPC 
= 124", LCPF,, = 118". These data demonstrate that the smaller the electronegativity of the 


F F F F 


1 2 3 4 


atom bonded to phosphorus will shorten the distance of the bond electron-pair to the P atom. 
Consequently as the bond electron-pair repulsion increases, the bond angles become larger 
than 120". In order to account for this effect, Holmes17 introduced modified bond lengths for 
different P-X bonds which were used to calculate the distance ( I *  in equation (2)) between 
two atoms which are directly connected to the P atom. With this treatment, the structure of the 
pentacoordinate phosphorus compounds were well reproduced. In a similar manner, we 
modified MM2 for calculating the pentacoordinate phosphorus compound, without revision of 
the distance r* and modified the van der Waals radius of the atom bonded to P atom by 
equation (3). 


p* = (r1,3,A -k r1.3.13)/rAR (3) 
11.3 is usually larger than the van der Waals radius which is used for the calculation of 1,4 or 
greater van der Waals interactions. It seems that the smaller electronegativity of the atom 
bonded to P tends to markedly increase the 1,3 van der Waals radius. 


With this treatment the structure of the pentacoordinate phosphorus compounds also can be 
reproduced well (see Appendix). The r1.3 values of several atoms are listed in Table 1.  
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Table 1. r1.3 of several atoms 


atom H C 0 N F 


r1.3 (A) 2.15 3.53 2.20 2-43 1.72 
r* (A) 1.50 1-90 1.74 1.82 1.65 


*r is the van der Waals radius which is used for calculating 1.4 and greater van der 
Waals interaction energies. 


The other calculation parameters are listed in Table 2. It should be mentioned that the 
torsional barrier parameters can not be estimated exactly due to insufficient experimental 
data. Holmes also did not give the general torsional parameters. However, there are two ways 
to treat these parameters; either the torsional parameters of dihedral angles XI-X2-Pv-X3 
were replaced by that of XI-X2-P1v-X3, or the torsional parameters are taken as zero. 
Such treatment is usually adopted in molecular mechanics calculations of metal 
cornplexe~. '~* '~  According to our results, by using these two methods, there is not a large 
difference in the reproduced structures of the pentacoordinate phosphorus compounds. The 
bond moments of P-X bonds were not concerned in the calculations owing to the 
insufficiency of the experimental data. For acyclic pentacoordinate phosphorus compounds, 


Table 2. Force field Parameters used for pentacoordinated phosphorus compounds 


Torsional parameters Torsional constants (kcalhol) Angle bending 


Dihedral angle "I VZ v3 8. (deg) k (mdyn deg-l) 
Angle 


C-C-N-P 
H-C-N-P 
c,~p2-c,~,,2-0-P 
H-C-0-P 
c-c-0-P 
H-C-C-P 
c-c-c-P 
c-c-c-P* 
H-C,,I-C,,~-P 
C,2-c,p'-C,,):-P 


- 0.200 
0.000 
3.530 
0*000 
0.000 
0.000 
0.200 
0.200 
0.000 


-0.270 


0.730 
0.000 
2-300 
0.000 
0-000 
0.000 
0.000 
0.270 


15 -000 
15-000 


0.800 
0.500 


-3.500 
0.530 
0.467 
0.267 
0.593 
1.533 
0.000 
0.000 


H-0-P 
C-N-P 
L,,-N-P 


c-0-P 
C,2-0-P 


Lp-0-P 
C,,:-c,,):-P 
c-c-P 
c-c-P* 
c-P-c* 
H-C-P 


0.350 
0.630 
0.500 
0.770 
0.770 
0.350 
0.550 
0.450 
0.340 
I .500 
0*360 


1 12.000 
117.000 
109.200 
110.800 
I08~000 
105.160 
121.400 
109.470 
109.470 
X6.600 


109.400 


Bond stretching 
Bond 


k (mdyn.A-') I;, l,, 


H-P 6.0 1.48 1.44 
c-P 4.00 1.790 1.729 
C,,2-P 4.00 1.790 1.719 
N-P 3.50 1.677 1.610 
0-P 4.00 1.650 1.590 
F-P 5.45 1.600 1.535 


*These parameters are for a four-membered ring. 
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the minimum point can be reached more easily when the torsional parameters containing the 
Pv-X bond rotation are taken as zero. Therefore, we took this treatment in our calculations. 


As shown in the Appendix, the D value in equation (1) can not be kept as a constant for 
different compounds. But in our case, there is only a variation in alkyl groups with identical 
types of compound, and the D value was taken as a constant with the value of 0.05. 


THE MODEL OF THE TRANSITION STATE AND THE CALCULATION OF AAER 


There are many conformations available for phosphonates and their transition states. For each 
compound and its transition state the most stable conformation and its energy was selected to 
compare with the others. In the alkaline hydrolytic reaction of phosphonate the transition 
state is usually considered to be a trigonal bipyramidal pentacoordinate species such as for 
2-alkyl-2-0x0- 1,3,2-dioxaphosphorinanes (5): 


(->.a R 


5 6 


0 
II 


OH 


5a 6a 


The most stable conformation of 5 is the chair form with an equatorial alkyl group (Sa). For 
the corresponding pentacoordinate transition state (6) the most stable conformation is the 
twist chair form with the one axial endo-cyclic P-0 bond, one equatorial endo-cyclic P-0 
bond, and the alkyl group in equatorial position (6a). On the basis of the assumption that the 
attack of OH- on the P atom to form the pentacoordinate trigonal bipyramid is the rate 
determining step in the hydrolytic reaction, the difference of the steric energy (AE)  between 
5a and 6a can be used as a measure of the activation energy of the alkaline hydrolytic reaction 
of 5: A E  = E6a - Esa. When R = CH3 is taken as a reference, AAER can be derived from the 
equation 


A A E  = AER - AECH, 


Therefore, the AAER can be regarded as a measure of the steric effect of alkyl groups on the 
hydrolytic reaction. 


Similarly, for the hydrolytic reaction of 2 alkyl-2-oxo-l,3,2-dioxaphosphepane (7): 
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OH 


7 8 


0 
II 


OH 


7a 8a 


The most stable conformation of 7 is the twist boat (7a) with R in the equatorial position. 
The AER and AAEu can be obtained from the steric energy of 7a and 8a: 


A E  = EXo - E7a, AAER = AER - AEC-,. 
For dialkyl alkylphosphonates (9), in order to find the most stable conformation, the lower 


homologue of the series, dimethyl methylphosphonate, was taken as a model, and the most 
stable conformation of alkylphosphonates with a large alkyl group can thus be estimated by 
substitution of CH3 with other alkyl groups. The most stable conformation of 9 possesses two 
RO groups gauche to P=O (9a) and the most stable conformation of its pentacoordinated 
species has two OH groups in axial position in the trigonal bipyramid (loa). From the steric 
energies of 9a and 1Oa the AER and AAER of reaction (3) can be evaluated. 
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Since there are no data available for the bond angle and torsional parameters for the 
chlorine atom bonded to phosphorus, we use CH3 or OH instead of C1 in tetracoordinated 
alkylphosphonyl chloride (11) and the corresponding pentacoordinated species for the 
convenience of calculation. Obviously, this is an empirical approximation treatment which 
meets the basic requirements. From the steric energies of the most stable conformation of l l a  
and 12a, the AER and AAER of reaction (4) can be derived. 


11 12 


R.. I 
‘P-CH 


Otl 
R p‘ I 


or or 


40 
‘P 


RIO’ ‘OH 


OH 
R.. I 


OH 


lla 12a 


RESULTS AND DISCUSSION 


The AAER of reactions (14) are listed in Table 3 together with rate constant k in alkaline 
hydrolysis. 


From Table 3 ,  it seems that the A A E R  value has an increment from CH3 to C2Hs, but it kept 
nearly constant or even decreased very smoothly on further increase of the length of the alkyl 
chains. However, the AAER are dramatically increased with increasing the bulkiness of the 
alkyl groups. 


The linear regression analysis of log k with AAER (see equation (4)) showed that if the data 
set contains the alkyl groups with branched chains, the correlation coefficients are very good 


log k = s AAER + h ... (4) 
(11 sets in Table 4), or good (sets 5 ,  11, 17 in Table 4); if there are no branched chains in the 
alkyl groups, the correlations are poor (sets 10, 14, 15 in Table 4). This indicates that the steric 
effect is one of the predominating factors controlling the hydrolytic process of alkyl 
phosphonates and phosphonyl chlorides with branched alkyl groups. On the other band, for 
straight alkyl chain compounds, even from normal octyl to dodecyl groups, the variation of 
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Table 4. Linear regression analysis of log k with AAER in equation (4) 


No S h r n CL% No S h r n CL% 


1 -1.85 2.13 0.983 5 99 7 -1.77 2-38 0.984 5 99 


2 -1.80 2.30 0.987 5 99 8 -1.63 2.52 0-981 5 99 
(-1.20 2.15 0.981 5) 99 (-0.975 2-28 0.962 5) 99 


3 -1.82 2.53 0.990 5 99-9 9 -0.919 2.33 0.989 4 95 
(-1-24 2.39 0-980) 5 99 (-1.31 2.29 0.999 4) 99.9 


4 -1.81 2-68 0.991 5 99.9 10 -2-71 2.12 0.769 5 <90 
(-1.21 2.52 0.986 5 )  99 11 -0.925 1.69 0.936 9 99.9 


5 -1.16 1-82 0.935 5 95 12 -0.826 2.00 0.963 8 99.9 
(-1.94 1.85 0.815 4) <90 13 -0.727 2.17 0.985 5 99.9 


6 -1-85 2.15 0.996 4 99 14 -0.946 1.07 0.681 6 95 
(-1.12 2.19 0.990 4) 99 15 -0.915 1-34 0-716 h <90 


16 -1.03 1.62 0.971 8 99-9 
17 -0.903 1.89 0.902 9 99.9 


(-1.24 2.01 0.979 5 )  99 (-1.06 2.12 0-965 5 )  99 


rate constant cannot be neglected. It is therefore reasonable to conclude that the AAER 
proposed by us, is very specific to steric effect of the substituent. In the meantime, the 
hydrolytic rate constants for straight chain compounds are governed chiefly by polar or 
solvation effects rather than steric influence of the substituent. 


In 1978 Charton7 reported the linear regression analysis of log k with v and v' parameters for 
sets 1-9 in Table 3, but it was unsuccessful for all of the sets. We carried out the linear 
regression analysis of log k with v and v' for sets 10-16 (see Table 5) .  The correlation 
coefficients are not so good as those for AAER.  


In order to account for the steric effect and the polar, solvation or other effects on the 
hydrolytic reactions (14) ,  multiple regression of log k with AAER and Taft's o* was 
introduced. 


log k = 6AAER + PO* + C ( 5 )  
The regression results from equation ( 5 )  are listed in Table 6. All the correlation coefficients 
exceed 0-97. The t-tests, tb and t ,  values, indicate that they make different contributions to log 
k for each set. For sets 10, 14, 15 (R-straight chain alkyl), the weight of O* is almost the same 
or even greater than that of AAER.  For the other sets, however, AAER makes a much greater 


Table 5. Linear regression analysis of log k with v or v' 


10 -4.62 4-44 0.896 - 13.8 7.01 0.957 5 
11 -3.11 3.46 0.718 -5.08 3.51 0.934 9 
12 -2.99 3.78 0.654 -4.98 3.88 0.925 8 
13 -2.07 3.24 0309 -4.57 3.97 0.876 5 
14 -1.41 2-02 0.868 -3.17 2.39 0.818 h 
15 - 1.34 2.24 0.902 -3.02 2.59 0.849 6 
16 -2.81 3.39 0.753 -5.13 3.76 0.974 8 
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contribution than u*. In multiple regression analysis involving Taft’s E, and u* (equation (6)) 


log k = 6E, + pu* + C (6) 
the correlation coefficients were poor in most cases (Table 7). If the Y was substituted for E, as 
a steric parameter in equation (6) no radical improvement was found. It indicates that the 
steric parameters, E,, derived from the hydrolytic reaction of carboxylic esters are not suitable 
for alkylphosphonates. It may be due to the different transition states of the alkaline 
hydrolysis of phosphonates and carboxylates. The alkaline hydrolysis of alkylphosphonates 
proceeds from a tetracoordinated substrate through pentacoordinate transition states to 
products. However, alkaline hydrolysis of a carboxylate takes place from a planar 
tricoordinate substrate to the final product through a tetracoordinate transition state. 
Therefore, the steric effect of alkyl groups in phosphonates is significantly larger than that in 
carboxylic esters. The y-hydrogen six-number effect on the rate constant in the hydrolysis of 
carboxylic esters is demonstrated by acceleration of the rate of hydrolysis of isopropyl 
carboxylate in comparison with that of isobutyl carboxylate. In constrast to the hydrolytic 
behavior of carboxylates, the rate constant of isobutylphosphonate is larger than that of 
isopropylphosphonate (see Table 3). Therefore, Taft’s E, value of iso-C4H9 group is larger 
than that of iso-C3H7 group, but in the AAER scale for phosphonates, the iso-C4H9 group is 
smaller than that of iso-C3H7 group. 


Another problem is concerning the signs of the 6 and p in equation (6). It is in contradiction 
to experimental data that the u* has a negative effect on k value, which E, has a positive effect 
o n  k value in several sets (see Table 7). However, no  such problem appears for equation ( 5 ) .  It 
indicates that the molecular mechanics calculations reflect the steric effect more correctly than 
Taft’s E, in the hydrolysis of phosphonates. 


If E, was replaced by Y in equation (6), the correlations are not improved. However, 
substituting E, by Y’ in equation (6) ,  the correlation coefficient became better. Unfortunately, 
only limited numbers of Y’ parameter are available. 


Finally, it should be pointed out that our molecular mechanics calculations contain the 
following approximations: the torsional parameters containing P-X rotation for the 
pentacoordinate transition state were not concerned, the oxygen anion 0- was replaced by the 
O H  group, the solvation effect was not included, . . . . . . . However, this study indicates that the 
molecular mechanics calculations are useful for the study of the steric effect of substituents, 
especially the alkyl groups, in the hydrolytic reaction of phosphonates. 
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APPENDIX 


D = 0.15 D = 0.125 


P-FaX 
P-h, 
P-C,, 


Fax--P--Cc, 


FaX-P-F,, 
F,,-P-F,, 


F,,-P-F,, 
F,,-P-C,, 


1-619 
1.536 
1.800 


176.1 
88.92 
92.07 


113.9 
123.0 


(1.612) 
(1 -543) 
(1 -780) 


(1 76.4) 
(-1 


(122.2) 


(9 1 -80) 
(115.6) 


P-Fa, 
P-F,, 


Fa,-P-Fa, 
P--1 c,, 


Fax-P--F,, 


c,,--p--c,, 
Fa,-P-F,, 


C,,-P-F,, 


1.627 
1-549 
1.800 


175.2 
91.10 
87.60 


123.6 
118.2 


F 


CH-P 


F 


I ,'CH3 
I'm3 


(1 -643) 
(1 -533) 
(1 -798) 


(177.8) 
(9 1 *00) 
(88.90) 


(124.0) 
(118-0) 


D 0.30 D = 0.125 


P-Fa, 1.513 (1-514) P-Fa, 1 *638 (1.685) 
P-Fq 1 -534 (1 -534) P-c,, 1.813 (1-810) 


F c,,-P-c,, 120.0 (-1 
I *.F C,,- P-F;,, 90.00 (-1 


H-P' FaX-P-F,, 179.0 (--) 
I'F 
F 


D = 0.150 
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P-Fax 
P-Fq 
P-H 
Fax-P-F,, 
Fax-P-H 
Fax-P-F,, 
H,q--P-F,, 
F,,--P--F,, 


1.613 
1.543 
1.454 


179.0 
90.51 
89-70 


121-15 
117-70 


(1 -594) 
(1 550) 
(1 -36*) 
(--) 


(-1 
(112.0) 


(90.00) 


(124.0) 


/Ph Ph 0 
‘0.) p h  


,O‘ I 
P-0 


Ph 0 
/ 


Ph 


D = 0-05 


1 
P-02 1-701 
P-O4 1 *607 
P-06 1 -692 
02-P-03 90.67 
02-P-O4 89.80 
0,-P-O4 122.28 
03-P-06 88.80 
04-P-O6 90.68 


*1, P 0 v1, v,, v, = 0 


F 
1 


F + p F  
F F  


D = 0.300 


P-Fa, 1.513 (1-514) 
P-Fhas 1 ~562 (1 -561) 
F,,-P--Fbas 103.34 (101-3) 
CiS-Fbaa-P-Fhas 86-95 (87.8) 
trQns-Fh3s-p-Fha, 153.32 (157.3) 


2 
1.702 (1.662) P-03 
1.617 (1.596) P--05 
1.686 (1.663) 


90.27 (88.21) 02-P-05 
90.42 (92.08) 02-P-06 
24.35 (125.51) 03-P-05 
89-13 (88.99) 04-P-Os 
91-07 (87.93) Os-P-06 


2, P 0 v,, v2, v 3  = 0 


D = 0.05 


1 2 
p--c, 1.763 1-763 (1.777) P-01 


01-P-02 90.12 89.90 (90.20) O,-P-03 
Ol-P-04 155.66 154.70 (156.90) 02-P-03 
01-P-(2.7 111-5 111.3 (111.7) 01-C3-C1 


*1,P  x v 1 , v 2 , v 3 = 0  2 , P  xv, ,v2 ,v3=0 


P--02 1.672 1.673 (1.670) P-03 
P-O4 1.676 1.676 (--) 


1 2 
1.604 1.591 (1.602) 
1.590 1.600 (1.600) 


89.92 88.69 (91.62) 
179.43 178.47 (176.57) 
117.60 117.15 (118.27) 
120.04 118.49 (116.19) 
90.11 90.32 (91.44) 


1 2 
1.672 1.672 (1.670) 
1.673 1.671 (--) 


85.20 85-20 (82.80) 
155.50 154-80 (148.10) 
111.4 111.4 (112.0) 
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CH 


Ph  


D = 0.10 


P-0 1 -696 (1 -700) P-N 1 -699 (1 *690) 
P-H 1.457 (--) 0-P-0 176.5 (1 76-6) 
0-P-NI 90.40 (89.20) 0-P-N2 90.60 (92.40) 
NI-P-N;? 126.9 (123.3) c-c-0 103.0 (103.2) 
C-C-N 101.4 (100-3) P-0-c 111.1 (111.9) 
P-N-C 112.6 (1 15.4) 


*The values in parentheses are experimental data. 
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CROSS-INTERACTION CONSTANTS AS A MEASURE OF 
THE TRANSITION STATE STRUCTURE (PART V). * 


THE TRANSISTION STATE STRUCTURE FOR REACTIONS 
OF PHENACYL BENZENESULPHONATES WITH 


BENZYLAMINES IN METHANOL 


IKCHOON LEE, CHANG SUB SHIM AND HA1 WHANG LEE 
Department of Chemistry, Inha University, Inchon, 402-751, Korea 


ABSTRACT 


The kinetics of reactions of phenacyl benzenesulphonates with benzylamines werc investigated in 
methanol at 45.0 "C and the cross-interaction constants XXY, Xyz and werc determined in order to 
elucidate the transition-state structure. The unusually small magnitude of XXY can only be accounted for 
by the resonance 'shunt' effect of the a-CO group of the phenacyl system. Large 1 XYZ 1 values indicate 
a small degree of bond breaking whercas relatively large 1 /3xz I values compared with those for the 
dissociative SN2 reaction indicate a relatively tight transition state for the reactions. Further, the similar 
magnitudes of 0x2 values compared with those of the corresponding aniline nucleophile series suggest a 
similar transition-state structure for the two aromatic amine nucleophile series 


In our previous studies we have shown that the a-CO group of the phenacyl derivatives 
participates in S~2-type reactions as an enolate form (I), 


6. c . L  
/I c-o- 
I 
R 
I 


lending extra stabilization to the transition state (TS);' this, however, does not lead to an 
interaction between substituents X in the nucleophile N and Y in the substrate R, but causes 
the electronic charges on the reaction centre carbon due to the charge transmission in the TS 
leaking to the a-CO group with no cross-interaction between the two substituents. ' This 
remarkable electronic 'shunt' phenomenon was found to be reflected in the unusually small 


*For Part IV, see ref. 3 .  
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I P Y Z l  
Fragment Z 


(Leaving group) 
Fragment X I pH ' I 


(Nucleophi le)  


Fragment Y 
(Substrate) 


Scheme 1. Typical S N ~  transition state 


Hammett-type cross-interaction constants I pxy 1, i, j = X, Y in the equation ' 
log(kfJ/kHH ) = PIUI + P J ~ J  + PfjuIoJ (1) 


The Hammett-type cross-interaction parameters, po in general, are used as a measure of 
indirect interactions between substituents i and j through reaction centres R, and RJ ' J  (Scheme 
l), whereas the Brcansted-type-cross-interaction constants, Po in equation (2), represent a more 
direct measure of interactions between reaction centres R, and RJ and hence a direct measure 
of the distance rrJ in the TS.3 


(2) log(kij/kHH = PI A PKi + PJ ApKj + PI, APKi ApKj 


The mixed Hammett-Br~nsted-type parameters, A,J in the equation, 


can also be used as a measure of the TS structure for reactions involving substituent changes 
in one fragment only,3 e.g. in the substrate. 


In  this paper, we report the results of a kinetic investigation of the nucleophilic substitution 
reaction of phenacyl benzenesulphonates with benzylamines (BA) in methanol: 


MeOH 
45,0  oc + YCsH4COCH2NHCH2C6H4X 2XCsH4CHzNHz + Y C ~ H ~ C O C H Z O S O ~ C ~ H ~ Z  


+ X C ~ H ~ C H Z N H Z  + -0S02C6H4Z (4) 
X = P-CH~O,  p-CH3, H, p-C1 
Y = H, p-Cl, p-NO2 
Z = p-CH3, H, p-CI, m-NO2 


Our main interest is to elucidate the TS structure in light of the magnitudes of various cross- 
interaction constants, with special emphasis on the electronic 'shunt' phenomenon in the 
phenacyl system involving the enolate form I .  A comparison of the cross-interaction 
parameters is made with those for the reactions of phenacyl benzenesulphonates and anilines 
(AN)" in order to examine the effect of nucleophilicity on the TS structure. 


RESULTS AND DISCUSSION 


The second-order constants, k2, for the reactions of phenacyl benzenesulphonates with BA in 
methanol at 45.0 "C are summarized in Table 1. The rates are ca 20 times faster than those 
for the corresponding reactions with AN" owing to the increase in the nucleophilicity. Other 
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Table 1. Second-order rate constants, k2 ( x  lo3 Imol- ' s - ' ) ,  for 
the reactions of phenacyl benzenesulphonates with benzylamines in 


methanol at 45.0 "C 


X 


Y z p-CH3O p-CH3 H p-c1 


H p-CH3 
H 


m-NO2 


H 


rn-NO2 


p-c1 


p-C1 p-CH3 


p-c1 


P-CI 
W Z - N O ~  


13.0 
18.2 
31.2 
95.5 
17.6 
24-0 
37.2 


72.4 
85.1 


110 


106 
166 


10.5 
15.1 
26.0 
80.0 
14-3 
20.0 
32.0 
92.9 
61 a2 
70.8 
89.9 


141 


7.81 5.22 
11.2 7.60 
19.1 13.2 
60.3 43.5 
10-7 7-20 
15.1 10.2 
24-0 17.1 
70.5 50.7 
46.0 31-7 
54.3 37.6 
67.6 48.4 


108 78.5 


T a b l e  2. Hammett and Brc~nsted coefficients, p x  and PX ( = PN ), for the reactions of phenacyl 
benzenesulphonates with benzylamines in methanol at 45 .0  "C 


P - C H ~  H p-c1 m-NO2 


Y PX P X  P X  Px P X  P X  PX B X  


-0.79 0.76 -0.76 0.74 -0.75 0.73 -0.68 0.66 
(-2.08) (0.75) (-1-99) (0.72) ( -  1.95) (0.70) ( -  1.78) (0.65) 


H 


-0.67 0.65 -0.70 0.68 p-CI -0.77 0.74 -0.74 0.73 
(-2.01) (0.73) {-1*95) (0.70) (-1.88) (0.68) (-1.74) (0.63) 
-0.72 0.71 -0.70 0.69 -0.68 0.67 -0.65 0.63 p-NO2 


(-1.89) (0.68) (-1.81) (0.66) (-1.80) (0.65) (-1.68) (0.61) 


For all reaction series the correlation coefficients were better than 0.998. 
bValues in parentheseslc are those for  the reactions with anilines in methanol at 45.0 OC. 


reactivity trends are similar for the two nucleophile series; the rate increases with a more 
electron-withdrawing substituent both in the leaving group, e.g. Z = rn-NO2, and in the 
substrate, e.g. Y = p-NOz, and with a more electron-donating substituent in the nucleophile, 
e.g. X = p-CH30, for reactions with both BA and AN. 


Simple Hammett and Brmsted coefficients, p x  and OX( = O N ) ,  are given in Table 2. As we 
have pointed out,3 the magnitudes of p x  for BA are less than half of those for the AN series 
owing to an extra non-conjugating CH2 group between the ring and the reaction centre Rx, i.e. 
the N atom in BA, which is, in general, known to reduce the intensity of interaction between 
a substituent, X, and the reaction centre, Rx, by more than a factor of two. In contrast, 
however, the magnitudes of OX are remarkably similar for the two nucleophile series of BA and 
AN, indicating that the degree of bond formation in the TS is, in reality, very similar. These 
behaviours of the magnitudes of p x  and OX are consistent with the interrelationships in equation 
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(5a): 


where i = X and p L  = ApK,/u,. For the approximately same Ox, i.e. Px(ANj = Px(BA), the PX 


values for the AN series should be ca 2.6 times greater than those of the BA series (Table 2), 
since the use of equation (5a) gives 


- 2.6 P ~ ( A N )  P ~ ~ ( A N )  - P ~ A N )  - 2.77 
p x ( ~ ~ ) -  P % x ( ~ ~ )  - ==-1.06- 


* .  We note that the sign of Px( > 0) is opposite to that of p x (  < 0), since p z  is negative, in 
equation (5a). 


The Hammett and Brernsted coefficients for leaving group changes, P Z  and Pz( = p rg), for 
reaction (4) are summarized in Table 3. In the determination of Pz,  we used the methyl transfer 
pK values, pKCH3,6 for both the BA and the AN series. Here again the signs of p z  and PZ 
differ owing to the negative p: value ( -  2.99) in equation (5a), where i = Z. The magnitude of 
PZ is approximately one third of I pz I since p:= - 3 . 6  In striking contrast t o  the large 
difference in Ipx I between the BA and the AN series in Table 2 ,  both the 1 p z  I and I f?z 1 values 
are similar between the two nucleophile series, since the leaving groups are the same 
(-0SOzCsH4Z) and apparently a nearly equal degree of bond breaking is involved in the TS 
for the two nucleophile series (BA and AN). 


The Hammett py values are given in Table 4. The sign of py is positive, indicating a greater 
degree of bond formation than bond breaking in the TS for the reaction series (4).7 The 
magnitude of p y  values differs very little between the BA and AN series. This is an indication 
that in both series a similar degree of bond formation and of bond breaking has been achieved 
with the former being more advanced than the latter.' 


Multiple linear regression analysis of the rate constants k2' using equations (1)-(3) gave the 


Table 3. Hamnie t t  and Brernsted coefficients, p z  and /3z ( =  Pig), for t h e  react ions of phenacyl  
benzenesulphonates  with benzylamines in methanol  a t  45.0 aCa,b  


X 


p-CH30 p-CH3 H p-CI 


Y PZ Pz P Z  Pz P Z  P I  P L  Pz 


H 0.99 -0.33 1.01 -0.34 1.02 -0.34 1.10 -0.35 


p-c1 0.91 -0.30 0.93 -0.31 0.93 -0.31 0.97 -0.32 


P-NOZ 0.41 -0 .14  0.42 -0.14 0.42 -0.16 0.46 -0.18 


(1'14) (-0-38) (1.19) (-0.40) (1'24) (-0.41) (1.31) (-0.44) 


(1.03) (-0.34) (1.03) (-0.34) (1.09) (-0.36) (1 .15 )  (-0.39) 


(0.42) (-0.14) (0.43) (-0-14) (0.47) (-0.16) (0.53) (-0-18) 


'For all reaction series the correlation coefficients were better than 0,998. 
bValues in parentheses" are those for the reactions with anilines in methanol at 45.0 OC. 
'The pK values used in the determination of PZ were those of methyl transfer rcactions, i.e. pKCH'. 


*The plot of ApK, = p?ux for aniline gave o?=  -2 .774  and p:= - 1 .065 for benzylamine. The pK;, values in these 
determinations were obtained from ref. 4. 
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Table 4. Hammett p y  values for the reactions of 
phenacyl benzenesulphonates w$h benzylamines in 


methanol at  45.0 C".b 


X 


Z p-CH30  p-CH3 H p-CI 


p-CH3 0.59 
(0.67) 


H 0.53 
(0-57)  


p-CI 0.42 
(0.44) 


/77-NOz 0.18 
(0.16) 


0.60 
(0.70) 
0.53 


(0.60) 
0.43 


(0 * 46) 
0-  19 


(0.18) 


0.61 
(0 ' 72) 
0.54 


(0.61) 
0.43 


(0.48) 
0.19 


(0.19) 


0-62 
(0.74) 
0-55 
(0.63) 
0.44 


(0.49) 
0.20 


(0.20) 


'Correlation coefficients >0.998. 
hValues in parentheses" are those for the  reactions with 
anilines in methanol at 45.0 OC." 


Table 5 .  Cross-interaction constants for the reactions of pbenacylbenzenesul phonates with 
benzylamines in methanol at 45.0 Cagb 


~~ ~ 


Z PXY hxu X P Y Z  XYZC Y P X Z  P x 7 c  


p-CH3 0.04 
(0.14) 


H 0.03 
(0.1 I )  


p-CI 0.02 
(0.10) 


m-NO2 0.02 
(0.07) 


-0.03 
( -  0.05) 
- 0.04 


( -  0.04) 
-0.04 


(-0.04) 
-0.02 


( -  0.03) 


~ 


p-CH3O -0.51 
( -  0.63) 


( -  0.65) 


(-0.66) 


(-0.67) 


p-CH3 -0 .52  


H -0.52 


p-CI -0 .52  


~ 


1-08 H 0.12 0.20 
(0 a 99) (0.32) (0.20) 
0-82 p-C1 0.11 0.18 


(1.02) (0.31) (0.19) 


(1 *04) (0.23) (0.14) 
0.83 


(1 -05) 


0-82 p-NO2 0.09 0.15 


a Correlation coefficients >0.997. 


proton acidity, pKH , values.6 
In the calculations of Xy7 and &.z, the pK, values for the leaving group (benzenesulphonates) used were the 


three types of cross-interaction constants, PXY, PYZ and PXZ and XXY, XYZ and P X Z ,  as shown 
in Table 5. Here again we find large differences in I PXY I and I PXZ I but no  difference in 1 pyz 
between the BA and AN series due to the intervening CHZ group in BA. We note that signs 
of  PXY ar,d XXY and of PYZ and XYZ are opposite but those of PXZ and Pxr are the same, as 
expected from the correlation (5b), where i, j = X, Y or  Z, since p2and  p: are both negative. 


In contrast t o  the large difference in I P X Y  I and I PXZ 1 values between BA and AN series, we 
obtain similar values of 1 PYZ 1 for the two series (BA and AN). This shows that as long as the 
nucleophiles ( i  = X) are not involved in the correlation, the cross-interaction constants d o  not 
vary significantly between the two nucleophile series; hence the TS for the two series are very 
similar in reality, and it is only the intervening C H Z  group in BA that makes a large difference 
in the magnitude of Hammett-type cross-interaction constants p,] from the corresponding 
values for the AN series. The values of ]XXY 1 ,  1 XYZ 1 and 1 PXZ I are all similar for the two 
nucleophile series (BA and AN), indicating that these cross-interaction parameters are a more 
direct measure of the interactions between reaction centres Rx, RY and RZ and hence a more 
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direct measure of the TS ~ t r u c t u r e . ~  The very small magnitude of Axu values (0.03-0.04) in 
Table 5 compared with those for the normal S,v2 reactions (XXY z. 0.20-0.27)3 may be partly 
due to the intervening C=O group in the phenacyl system, which should account for a decrease 
in I XXY 1 of slightly more than a factor of two.2h There is a decrease in I XXY I of a further factor 
of two, which can only be accounted for by the resonance ‘shunt’ phenomenon of the a-CO 
group. lh~c  This phenomenon occurs in the phenacyl system, and hence the change of 
nucleophile from AN to BA should have little effect on the intensity of the ‘shunt’ as we find 
nearly the same I XXY I values for BA and AN series in Table 5 .  The relatively large 1 D Y Z  1 values 
(0.82-1 *08) indicate that the degree of bond breaking is small compared with the normal S N ~  
reactions, for which the I ~ Y Z  I values were 0.18-0.26. The size of PXZ, a measure of tightness 
(or looseness) of the TS, is nearly the same for the two nucleophile series, indicating very similar 
TS structures. The TS structure does seem to become loose with a more electron-withdrawing 
substituent in the substrate (e.g. Y = p-NOz); the magnitudes of both ,Bx (Table 2) and 67 
(Table 3) tend to  decrease with a more electron-withdrawing substituent in the substrate, but 
a net effect of looser TS (a smaller I PXZ I ) implies that the decrease in bond formation ( 1 PX I ) 
is slightly greater than the decrease in bond breaking ( I P Z  I ). 


EXPERl MENTAL 


Materials 


Anilines were purified by distillation or recrystallization, 2h and benzylamines were purified by 
distillation. 2h Phenacyl benzenesulphonates were prepared and purified as described. 
Reagent-grade methanol was used without further purification. 


Rate constants 


Rates were measured conductimetrically at 45 .O 2 0.1 “C. The conductivity was found to vary 
linearly with the concentration of the product solution, which was prepared using 
independently synthesized amides. Pseudo-first-order rate constant, kpb5, were determined by 
the Guggenheim method with a large excess of benzylamines and second-order rate constants, 
kz,  were obtained from the slope of a plot of kpbc vs [BA] : 


kph’=kl +kz[BA] 


where kl is the rate constant for methanolysis, which was found to be negligibly small 
compared with the second-order term, as evidenced by zero intercepts ( k ,  = 0) in all cases. 


Product analysis 


Products were confirmed with TLC and IR analyses. Two reactants and one product gave three 
TLC spots. The three Rr values were found to agree with those determined independently (RF 
values with a silica gel plate and 10% cyclohexane-dichloromethane as eluent were BA 0.67, 
p-CIC6H4COCH20S02C6Hs 0.63 and anilide 0.18). 
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REVIEW COMMENTARY 


REFLECTIONS ON THE T-COMPLEX THEORY OF BENZIDINE 
REARRANGEMENTS* 


HENRY J .  SHINE 
Deparlriienl of Cher17r~try and Biocher?ircrry, Teuus Tech Unrverstry, Lubbock, TX 79409, USA 


ABSTRACT 


The ups  and downs, and reasons therein, of the *-complex theory of the mechanism of the benzidine 
rearrangements, and the possible role of *-complexes in a newer understanding of the rearrangements, 
are described. 


This paper concerns the mechanism of the benzidine rearrangement, the thought-provoking 
role that Dewar had in it during the 20-year period 1945-65 and the current view. The paper 
is designed first to t ry  to understand why Dewar’s then innovative r-complex theory met so 
much opposition and rejection, second to try to set the record straight as to who was right or 
wrong about benzidine rearrangement mechanisms in the early days and last to record where 
knowledge of the rearrangement $tan& now. Twenty years or so have elapsed since the end of 
the heady period of the 1950s and 1960s when battles over the mechanism of the benzidine 
rearrangement took place in the journal literature, principally between Dewar on the one hand 
and Banthorpe, Ingold and Hughes on the other. Joining the battles were others, including 
myself and coworkers bent on testing Dewar’s ideas, and more often than not criticizing them. 
The big guns have ceased to fire, the smoke has (hopefully) cleared and the opportunity seems 
to be at hand to look at what was going on. 


The benzidine rearrangements are best known as the acid-catalyzed, intramolecular 
rearrangements of hydrazoarenes. Thermal benzidine rearrangements are known, to which I 
shall also refer, and even photochemical ones, ’ but the focus of attention for so many years 
was on the acid-catalyzed rearrangements. These are illustrated for reference in equations 
(1)-(4). Equation (1) shows that hydrazobenzene (1) itself rearranges into benzidine (2), from 
which the class name is derived, and diphenyline (3). Under conditions in which most kinetic 
and mechanistic studies have been carried out, the ratio of the yields of 2 and 3 is approximately 
70: 30. Equations (2) and (3) are for guidance only, rather than as explicit descriptions of 


* Dedicated, with respect, for the 70th birthday of Professor Michael Dewar, who, on scribbled, lunch-time table 
napkins at the 1961 American Chemical Society meeting in Chicago tried but (fortunately) failed to convince me of 
the validity of his *-complex theory. 1 wish I had kept the napkins. 
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NH, 
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1 2 3 


6 x 7  


8 9 


particular cases. That is, a 4-substituted hydrazobenzene [4, equation (2)] can give a p-semi- 
dine (5), while a 4,4’ -disubstituted hydrazobenzene [ 6, equation (3)] can give an o-semidine 
(7). In practice, mixtures of diphenyline, o- and p-semidine types may be obtained from 
particular p-substituted hydrazobenzenes. o-Benzidine rearrangements are also known, but are 
best seen in the rearrangements of hydrazonaphthalenes, for example, as in equation (4). 
Accompanying all benzidine rearrangements, either to a very small or to a very large extent 
depending on the arene structure, is a disproportionation reaction, shown with a 
4,4’ -disubstituted hydrazobenzene in equation (5). 


Explicit mechanistic information about the benzidine rearrangements was scant when interest 
in their mechanisms began to develop in the years 1930-40. A large compilation of products 
of all of the then known rearrangements had been assembled by Jacobson in 1922,2 but the 
data in this compilation suffered from the relative imprecision of experimental work of the 
times, and from the variety of ways in which rearrangements had been carried out. Often, for 
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example, a hydrazoarene was prepared and rearranged in situ by heating the corresponding 
azoarene with tin and hydrochloric acid, a practice which led inevitably to excessive 
disproportionation and also some reductive scission. 


In this early period Robinson3 and Hughes and Ingold4 proposed mechanisms of 
rearrangement designed, among other things, to account for intram~lecularity.~ The 
mechanisms called for electron flowings, which in modern terminology could be equated with 
a concerted process. Robinson depicted rearrangement as beginning with the N- 
monoprotonated hydrazoarene. Hughes and Ingold, on the other hand, curiously, were 
insistent that protonation did not precede N-N heterolysis. A nearby proton was called upon 
to ‘disturb the electronic system of the benzidine molecule’ (presumably they meant the 
hydrazobenzene molecule) and to be present in the transition state, yet not to protonate the 
hydrazoarene. Perhaps they meant by this that the approach of a proton was to be coincident 
with the breaking of the N-N bond. It seems clear that they intended rearrangement to be a 
continuous process. 


A radically different and novel proposal was made by Dewar for the first time in 1945.6 
Dewar proposed that a non-localized a-electron migrated from ring 2 to ring 1 of the 
monoprotonated hydrazobenzene [equation ( 6 ) ] ,  with consequent fission of the N-N bond. 
Thereby a complex molecule was formed ‘composed of the aniline derivative (A) and the ion 
radical (B),’6 and this was called a r-complex. Provision was made for collapse of this complex 
to a benzidine-type product or, by rotation of the two halves of the complex before collapse, 
for the formation of other types of rearrangement product. 


NH2’- Ph (1) 


NH- Ph (2) 
I 66 A B 


x 


It  is extraordinary to reflect now that at that time all proposals for the mechanism of 
rearrangement assumed that the monoprotonated hydrazoarene rearranged. No one in that 
period o f  interest had taken the trouble to measure the kinetic order in acidity, and all had 
overlooked that van Loon had done that almost 40 years earlier in his thesis work in 
Cironingen. Another attempt to relate rates of rearrangement to acidity had been reported, 
in fact, by Biilmann and Blom in 1924, in a study of redox characteristics of pairs of azo- and 
hydrazoarenes. ’’ Biilmann and Blom found that the rate of rearrangement did increase with 
increasing hydrogen ion concentration, but because of the complexity of their approach they 
were unable to find the proportionality. It is interesting that this report, too, did not spur others 
on to trying to find the kinetic order in acid. It was the kinetic order in acid, in fact, that was 
to bring about the first rejection of Dewar’s ingenious idea, and lead it later into further 
trouble. 


In 1946 Dewar measured the rate of rearrangement of hydrazobenzene, 0- and m-hydrazo- 
anisole and p-hydrazotoluene in aqueous ethanol. l 3  The relative rates were taken as supporting 
the a-complex mechanism. However, the kinetic order in acid was not measured, being 
assumed instead to be unity in each case. This was the position also, slightly later, when Dewar 
elaborated, in his book,I4 on the role of the n-complex in the benzidine rearrangements, 
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showing how it could account for the effect of substituents on the type of rearrangement and 
on relative rates. 


In 1949, G. S. Hammond and I ,  having no interest in the benzidine rearrangement other than 
a casual curiosity about its mechanism, noticed Dewar’s oversight in kinetic acidity. l 3  


We decided, therefore, to measure the kinetic order of acid in the rearrangement of 
hydrazobenzene and, to our surprise, found it to be 2 0 0 . ’ ~  


The finding of second-order acid  kinetic^"^'^ was, of course, no support for Dewar’s 
mechanistic ideas. It alro initiated a renewed interest in the benzidine rearrangement in a 
number of places, but particularly in Ingold’s laboratory in England. Soon it was to be shown 
by Carlin and by Ingold that some benzidine rearrangements were first order and others second 
order in acid, while some could show both dependences, depending on the acid concentration. 
The story on this and other developments has been set out in much detail by Banthorpe, Hughes 
and Ingold18 and has been summarized in a number of reviews. 1 9 - ”  


The finding of variable kinetic order in acid placed the x-complex theory under a cloud which 
obscured any intrinsic merit the theory might have had. Among the compounds whose rates 
of rearrangement Dewar had measured and compared under the assumption of first-order acid 
kinetics were hydrazobenzene and p-hydrazotoluene, both of which were found to rearrange 
under second-order acid catalysis. It is not surprising, therefore, that the x-complex theory was 
given short shrift. 


ArNHNHAr + H +  ArkHZNHAr 
7 


ArNHzNHAr * a-complex 
x-complex + H i  - product 


Scheme 1 


The problem for the r-complex theory over kinetic order in acid was compounded later when 
Dewar fitted to his theory a provision for variable order in acid. The provision was that the 
first protonation of a hydrazoarene led to the reversible formation of a a-complex. The 
function of the second proton was to attack the .ir-complex and carry it on to rearrangement 
products (Scheme 1).23-25 Again, provision was made for rotations within the .ir-complex so 
that appropriate conformations could he reached before the second product-forming reaction 
took place. At that stage of the x-complex theory, a key characteristic applied to the x-complex 
was that it should retain its asymmetry right up to the product-determining step, and Dewar 
felt that if a diprotonated hydrazoarene rearranged the products would be difficult to explain. 24 


A number of predictions and/or explanations were made on the basis of this revised 
formulation of the x-complex theoryZ4r2s which were shown later to be contrary to fact, and 
the a-complex theory suffered accordingly. Thus, Dewar’s kinetic derivations predicted that if 
a hydrazoarene could rearrange by both first- and second-order acid kinetics, it would rearrange 
by second order at the lower and by first order at the higher acidity. Later, it was shown that 
the opposite behavior held.” Dewar predicted that bulky substituents placed in the para 
positions of hydrazobenzene should reduce the kinetic order in acid; the more the bulkiness, 
the greater the trend toward first order.24 In time it was shown that the second-order acid 
kinetics of hydra~obenzene”*’~ and p - h y d r a z ~ t o l u e n e ” ~ ~ ~  were also in control in the case of 
4,4 ‘ -di-tert-butylhydrazobenzene, ‘’ with the result that the x-complex theory was again 
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discredited. Further damage to the a-complex theory occurred when Dewar accepted an old 
literature report that 4,4' -diphenylhydrazobenzene disproportionated entirely rather than 
rearranged,28 and attributed this behavior to the inability of the two biphenyl moities to  line 
up in the initially required 7r-complex. 23-25 Later, Shine and Stanley showed that if reaction 
was carried out in aqueous ethanol at 0 ° C  rather than by heating with concentrated 
hydrochloric acid, rearrangement did occur, to the extent of 25%,  and with second-order acid 
kinetics. 2') 


The problems with the a-complex theory described above and which gave fuel for scepticism 
and criticism of its validity were removed in 1965 with a reformulation by Dewar and 
Marchand. 30 This formulation (Scheme 2) embraced not only first- and second-order acid 
catalysis but also the thermal, neutral rearrangement of hydrazoarenes which were uncovered 
in my own laboratory31 and elaborated on in Ingold's. A very simple adjustment was made 
for the rate-determining formation o f  a *-complex in each rearrangement from a neutral, 
monoprotonated and diprotonated hydrazoarene. The new equations (Scheme 2 )  could account 
easily for the kinetics of acid-catalyzed rearrangements, and, in Dewar's view, for the effect 
of substituents on rates and product types. 


ArNHNHAr -+ no (slow) 
7r0 --t products 


+ 
ArNHNHAr + H +  S ArNHzNHAr 


ArkHzNHAr + a1 (slow) 
?rl -+ products 


+ +  
ArkHZNHAr + H +  5 ArNHzNHzAr 


Ar&H&HzAr -+ 7r2 (slow) 
7 ~ 2  -+ products 


Scheme 2 


During the 1960s a large amount of kinetic and product data were being gathered, especially 
in Ingold's laboratory. This large body of information was fitted by Banthorpe, Hughes and 
Ingold to  a theory of rearrangement called the polar transition state (PTSj theory. The idea 
behind this theory was the after equilibrium mono- or diprotonation at the nitrogen atoms, the 
N-N bond of the hydrazoarene began to break heterolytically. In that way a polar transition 
state developed, in which one half of the breaking protonated molecule became positively 
charged while the other half remained neutral. While the N-N bond stretched the molecule 
adopted a conformation in which bonding for product formation began. Representations '' of 
the polar transition states for a onc-proton (1,l '-hydrazonaphthalenej and a two-proton 
(hydrazobenzene) rearrangement are shown here as PTS' and PTS2+. Banthorpe, Hughes and 
Ingold used this concept to explain their views of the kinetic data and formation of  the products 
of all benzidine rearrangements, except for p-semidines, whose formation at that time was still 
thought to require the presence of heavy-metal ions. l 8  Another theory, calling for caged radical 
and cation radical pairs, was also in vogue, but did not have a solid basis of support.'"-'' 
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Later, a fourth theory, the so-called ring-protonation theory, commanded some interest, 32 but 
was never supported by acceptable experimental data, and was finally discredited. 3 3 - 3 5  


Principally, therefore, two powerful theories of the benzidine rearrangements held sway 
during and following the mid-1960s: the T-complex and the PTS theories. The r-complex 
theory survived its earlier criticisms in its final formulation, while the PTS theory was promoted 
vigorously by Banthorpe, Hughes and Ingold. Neither side of adherents was bashful about 
criticizing the other. 


Now, Dewar and Marchand pointed out the crux of the matter, that the kinetic evidence 
could not distinguish between these mechanisms. 30 In fact, a stand-off resulted, and whether 
one believed in the x-complex or the PTS theory became a matter of personal intuition or 
prejudice. 


. .. 


PTS+ 


The puzzle of the mechanism of rearrangement was magnified in the mechanism of acid- 
catalyzed disproportionation [ equation ( 5 ) ] .  In  time, it was found that disproportionation had 
the kinetic character of the rearrangement which it accompanied. That is, all disproportion- 
ations were first order in hydrazoarene and either first or second order in acid, paralleling 
exactly the accompanying rearrangement. 


It was evident, therefore, that an intermediate had to be formed in a rate-determining step 
which in subsequent fast steps could either go on to the rearrangement product or react with 
another molecule of hydrazoarene and lead to disproportionation. It was essential in 
disproportionation that the N-N bond be broken because that was the rate-determining step, 
but the parts must remain together, because evidence for free fragments was untenable. 18-22 


For some years it seemed that the only viable intermediate must be a ?r-complex. 
Disproportionation was formulated in that way (Scheme 3) by Dewar as early as 1949.14 


Later, however, disproportionation was fitted to the PTS theory with the proposal that a 
quinonoidal intermediate could be formed in the rate-determining step, and in fast steps either 
continue to rearrangement or be reductively cleaved by a second molecule of hydrazoarene. 
This idea is shown with a p-quinonoid intermediate in Scheme 4,36 but o-quinonoids could 
serve also. 37 


+ H’ 
Scheme 3 
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\ I 


R 


Scheme 4 


The essential difference between the a-complex and PTS theories was never stated explicitly 
during the days of controversy. That difference was that in the r-complex theory all 
rearrangements had to go in two major steps (formation of a a-complex and conveyance to 
product) whereas in the PTS theory all rearrangements had to be concerted. This rate-process 
difference applied also to disproportionation. In the a-complex theory an intermediate was 
formed by breaking the N-N bond, and was reduced in a fast subsequent step. In the PTS 
theory an intermediate was formed in a concerted way, and only thereafter did the redox 
cleavage occur. As far as I am aware the concept of concertedness and its implications in these 
reactions were never brought explicitly to light by workers in the field during the period of 
controversy. 


In 1950, recognizing the invalidity of a monoprotonated r - ~ o r n p l e x ' ~  in the rearrangement 
of hydrazobenzene, and believing that r-complex formation from diprotonated 
hydrazobenzene was less plausible, Hammond and Shine proposed that the new bonds of the 
products of rearrangement are partially formed before the old bond is broken, ' 5  in a manner 
similar to the suggestions of Robinson3 and Hughes and Ing01d.~ This is the language of 
concerted reactions, but the enunciation and clarification of the concepts of concerted and non- 
concerted reactions were still more than a decade away. 


The earliest proposal that the benzidine rearrangement might be a concerted, 
[ 5 , 5 ]  -sigmatropic rearrangement was by Frater and Schmid. From Schmid's laboratory in 
those years came detailed and elegant work on the Claisen rearrangements. Frontier molecular 
orbital (FMO) treatment was applied in some detail to Claisen rearrangements by Schmid and 
coworkers, 38339  and the possibility that examples of [ 5 , 5 ]  -sigmatropic rearrangements in 
positively charged systems might be found in benzidine rearrangements was also pointed out. 40 


Curiously, Frater and Schmid gave no consideration to the application of FMO treatment to 
the other types of hydrazoarene rearrangements. FMO theory was such that if benzidine 
formation was an allowed pericyclic process, the diphenyline and o-semidine rearrangements, 
by the same reasoning, could not be suprafacially concerted. I pointed out these consequences 
of FMO treatment in 1973 but, somewhat shortsightedly then, wrote that 'at this stage it does 
not seem useful to classify some of the rearrangements as sigmatropic shifts and leave others 
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in limbo.’20” The portent for viewing benzidine rearrangements in a more global way was 
recorded first, however, by Alder, Baker and Brown,4L who wrote: ‘The benzidine 
rearrangement is apparently a [ 5 , 5  1 -shift, though, when the para-positions of the 
hydrazobenzene are blocked, other products (e.g. the ortho-semidine) are formed by 
rearrangement5 which are formally forbidden to  be concerted. Probably a n  intermediate is 
formed the two halves of which can rotate before collapsing to give the various products and 
which probably lives long enough to  forget its origins in orbital symmetry terms. The bonding 
in the intermediate is still uncertain and will probably vary according to  whether it is 
diprotonated (Scheme 5) or mono- or un-protonated’. This cogent view of benzidine 
rearrangements was completely overlooked, it seems, in later works. 


p Q  
R R Benzidine 


6 
rotation 


-2H’ 
* 


o-Semidine 


Scheme 5 


An approach for distinguishing between concerted and two-step mechanisms of benzidine 
rearrangements with measurements of heavy-atom kinetic isotope effects (KIE) was begun at 
Texas Tech University in 1976. Initially, attention was turned to N-N bond breaking in the 
rearrangement of hydrazobenzene (1) itself, and i t  was found by isotope-ratio mass 
~ p e c t r o m e t r y ~ ~  that there was a nitrogen KIE at about 2070 for the disappearance of it was 
not possible at  that time to  measure the KIE for the formation of each product. This was 
accomplished later, not only for nitrogen but also for carbon isotopes. In the later work KIE 
of stable isotopes were measured by whole-molecule-ion mass spectrometry (WMIMS),43 and 
of “ C ,  eventually, by scintillation counting. As the KIE work progressed, and with the 
availability of modern isotope-ratio mass spectrometers, it became possible to  measure nitrogen 
KIE by combustion-isotope-ratio mass spectrometry on unenriched compounds to supplement 
the measurements by WMIMS on their enriched analogues. In the course of a few years 
examples of “N, 13C, 14C and 2H KIE were assembled from which a rational view of the 
benzidine rearrangements could at  last be formulated. The rearrangements are sigmatropic 
ones. In principle, therefore, as pointed out by Alder, Baker and Brown, some can and some 
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cannot be concerted. The KIE data which we have gathered are in line with these expectations. 
Where a rearrangement can be concerted the KIE data (in all cases but one) are consistent with 
a concerted rearrangement. Where a rearrangement cannot be suprafacially concerted the KIE 
data are in accord with a non-concerted process. Our KIE results are summarized briefly below. 


In the case of hydrazobenzene (1) itself, K I E  were measured for the rearrangement of 
[ "N, "N' ] -1, [4,4 '  -'3Cz] -1, [ 4-I4C] -1, [ 2,2 '6 ,6 '  -13C4] -1 and [ 4,4'-*H2] -1. The nitrogen 
and carbon KIE were measured for each product, benzidine (2) and diphenyline (3) [equation 
( I ) ] .  The deuterium KIE could be measured only for the disappearance of hydrazobenzene and 
not for the formation of each product. The results are listed in Table 1. The nitrogen and 
carbon data show substantial KlE for bond breaking and bond forming for 2. These results 
mean that stretching of the N-N and forming of the C-C bond are parts of the same 
transition structure, that is, that the 4,4' -quinonoid intermediate, which precedes and leads on 
rapidly to benzidine (2), is formed in a concerted way. Benzidine formation is thus classifiable 
as a [ 5 , 5 ]  -sigmatropic rearrangement. In contrast, the formation of diphenyline (3) is 
characterized by a substantial KIE for breaking the K-N bond but with no KIE for forming 
the C-C bond. In that case, N-N bond stretching is part of the transition structure, whereas 
C-C bond forming comes later. The results are not consistent with a concerted rearrangement, 
which is what one now expects for what is formally a [ 3, 51 -sigmatropic shift. The deuterium 
KIE reflect the secondary deuterium isotope effect for making the major product (2) in a 
concerted way; that is, in going from sp2 hybridization in 1 toward sp3 bonding in the 
quinonoid intermediate that leads on to 2. As for the I3C4 KIE, the value for 2 can only serve 
as a control of precision, and indicates that there is no KIE for forming 3, a result consistent 
with those obtained with labeling in the para positions. 


These heavy-atom KIF are small, but of the expected magnitudes. Cut-off-type calculations 
for simplified models of the transition structures for forming 2 and 3 gave, in fact, KIE close 
to the measured  value^.^' 


Rearrangement of hydrazobenzene is a two-proton case. KIE were measured, therefore, for 
the formation of a benzidine by a one-proton rearrangement, namely of 
2,2'-dimethoxyhydrazobenzene [ 10, equation (7 ) ]  . 4 5  The KIE results for the formation of 
product 11 from [ 15N, "N' 1-10 and [4, 4'-13Cz] -10 were 1 *0289 and 1.0286, respectively, 


Table 1. KIE for the acid-catalyzed rearrangement of 
hydrazobenzene into benzidine (2) and diphenyline (3) 


KIE 


Label 2 3 Reference 


I5N, ' a I * 0222 1,0633 35 
4,4'-13Ca 1 .0209 1 .0006 35 
4- 'Y 1.0284 1~0011 35 
2,2' ,6,6'-I3C 0*9945b 0.9953' 44 
4,4'-'H" 0.962 35 


a For two atoms. 
"Since the para positions were not labeled, there cannot be a KIE 
for forming 2, and this number must be considered to be 1 .OW. 
'Considered to be the same, experimentally, as for 2. 
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1 0  11 


showing that this was a [ 5 , 5 ]  -sigmatropic rearrangement, too. Once again, an inverse 
secondary deuterium KIE for the disappearance of hydrazoarene was found, 0.929 for 


Rearrangement of 4-methoxyhydrazobenzene (12 j into the p -  (13 j and o-semidine (14) 
[equation (X)] occurs by one-proton catalysis. The formation of 13 and 14 from 
[ ”N, 15N’ ] -12 resultcd in KIE of 1.0296 and 1.074, respectively, showing that in each case 
stretching of the N-N bond occurred in the transition structure. Formation of 13 from 
[4-14C] -12 resulted in a carbon KIE of 1 .039.4h The nitrogen and carbon results showed that 
the p-semidine rearrangement was a [ 1 ,  51 -sigmatropic shift. 


14, 4’-2H2]-10. 


1 2  1 3  


Me0 
14  


o-Benzidine rearrangements are, in principle, [ 3 , 3 3  -sigmatropic shifts. That this is the case, 
in fact, was shown with the rearrangements of 2,2‘-hydrazonaphthalene [ 8, equation (4)] and 
N-2-naphthyl-N’ -phenylhydrazine [ 15, equation (9)]. That is, the one-proton catalyzed 
formation of 9 from [15N, %‘1-8 and [ l ,  1’-’3C21-8 had KIE of 1.0904 and 1.0086, 
respectively, indicative of a concerted rearrangement in an unsymmetrical transition 
structure. 47 


cJQrNH2 
1 5  16 
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Table 2. KIE for the acid-catalyzed rearrange- 
ment of N-2-naphthyl- N'-phenylhydrazine (15) 


Label KIE Reference 


"N, Is" a 1.0434 48 
14N, "N' 1-0196 48 
2 1 - 1 4 ~  1 -0287 48 
2 / - ~ 3 c b  1.0176 48 
2',6'-13C2 1.0177 44 


"For two atom\. 
With unenriched 15. 


Rearrangement of 15 into 16 occurs by two-proton catalysis. In this case, nitrogen and 
carbon-13 KIE were measured with enrichcd (WMIMS) and unenriched (isotope ratio) 15. The 
results are listed in Table 2, and are clearly indicative of a [ 3, 31 -sigmatropic rearrangement. 


All of these rearrangements had KIE which are consistent with what one would expect 
of sigmatropic shifts. Among benzidine rearrangements, the o-semidine one is a 
[ 1 , 3 ]  -sigmatropic shift and is, in principle, 'forbidden' from being suprafacially concerted. 
We were unable to find in the literature an o-semidine rearrangement which was ideally suited 
for KIE measurements. We chose the rearrangement of 4,4'-dichlorohydrazobenzene (17) into 
the o-remidine (18), knowing that disproportionation into 4 , 4 '  -dichloroazobenzene (19) and 
4-chloroaniline (20) also occurred. We found, though, that a p-semidine (21) rearrangement, 
already known to occur with the ejection of one of the para-chlorine atoms (Scheme 6), 
occurred to about the same extent as the o-semidine rearrangement. Therefore, KIE were 
measured for each of the three reactions.49v50 The results are given in Table 3 for the formation 
of o- and p-semidines. They show that there is a nitrogen KIE for each rearrangement but a 
carbon KIE for neither, that is, neither the 0- nor p-semidine rearrangement is found to be 
concerted. 


Cl 


18  


17  19 C1 


2 0  


2 1  
Scheme 6 







502 H .  J .  SHINE 


Table 3. KIE for the acid-catalyzed rearrange- 
ment of 4,4' -dichlorohydrazobenzene (17) into 


an o-semidine (18) and p-semidine (21)49 


KIE 


Label 18 21 


15N, I%' a 1 -0282 
I4N, ' 1-0155 1.0162 
2-i4c 0.9989 
4-14c 1.0027d 1 -0029 
4,4'-'3Cza 0-9993d 0.9934 


"For two atoms. 
Not measured. 
' From unenriched 17. 


Labeling could not result in a KIE for this product. 
Mass measurements were made and are expressed as 
a KIE to serve only as a guide to precision in 
measurements with 21. 


b 


b 


Collectively, therefore, all but one of the KIE which we have measured for acid-catalyzed 
benzidine rearrangements are consistent with what one expects of sigmatropic rearrangements. 
The only exception was the p-semidine (21) formation from 17 which does not exhibit a KIE, 
but even this case is not a contradiction of what one might expect. 


The reasons for saying this are two-fold. One reason is that a rearrangement does not have 
to be concerted just because the principles of orbital symmetry allow for concertedncss. The 
other reason lies in the peculiarities of bond-forming KIE.  Fry has pointed out that if valid, 
they are usually greater than unity, but in particular circumstances they may be valid, yet less 
than or, by cancellation of effects, equal to unity. 


Earlier, reference was made to thermal benzidine rearrangements. These are not so common 
as the acid-catalyzed rearrangements. The 'cleanest' is that of 2,2' -hydrazonaphthalene (8) into 
2,2'-diamino-I, 1 '-binaphthyl [ 9, equation (4)]. 3 1  KIE were measured for this rearrangement 
and were 1-061 1 for [ 15N, 15N' ] -8 and 1-0182 for [ 1 , l '  13Cz] -8." Clearly, this rearrange- 
ment is none other than a [3,3]-sigmatropic shift. 


Let us now turn to the problem of acid-catalyzed disproportionation. A distinction between 
the intervention of a quinonoidal or a-complex intermediate was made with KIE measurements 
in the disproportionation of 4,4' -diiodohydrazobenzene (22) .  " Substantial KIE were found 
for nitrogen and para-carbon labeling in the disproportionation of 22. The results for 
[ "N, "N' ] -22, [4, 4'-I3Cz] -22 and [4-I4C] -22 were 1.0367, 1.0230 and 1 -0450, respectively. 
There is no question, it seems that the N-N bond is breaking and the 4,4' bond is forming 
in the formation of the required intermediate. The only choice available for that, then, is the 
quinonoidal one (23, Scheme 7 ) .  A .Ir-complex cannot be the intermediate in this reaction. 


In contrast with disproportionation of 22, disproportionation of 17 (Scheme 6) exhibited 
nitrogen but neither ortho- nor para-carbon KIE.49 In this case, therefore, the nature of the 
intermediate in disproportionation is not clearly identifiable. Since bond-forming KIE were not 
found for either o- or p-semidine formation, either the o- or p-quinonoid intermediate could 
serve for disproportionation. Our product analyses implicated the p-quinonoid. 49 


Insofar as the mechanism of the benzidine rearrangements is concerned, then, we have, in 
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NH,+ t 
I 


I 


Scheme 7 


a sense, come full circle. I t  is clear that Banthorpe, Hughes and Ingold were wrong in clothing 
all of the rearrangements in the same garb. It is also clear that Dewar was wrong in ascribing 
a-complex intermediates to them all, particularly the neutral class. On the other hand, in that 
the PTS theory called for concerted rearrangements it was, in some types, correct. Those types, 
of course, are the ones which comply with the dictates of conservation of orbital symmetry. 
The PTS theory was formulated before the popularization of the concepts of pericyclic 
reactions and it is a coincidence, therefore, that its characteristics are borne out in some cases. 
Application of the PTS theory to thermal rearrangements had a sense of reality initially, 
because the rearrangements occurred better in polar (alcohol) than in non-polar (benzene) 
 solvent^.^' Insofar as concertedness is concerned, the PTS theory was correct, but again only 
by coincidence. What about the ‘forbidden’ cases, that is, the diphenyline and o-semidine 
rearrangements? How can we accommodate intramolecularity with non-concertedness? It may 
well be that in these cases Dewar was correct, in that a a-complex intermediate is formed. The 
distinction in energetics between a concerted and ir-complex mechanism may, in fact, be a fine 
one, in that the a-complex represents a shallow depression in the energy surface of a 
‘forbidden’ rearrangement. Perhaps we can rest with the description given by Alder, Baker and 
Brown of an  intermediate which has forgotten its origin in orbital symmetry terms.4’ 


When we look back on  the two theories of the 1960s, therefore, we see now that neither was 
wholly right, yet neither was wholly wrong. In particular. the a-complex theory, which was 
intrinsically very attractive but suffered from the exuberance of its initial dressings, may have 
been rehabilitated in parl. by the new experimental findings. Perhaps the benzidine rearrange- 
ments are now (or should we say ‘for the while’?) settled. In retrospect, Dewar’s innovative 
ir-complex idea stimulated a great deal of excitement, challenge and research. 


One last possibility should be dealt with. Can the nitrogen KIE which we have reported 
represent equilibrium KIE for a-complex formations, and the carbon KIE represent the rate- 
determining product-forming steps? The magnitude of equilibrium KIE for N--N bonds has, 
as far as we know, not been measured. However, the above possibility can be dismissed because 
were it  correct there should be no variance in the nitrogen K I E  for each product in reactions 
in which more than one product is formed, e.g. the rearrangements of hydrazobenzene and  
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4-methoxyhydrazobenzene. Fur ther ,  we could expect t o  find bonding KIE in all rearrange- 
ments ,  and it would be surely m o r e  t h a n  coincidence could bear  to find KIE in  only those cases 
which were also consistent with concerted rearrangements. 
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ABSTRACT 


Bis(l,2-diaryl-l,2-ethylenedithiolato)rnetal(O) complexes (1; metal = Ni. Pd, and Pt) react with 
quadricyclane (Q) to give selectively 1:l adducts which are identical with the adducts between 1 and 
norbornadiene (NBD). In the adducts, two sulfur atoms of the different dithiolato ligands are added to 
one of the double bonds of NBD. The reactions of 1 with Q are 10’-104 times faster than those with 
NBD. The more electropositive dithiolatometal complexes react faster with Q and NBD. The adducts 
are dissociated to the free dithiolatornetal complexes and NBD by UV-irradiation (254-436 nm). Upon 
irradiation with 254 nm light, the photodissociation occurs before the decomposition of the 
dithiolatometal complexes. 


Dithiolatometal complexes belong to the set of so-called ‘non-innocent complexes’, which 
have peculiar electronic structures. Dithiolatometal complexes interact with several 
unsaturated hydrocarbons, probably because of their unique electronic configurations. 


Schrauzer and his coworkers have reported the formation of a dihydro- 1 ,&dithiin derivative 
and a 1 : 1 adduct between bis( 1,2-diphenyl-l,2-ethylenedithiolato)nickel(O) and norborna- 
diene (NBD).1.2,3 The X-ray diffraction study on a similar adduct (the adduct between 
bis( 1,2-bis(trifluoromethy1)-1,2-ethylenedithiolato)nickel(0) and NBD) has clarified the 
structure in which two sulfur atoms of the different dithiolato ligands add to one of the double 
bonds of NBD.4 


Baker et al. found that bis( 1,2-bis(trifluoromethyl)-1,2-ethylenedithiolato)nickel(0) reacts 
with conjugated dienes such as 2,3-dimethyl-l,3-butadiene and 1,3-~yclohexadiene more 
rapidly than with norbornadiene to give 1 ,Qaddition products. The difference in reactivities 
between alkene and conjugated diene has been analyzed on the basis of MO correlation.“’ A 
similar adduct between bis( 1,2-diphenyl-l,2-ethylenedithiolato)palladium(0) and 1,3- 
cyclohexadiene has also been reported.’ 
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Some dithiolatometal complexes such as tris(l,2-bis(trifluoromethy1)-1 ,Zethylene- 
dithiolato)molybdenum(O) catalyze the exothermic isomerization of quadricyclane to 
norbornadiene.’ 


Some reports have described the photoreactivities of the adducts between the 
dithiolatometal complexes and norbornadiene. The 1 : 1 adduct between bis( 1 ,Zdiphenyl-l,2- 
ethylenedithiolato)nickel(O) and NBD has been reported to decompose at room temperature, 
when it is exposed to  daylight.’ It has also been reported that the 1:l adduct between 
bis( 1,2-bis(trifluoromethyI)-1,2-ethylenedithiolato)nickel(0) and NBD dissociates to give an 
equimolar mixture of the dithiolatonickel complex and NBD, when it is irradiated by visible 
light.5 The measurement of the quantum yields for the photodissociation of the adduct has 
revealed that the process is quite efficient and solvent-independent. 


We found that bis( 1,2-diaryl-l,2-ethylenedithiolato)metal(O) complexes react with quad- 
ricyclane much more rapidly (=lo4 faster) than with norbornadiene to give selectively 1: 1 
adducts without forming dihydro-1 ,Cdithiin derivatives.’ In this’ paper, we describe also a 
more detailed study of the effects of central metal and the substituents in the dithiolene ring on 
the rates of the formation of 1:l  adducts and the quantum yields for the photodissociation of 
the adducts. 


RESULTS AND DISCUSSION 


Formation of adducts between bis(1 ,2-diaryl-1,2-ethylenedithiolato)metal(O) and quadricyclane 
or norbornadiene 


Bis( 1,2-diaryl-l,2-ethylenedithiolato)nickel(O), -palladium(O), and -platinum(O) (la-le) react 
with quadicyclane to give 1: l  adducts which are identical to those of the adducts between the 
bisdithiolatometal complexes and norbornadiene. 


1 


1 
l a :  ?I = Ni, A r  = C6H5- 
l b :  M = N i ,  A r  = p-F-C H - 
l c :  M = N i ,  Ar = p-CH30-C6H4- 


I d :  M = P d ,  A r  = C6H5- 
l e :  M = P t ,  A r  = C6H5- 


6 4  


A 


NBD 2 3 


2a:  M = N i ,  A r  = C6H5- 
2 b :  M = N i ,  A r  = p-F-C6H4- 


2 c :  M = N i ,  A r  = p-CH30-C6H4- 


2 d :  M = P d ,  A r  = C6H5- 


2e :  M = P t ,  A r  = C H - 


3a: R r  = C6H5- 
3b: A r  = p-F-C6Hq- 


3c:  A r  = p-CH 0-C6H4- 3 


6 5  


Bis(l,2-diaryl-l,2-ethylenedithiolato)rnetal(O) complexes (metal = Ni, Pd, and Pt) react 
with quadricyclane more selectively and more rapidly than with norbornadiene. 


The reactions between 1 and NBD give 1:l adducts (2) and dihydro-l,6dithiin derivatives 
(3), while the reactions between 1 and Q give only 1:l adducts and no dihydro-1,Cdithiin. 
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Table 1, Yields of products in reactions of bis( 1,2-diaryl-l,2-ethylenedithiolato)metal(0) with 
quadricyclane (Q), norbornadiene (NBD), or norbornene (NB) 


Dithiolatometal Reaction with Q Reaction with NBD Reaction with NB 


Metal Aryl Yield of product/% Yield of product/% Yield of product 


2 3 2 3 4 5 


la Ni Phenyl 86 0 25 39 23 62 


lb Ni p-Fluorophen yl 95 0 30 49 


Id Pd Phenyl 59 0 43 39 


le Pt Phenyl 61 0 9 6 


lc Ni p-Methoxyphenyl 77 0 14 56 


The reactions were carricd out under the reflux in benzene solutions for 2.5 h. 


These facts clearly indicate that the adducts are formed directly from the dithiolatometal 
complexes and quadricyclane without the intermediacy of norbornadiene. 


The yields of the products in the reactions of 1 with Q or NBD are summarized in Table 1. 
Norbornene (NB) reacts with la to give a 1:l adduct and a dihydro-1,4-dithiin derivative. The 
reaction of NB with l a  is similar to that of NBD. 


Ph S, ,S Ph + 


Ph D / N i . a p h  S & Ph 


l a  4 5 


The reactions of the dithiolatometal complexes with Q and NBD are pseudo-first-order with 
respect to the metal complexes under the condition of an excess of the hydrocarbons (Figures 1 
and 2). The reaction of la with Q has been found to be first order with respect to Q by the 
measurement of the reaction rate by varying the concentration of Q. 


The pseudo-first-order rates of the reaction of the dithiolatometal complexes with Q and 
NBD are summarized in Table 2, together with the half-wave potentials of the dithiolatometal 
complexes. 


The rates of the reactions between 1 and Q are 103-104 times faster than those of the 
reaction between 1 and NBD. 


The reactivities of the dithiolatometal complexes toward quadricyclane as well as toward 
norbornadiene are dependent on the central metal and the substituents in the aryl moiety. The 
order of the reactivity is Pd complex > Ni complex > Pt complex. This order does not agree 
with the order of the elements in the periodic table. However, the order of the reactivity is well 
correlated to the half-wave potentials of the dithiolatometal complexes: the more 
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Time / s 


Figure 1, Plots in pseudo-first ordcr kinetics for the reaction of his( 1,2-diaryl-l,2-ethylcncdithiolato)mctal(0) ( I )  with 
quadricyclane (0) at 30°C in benzene solutions [l]" = 2 X 10 5moldm ', 101 = 1.93 X 10 'moldm ' 


*,la + , l b  -C-CI- - , l c  -,Id + , l e  


0 10 20 30 40 50 60 70 
Time / h 


Figure 2. Plots in pseudo-first order kinetics for the reaction ol his( 1,2-diaryl-l,2-ethylcnedithiolato)metal(0) (1) with 
norbornadiene (NBD) at 30°C in benzene solutions [l],, = 2 X 1 U ~ s m o l d m ~ 3 ,  [NBD] = 1.89 X 10- 'm0ldm-~ 


*,la -O-@-, lb +-D-,lc + E , l d  + , l e  
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Table 2. Pseudo-first-order rate constants in reactions between bis( 1,2-diaryl-l ,Zethylene- 
dithiolato)metal(O) and quadricyclane or norbornadiene and half-wave potentials of dithiolatometal 


complexes 


Dithiolatometal Half-wave Potential Reaction with Q Reaction with NBD 
of Complex* 


Metal Aryl E1I2N k/s-'t k/s-'f 


la  Ni Phenyl -0.35 3.6 x 10-3 8.7 x 10-' 


l b  Ni p-Fluorophenyl -0.31 6.1 x 10-3 1.3 X 


l c  


Id Pd Phenyl -0-32 5.2 X 2.8 X 


Ni p-Methoxyphenyl - 0.46 5.2 x 10-4 3-2 X lo-' 


le Pt Phenyt -0.41 2.8 x 10-3 1-5 x 10-7 


*vs. AglO.1 mol dm-3 AgCI0,-dimethylformamide. 
tPseudo-first order rate constant at the concentrations of [Ql = [NBD] = 1.9 x lO-'moldm-' and [I] = 2 x 
1 0 ~ 5 m o l d m ~  at 30°C in benzene solutions. 


electropositive complex reacts faster. The substituent effect in the dithiolatonickel complexes 
gives a similar result: the electron accepting group, F, accelerates the reaction, while the 
electron donating group, OCH3, retards the reaction. In the reaction of dithiolatonickel(0) 
complexes and Q or NBD, the reactivities of the complexes are correlated to their half-wave 
potentials. 


The anionic bis( 1 ,Zdiphenyl-l,2-ethyIenedithiolato)niccolate( -1) (as tetraethylammonium 
salt) does not react with Q. The quadricyclane derivative with electron attracting 
methoxycarbonyl group gives the 1:l adduct with la  only in 6% yield. These facts indicate the 
importance of the donor-acceptor interaction between Q (donor) and the dithiolato complex 
(acceptor). 


MeOOC COOMe 


Baker, Hermann, and Wing have explained the reactions of the bisdithiolatometal complex 
with ene and conjugated diene in terms of the interaction between the LUMO of the 
dithiolatometal complex and the HOMO of the  hydrocarbon^.^^^ 


This mechanism can explain not only the differences in reactivities of Q and NBD toward 
bisdithiolatometal complexes but also the effects of substituents in the aryl moiety of the 
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0 N BD 


LUMO 


Figure 3. Molecular orbitals of bis(1 ,2-ethylenedithiolato)rnetal, quadricyclane, and norbornadiene 


complex 1. In Figure 3 are shown the reported HOMO's of quadricyclane and 
norbornadiene" and the LUMO of bis(l,2-ethylenedithiolato)metal." The phase of LUMO 
at the two sulfur atoms of the dithiolatometal complex does not fit to the phase of the HOMO 
at the carbon atoms of NBD, while the former fits to the phase of the HOMO at the 2-, and 
3-positions of Q. This explains the fact that Q reacts with bis( 1 ,Zethylenedithiolato)metal(O) 
much more readily than with NBD. The electron accepting group lowers the LUMO of the 
dithiolato complex. This would facilitate the interaction of the LUMO of the dithiolato 
complex with the HOMO's of the hydrocarbons. 


Photodissociation of the adducts 


Some adducts between bisdithiolatonickel complexes and norbornadiene have been reported 
to be photoreactive.'7s We studied the photochemical behavior of the adducts in more detail 
on the basis of the wavelength dependences of the photoreaction. When the adducts were 
irradiated in benzene or cyclohexane solutions with UV-light, some remarkable color changes 


300 400 500 600 700 800 900 
Navelength / nm 


Figure 4. UV-vis spectral change of the adduct 2a during irradiation with 365 nrn light in a benzene solution [2a], = 
2.98 X 10-srnoldm-3 
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Before i r radia t ioii 


A f t e r  i r rad i  a t i oil 


Figure 5 .  'H-NMR spectral change of the adduct 2a during irradiation with a xenon lamp in CD2C12 


were observed: for the adducts 2a-2c, the color changes from yellow to green; for 2d, from 
orange to red; and for 2e, from yellow to purple. An example of the UV-vis spectral changes is 
shown in Figure 4. The UV-vis spectral changes indicate that the adducts are dissociated to the 
bis( 1,2-ethylenedithioIato)metal complexes and the hydrocarbon. The change of 'H-NMR 
spectra due to the irradiation of 2a with a Xe lamp in a glass tube is shown in Figure 5 .  The 
spectra show that the adduct is dissociated to the dithiolato complex (la) and NBD. Upon 
irradiation with light longer than 300 nm the adducts are dissociated quantitatively to the 
dithiolatometal complexes and norbornadiene. 


During irradiation with light of 254 nm, the absorption around 855 nm due to the free 
dithiolato complexes increases at the first stage and then decreases, as exemplified by the 
photoreaction of the adduct 2a in Figure 6. The plots of the concentration changes of 2a and la 
during the irradiation by 254 nm (Figure 7) show that the photoreaction occurs in two steps: 
first the dissociation to the free dithiolatometal complexes and second the decomposition of 
the dithiolatometal complexes. In the irradiation of the adduct 2a (1.5 X lop5 mol dmP3) in a 
cyclohexane solution for 60 s, 0.84 x lop5 mol dm-3 of the adduct was reacted and 0.75 x 
10-5moldm-3 of l a  was formed. This shows that dissociation is the main reaction of the 
adduct during the irradiation with 254 nm light. 


The quantum yields of the photodissociation of the adducts are shown in Table 3. The 
UV-vis spectra of the adducts are shown in Figure 8. 


Only small wavelength dependencies are observed in the quantum yields of the 
photodissociation in the wavelength region where the adducts absorb the light. The adducts 
are dissociated efficiently (in fairly high quantum yields). 
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Figure 6. UV-vis spectral change of the adduct 2a during irradiation with 254nrn light in a cyclohexane solution [%I0 
= 1.5 x 1 0 ~ 5 m o l d m ~ 3  
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Figure 7. Change of concentrations of 2a and la during irradiation of the adduct 2a with 254 nm light [2a], = 1.5 x 
lWS mol dm-3 
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Table 3. Quantum yields of photodissociation of adducts 
~ ~~ 


Adduct Quantum Yield of Photodissociation 


Metal Aryl 254nm 313nm 365nm 436nm 


2a Ni Phenyl 0.083 0.068 0-140 0-130 


2b Ni p-Fluorophenyl 0.110 0.076 0-120 0.097 


242 Ni p-Methoxyphenyl 0.084 0.071 0.110 0.130 


2d Pd Phenyl 0.110 0.077 0.130 0.035 


* 2e Pt Phenyl 0.150 0.210 0.230 - 


'Not determined because of the absence of absorption. 


300 400 500 600 700 800 900 
l lovelength / rim 


. 2e 2a ----~-------, 2d - Figure 8. UV-vis spectra of adducts 2a, 2d, and 2e in benzene solutions 


In contrast to the large effects of the central metal and the substituents on the reactivities of 
the dithiolatometal complexes toward Q and NBD, the central metal and the substituents 
affect the photoreactivities only to a small extent. The substituents in the benzene ring in the 
nickel complexes have no effect either on the efficiencies for photodissociation or on the 
absorption spectra. The adduct of the platinum complex is more photoreactive than other 
adducts, but the differences in the photoreactivities is small. 


The spectral change due to the irradiation of the benzene solution of the adduct between 2a 
with Co-60 y-rays does not show any increase in the absorption around 855 nm ascribable to 
the dissociation of the adduct, but does show a monotonous decrease of the absorption of the 
adducts due to the decomposition of the adduct. It has been reported that the y-irradiation of 
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benzene produces the excited triplet benzene efficiently.I2 In the y-irradiation of the adduct in 
benzene, the formation of the excited triplet state of the adduct (via the triplet energy transfer) 
is expected. The above fact indicates that the excited triplet state of the adduct does not 
undergo dissociation but rather decomposition. 


The reactions of the bis( 1,2-diaryl-l,2-ethylenedithiolato)metal(O) and quadricyclane or 
norbornadiene and the photoreactions of the adducts are summarized in Scheme 1. 


Scheme 1 


EXPERIMENTAL SECTION 


Benzoin (Yoneyama Chemical Industry), 4,4'-difluorobenzoin (Midori Kagaku Co.), nickel 
chloride hexahydrate (extra pure reagent of Junsei Kagaku Co.), potassium tetrachloropalla- 
date(I1) (Aldrich), potassium tetrachloroplatinate(11) (Aldrich), quadricyclane (Aldrich), 
norbornadiene (extra pure reagent of Wako Junyaku Co.), and norbornene (G. R. reagent of 
Wako Junyaku Co.) were used as purchased. 


NMR, IR, and UV-vis spectra were recorded on a JEOL NMR spectrometer Model 
GX-270, on an IR spectrometer Model 260-50 of Hitachi Co., and on a UV-vis spectrometer 
Model 228 of Hitachi Co., respectively. MS were measured with a JEOL mass spectrometer 
Model JMS-D 300. For elemental analysis we used an apparatus Model 240C made by 
Perkin-Elmer Co. 


Synthesis of bis( 1,2-diaryl-l,2-ethylenedithiolatolato)metal complexes (la-le) 


The dithiolatometal complexes were prepared by the reaction of NiC12 2H20, K2PdC14, or 
K2PtC14 with thiophosphoric esters of dithiobenzoins which were synthesized from benzoin (or 
substituted benzoin) and P4S10.1 The complex l c  was kindly provided by Midori Kagaku Co. 
Bis(l,2-bis(p-fluorophenyl)-1,2-ethylenedithiolato)nickel(0) (lb) is a new complex. It was 


identified by its spectra and elemental analysis. Dark green crystals; mp >3OO0C 
(decomposition); UV (benzene) 319 (E 45000), 607 (2230), and 857 nm (31 100); IR (KBr disk) 
1600, 1510, 1368, 1235, 1140, 890, 855, 840, 830, 810, 558, 540, and 520cm-'; 'H-NMR 
(CD2C12) 6 = 7.37 (8H, m) and 7.03 (8H, m); 13C-NMR (CD2C12) 6 = 116.04 (d), 131.29 (d), 
137.63, 163.64 (d), and 181.00; MS (70eV) m/z (rel. intensity) 614 (18, M+),  278 (43), 214 
(100), and 139 (80). Found: C, 54.63; H, 2.52%. Calculated for C28H16F4NiS4: C, 54-65; H, 
2.62%. 
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The other dithiolato complexes were identified by the elemental analyses and their 
'H-NMR, 1R and MS. 


la: dark green crystals. Found: C, 61-77; H, 3.67%. 
lc: dark green crystals. Found: C, 57-33; H, 4.36%. 
Id: purple crystals. Found: C, 56.82; H, 3.36%. 
le: purple crystals. Found: C, 49.07; H, 2.71%. 


Reaction of dithiolatometal complex with quadricyclane, norbornadiene, or norbornene (for the 
identification of products and for the determination of the yields of products) 


The solutions containing the dithiolatometal complex (cu. 0.1 mmol) and quadricyclane 
(50-60 mmol), norbornadiene (50-60 mmol), or norbornene (50 mmol) in benzene (10 cm') 
were refluxed under Ar for 2-5 h. 


After the reaction, the solvent and Q or NBD were evaporated under reduced pressure. The 
residue was submitted to flash column chromatography with a column of silica gel (Wako gel 
C-300). The pure adducts were isolated and their yields were determined gravimetrically. 


Identification of adducts 


The adducts of the dithiolatometal complexes with Q were identical with the adducts of the 
dithiolatometal complexes with NBD, some of which (adducts 2a and 2d) have been described 
in the literature.'q3 The adducts 2b, 2c, and 2e are new compounds. The structure of a similar 
adduct between his( 1,2-bis(trifluoromethy1)-1,2-ethylenedithiolato)nickel(0) and NBD was 
determined by X-ray diffraction and the stereochemistry at the 5- and 6-position has been 
~Iarified.~ The fact that 2.13-2.57 Hz of the hyperfine coupling between H I  and H6 supports 
the conformation of Hh (as well as H,) at the endo position. 


2 


Adduct 2b: brown solid, mp 228°C (decomposition); UV (benzene) 316 (E 24900), 365 
(lOlOO), and 410nm (8200); IR (KBr disk) 2900, 1590, 1530, 1490, 1235, 860, 840, 830, 810, 
560, and 540cm-'; 'H-NMR (CD,Cl,) 6 = 1.66 (lH, dt, J = 10.27 and 2.13Hz, H7a), 1.80 
(lH, d, J = 10*27Hz, H7b)r 2-22 (2H, m, H I  and H4), 4.09 (2H, d, J = 2-13 Hz, H5 and H6), 
5.74 (2H, m, H2 and H3), 6.86 (8H, m, Ar), 7-08 (4H, m, Ar), and 7.22 (4H, m, Ar); 
I3C-NMR (CD2CI2) 6 = 44.85 (C7), 47.47 (C, and C4), 65.86 (Cs and C6), 115.28 (Ar), 115.99 
(Ar), 117-91 (dithiolato rhg), 131.05 (Ar), 132.06 (Ar), 133.62 (Ar), 136-67 (Ar), 136.75 (C,  
and C3), 160.37 (dithiolato ring), 160.99 (Ar), and 164.27 (Ar); MS (70eV) mlz (rel. intensity) 
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614 (12, (M-GH8)+), 370 (6), 304 (16), 278 (22), 214 (45), 139 (41), 92 (50), and 91 (100). 
Found: C, 59-08; H, 3.40%. Calculated for C3sH24F4NiS4: C, 59.42; H, 3.42%. 


Adduct 2c: brown solid, mp 21&211 "C (decomposition); UV (benzene) 316 (E 30900), 364 
(12700), and 414nm (8420); IR (KBr disk) 2950, 1610, 1540, 1510, 1300, 1260, 1180, 1040, 
870, 840, 810, 590, 570, and 545cm-'; 'H-NMR (CD,CI,) S = 1.61 (lH, dt, J = 9.89 and 
2*20Hz, H7a), 1.80 (lH, d, J = 9-89 Hz, H7h), 2-22 (2H, m, HI and H4), 3.72 (6H, s, OCH3), 
3-73 (6H, s, OCH3), 4.04 (2H, d, J = 2.20 Hz, Hs and H6), 5.71 (2H, m,  H2 and H3) 6.67 (4H, 
d, J = 9-16Hz, Ar), 6.72 (4H, d, J = 9.16Hz, Ar), 7.04 (4H, d, J = 9-16Hz, Ar), and 7-20 
(4H, d, J = 9*16Hz, Ar); 13C-NMR (CD2C12) 6 = 44.73 (C7), 47.42 (C, and C4), 55.54 
(OCH3), 65.53 (Cs and C,), 113.51 (Ar), 114.21 (Ar), 117.75 (dithiolato ring), 128.70 (Ar), 
130.44 (Ar), 130.60 (Ar), 131.64 (Ar), 133.37 (Ar), 136.76 (C, and C3), 159.14 (Ar), and 
159.67 (dithiolato ring); MS (70eV) mlt (rel. intensity) 662 (trace, (M-C7Hx)+), 394 (7), 328 
(15), 302 (66), 238 (loo), 223 (41), 151 (73), and 91 (7). Found: C, 61.90; H, 4.87%. 
Calculated for C39H3604NiS4: C, 61-99; H, 4430%. 


Adduct 2e: pale yellow solid; mp 216°C (decomposition); UV (benzene) 354 nm (E 12700); 
IR (KBr disk) 3070, 1540, 1445, 770, 745, 730, and 700cm-'; 'H-NMR (CD2CI2) 6 = 1-70 
(lH, dt, J = 9-89 and 2*57Hz, H7a), 1-93 (lH, d, J = 9-89Hz, H,,,), 2.15 (2H, m, H1 and H4), 
4.01 (2H, d, J = 2*54Hz, H5 and H,), 5-58 (2H, m, H2 and H3), and 7-11-7-32 (20H, m, Ph); 
I3C-NMR (CD,CI,) 6 = 45.62 (C7), 47.76 (C, and C4), 71.45 (C, and C,), 118.97 (dithiolato 
ring), 128.34 (Ph), 128-84 (Ph), 129.34 (Ph), 130-31 (Ph), 133-53 (Ph), 136.49 (C,  and C3), 
137.93 (Ph), 138.36 (Ph), 141.35 (Ph), and 161.11 (dithiolato ring); MS (70eV) m/z (rel. 
intensity) 679 (66, (M-C7Hx)+), 242 (9), 210 (74) 178 (loo), 121 (55), 92 (9), and 91 (20). 
Found: C; 54.51; H, 3.70%. Calculated for C35H28PtS4: C, 55.46; H, 3.66%. 


H3ex Hzex 


" : 3 : l l l : ; ,  %y\..':$ / / 's / 


\ \ 


2 f  4 


Adduct between la and dimethyl quadricyclane-l,5-dicarboxylate (2f): brown solid; IR 
(KBr disk) 2950,1730, 1550,1450,1440,1280, 1255,745, and 700cm-'; 'H-NMR (CD2C12) 6 
= 1-91 (lH, d), 1.92 (lH, d), 2.62 (2H, t, HI and H4), 3-44 (6H, s, COOCH3), 4-09 (2H, d, Hs 
and H,), and 7.09-7.35 (20H, m, Ph); MS (70eV) m/z (rel. intensity) 542 ( 5 ,  
(M-C7H6(COOCH3)2)+), 242 (57), 210 (63), 208 (62), 178 (71), and 121 (71). 


Adduct between l a  and norbornene (4): brown solid; mp 200°C (decomposition); UV 
(benzene) 310 (E 34700), 368 (8450), and 416nm (6100); IR (KBr disk) 3060,2950,2880,1540, 
1448,770,740, and 700cm-'; 'H-NMR (CD2Cl,) 6 = 0-66 (2H, m), 0.83 (2H, m), 1.01 (lH, 
m, H7a), 1.63 (lH, m, H7h), 1-67 (2H, m, HI and H4), 4-13 (2H, d, J = 2.16Hz, Hs and H6), 
and 7-04-7.23 (20H, m, Ph); 13C-NMR (CD,CI,) 6 = 26.60, 30.07, 43.04, 71.31, 119.03 
(dithiolato ring), 127.65 (Ph), 128.24 (Ph), 128.33 (Ph), 128-75 (Ph), 129.13 (Ph), 130.32 (Ph), 
137-85 (Ph), 140.95 (Ph), and 161.32 (dithiolato ring); MS (70eV) m/z (rel. intensity) 542 (23, 
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(M-C7HIO)+), 242 (66), 178 (loo), 121 (76), and 94 (9). Found: C, 65.47; H, 4.60%. 
Calculated for C3sH30NiS4: C, 65.94; H, 4.74%. 


Adduct 2a: brown solid; mp 165 "C (decomposition) (lit.' 165 "C (decomposition)) 'H-NMR 
(CD2C12) 6 = 1.63 ( lH,  dt, J = 10-25 and 2-57Hz, H7a), 1.80 (lH, d, J = 10.25 Hz, H7h), 2.20 
(2H, m, HI  and H4), 4-09 (2H, d, J = 2.57Hz, HS and Hh), 5.68 (2H, m, H2 and H3) and 
7.09-7.27 (20H, m, Ph). Found: C, 66-07; H, 4.32%. 


Adduct 2d: red-brown solid; mp 246 "C (decomposition) (lit.' mp 252°C (decomposition)); 
'H-NMR (CD2CI2) 6 = 1.64 (lH, dt, J = 9-53 and 2.20Hz, H7a), 1.86 (lH, d, J = 9.53Hz, 
H7b), 2.13 (2H, m, HI and H4), 3-96 (2H, d, J = 2.20H2, H5 and Hh), 5-63 (2H, m, H2 and 
H3), and 7.10-7-32 (20H, m, Ph). Found: C, 61.16; H, 4.26%. 


Identification of dihydro-1 ,bdithiin 


Among the dihydro-1 ,Cdithiins, 3a has been described in the literature.2 However, the 
reported melting point (147°C) is different from that which we observed (mp 159-160°C). 
Therefore, we identified it from its spectra and by elemental analysis. 


3 


3a: colorless solid; mp 159-160°C; IR (KBr disk) 3090,2980,2950, 1600, 1580, 1540, 1490, 
1445, 1330,750,740, and 700cm-'; 'H-NMR (CD2C12) 6 = 1.62 (lH, dm, J = &79Hz, H7a)r 
2.80 (lH, dm, J = 8.79Hz, H7b), 2.94 (2H, m, H I  and H4), 3.59 (2H, d, J = 1.83Hz, Hs and 
H6), 6.17 (2H, t, J = 1-83Hz, H2 and H3), and 7.05 (10H, s, Ph); MS (70eV) mlz (rel. 
intensity) 334 (25, Mf),  268 (100). Found: C, 74.93; H, 5.39%. Calculated for C2'H18S2: C, 


3b: colorless solid; mp 209-210°C; 'H-NMR (CD2C12) 6 = 1.70 (lH, dm, J = 8.79Hz, H7a), 
2.85 (lH, dm, J = 8.79Hz, H7,J 3.01 (2H, m, H1 and H4), 3.66 (2H, s, Hs and Hh), 6.25 (2H, 
m, H2 and H3), 6-85 (4H, m, Ar), and 7.09 (4H, m, Ar); MS (70eV) m/z (rel. intensity) 370 
(28, M+), 304 (100). Found: C, 67.02; 4.42%. Calculated for Cz1Hl6F2S2: C, 68.08; H, 4.35%. 


3c: colorless solid; mp 126°C; 'H-NMR (CCI4) 6 = 1.67 (IH, dm, J = 8.80 Hz, H7a), 2-86 
(lH, dm,J  = 8-80Hz, H7b), 2.99 (2H, m, H1 and H4), 3-62 (2H, d, J = 1.84Hz, H5 and H6), 
3.73 (6H, s, OCH3), 6.24 (2H, t, J = 1.84 Hz, H2 and H3), 6-68 (4H, d, J = 8-79 Hz, Ar), and 
7.06 (4H, d, J = 8-79 Hz, Ar); MS (70eV) m/z (rel. intensity) 349 (4, Mi), 328 (100). Found: 
C, 70.11; 5.87%. Calculated for C23H2202S2: C, 70.02; H, 5.62%. 


5 (the dihydro-1 ,4-dithiin derivative from l a  and norbornene): colorless solid; mp 175 "C; 
IR (KBr disk) 3060, 2950, 2880, 1600, 1580, 1540, 1483, 1448, 1315, 770, 740, and 700cm-'; 
'H-NMR (CCI4) 6 = 1.31 ( lH,  dm, J = 10*07Hz, H7J, 1.33 (2H, dm). 1-68 (2H, dm), 2.45 
(2H, m, HI and H4), 2-53 (lH, dm, J = 10.07 Hz, H7b), 3-54 (2H, d, J = 1.22Hz, H5 and H6), 
and 7.11 (lOH, s, Ph); MS (70eV) m/z (rel. intensity) 336 (100, Mf)  and 242 (92). Found: C, 
74.24; H, 5.81%. Calculated for C2*H2"S2: C, 74.96; H, 5.99%. 


75.41; H, 5.42%. 
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Determination of rate constants 


The reaction rates between the dithiolato complexes and Q or NBD were determined by 
following the decrease of the absorption of the dithiolato complexes around 850 nm in a quartz 
cell (1 cm of width). The reaction was started by mixing 1 cm3 of the benzene solution of the 
dithiolato complex (4-9 x mol dm-3) and 2cm3 of the benzene solution of Q or NBD 
(24-2.9 x lo-' mol dm-'). The temperature of the solution was kept at 30°C. 


Photoreaction of adducts (for identification of products) 


The CD,CI2 solution of the adducts (2a, 2d, and 2e) in a glass tube for the measurement of 
NMR spectra was irradiated with a Xe lamp (500 W). 


Determination of quantum yields for photodissociation of adducts 


The monochromatic light of 313, 365, and 436nm was obtained by a Shimadzu-Bausch and 
Lomb grating monochromator (dispersion, 7-4 nm mm-'; slit width, 1-5 mm) equipped with a 
super high pressure mercury lamp (Osram HBO 200W). For the irradiation at 254nm a low 
pressure mercury lamp was used. For the irradiations at 313, 365, and 436nm light, benzene 
was used as the solvent, and for the irradiation at 254nm, cyclohexane was used as the solvent. 
Each sample solution was prepared in such a concentration that its absorbance at the 
wavelength for irradiation is in the range of 0.8-0-9. The solution was deaerated by bubbling 
Ar for 15 min prior to irradiation. Then, the solution was irradiated in a quartz cell (1 cm wide) 
for the measurement of UV-vis spectra. The reaction was followed by measuring the UV-vis 
spectra. 


Actinometry was carried out by using potassium trioxalatoferrate(Il1) according to the 
method in the literature.I3 


The quantities of photons absorbed by the solutions were determined on the basis of the 
intensities of the insident light and the absorbance of the solutions. 


Gamma-irradiation 


Benzene solutions of the adduct between la and Q (2-8 X lop4 moldmV3) were irradiated by 
Co-60 y-rays at the irradiation facility of Japan Atomic Energy Research Institute in Takasaki 
at the dose rates of 2, 4, 6, 8, and 10 X lo5 rad h-' for 1 h. The benzene solutions were 
deaerated by bubbling Ar before irradiation, 


Qetermination of half-wave potentials of the dithiolatometal complexes 


The half-wave potentials (E\,*) of the dithiolatometal complexes were determined by cyclic 
voltanmetry with a Yanagimoto Polarographic Analyzer, Model P1100 at 25 "C. Dimethylfor- 
mamide was used as the solvent, 0.1 mol dm-3 of tetraethylammonium perchlorate as the 
supporting electrolyte, an AglO. 1 mol dm-3 AgC104-dimethylformamide electrode as the 
reference electrode, and a stationary disk platinum working electrode (2 mm of diameter). 
Two reversible one-electron reduction processes were observed for all the complexes. 







FORMATION OF 1:l ADDUCTS 145 


ACKNOWLEDGEMENT 


The  authors thank Midori Kagaku Co. for giving us 4,4’-difluorobenzoin and bis( 1,2-bis(p- 
methoxyphenyl)-l,2-ethylenedithiolato)nickel(0). This study was partially supported by 
Grant-in-Aid for Special Project Research No 61 123003 from the Ministry of Education, 
Science and Culture. 


REFERENCES 


1. G. N. Schrauzer and V. F. Mayweg, J. Am. Chem. Soc. 87, 1483-1489 (1965). 
2. G. N. Schrauzer and H. N. Rabinowitz, J. Am. Chem. SOC. 90,42974302 (1968). 
3. G. N. Schrauzer, R. K. Y. Ho and R. P. Murillo, J .  Am. Chem. SOC. 92, 3508-3509 (1970). 
4. R. M. Wing, G. C. Tustin and W. H. Okamura, J. Am. Chem. SOC. 92, 1935-1939 (1970). 
5 .  J. R. Baker, A. Hermann and R. M. Wing, J. Am. Chem. SOC. 93, f386-6489 (1971). 
6. A. Hermann and R. M. Wing, J. Organomet. Chem. 63,441450 (1973). 
7. G. R. Clark, J. M. Waters and K. R. Whittle, J .  Chem. SOC. Dalton Trum. 821-824 (1973). 
8. R. B. King and S. Ikai, J. Mol. Catal. 4, 361-373 (1978). 
9. A preliminary report has been published: M. Kajitani et al., Chem. Lett. 2109-2112 (1986). 


10. K. Raghavachari, R. C. Haddon and H. D. Roth, J. Am. Chem. SOC. 105, 3110-3114 (1983). 
11. G. N. Schrauzer, Acc. Chem. Res. 2 ,  72-80 (1969). 
12. T. Kitamura, S. Toki. S. Takamuku and H. Sakurai, Chem. Left. 145-148 (1980). 
13. J. G. Calvert and J. N. Pitts, fhotochembrry Wiley, New York (1966), pp. 784-786. 








JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 2, 507-518 (1989) 


AMINES AS LEAVING GROUPS IN NUCLEOPHILIC 
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ABSTRACT 


The hydrolysis reactions of N-(2,4,6-trinitrophenyl)piperidine (2) and N-(2,4,6-trinitrophenyl)- 
morpholine (3) were studied. Two kinetic processes well separated in time are observed in both reactions. 
The fastcst process, which is reversible, leads to the formation of a species of A,,, 260 and 410 nm and 
is attributcd to the formation of a u complex of stoichiometry 1 : 2 due to the addition of a second HO 
to the u complex of 1 : 1 stoichiometry. The slowest process leads quantitatively to picrate ion. The 
equilibrium constants for the formation of the u complexes of 1 : 1 and 1 : 2 stoichiometries and the rate 
of formation and decomposition of the latter complex were determined. The kinetic data for the slow 
process Lead to the conclusion that the picrate ion is formed from the attack of HO- on the two u 
complexes, confirming previous findings. There are some differences in the calculated rates for 2 and 3 
which may be an indication that the elimination of the amine is partially rate determining. 


INTRODUCTION 


Despite the fact that aromatic amines with general structure 1 are resistant to elimination of 
the amino group, we have already demonstrated that in some special cases the substitution of 
the amino group by a nucleophile is possible. The requirement for having substitution of the 
amino group seems to be a low interaction of the nitrogen lone pair of electrons with the n 
system. 


1 .-" 


We report here our results regarding the reaction of N-(2,4,6-trinitrophenyl)piperidine and 
N-(2,4,6-trinitrophenyl)morpholine with hydroxide ion in water solution and we show that 


*For Part I ,  see Reference 1. 
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substitution takes place on u complexes where one and two HO- groups are added to  the 
unsubstituted ring carbons of the substrate. These results confirm our previously reported 
finding that the addition of a nucleophile (HO- or an amine) to C-3 of N-(2,4-dinitrophenyl)- 
piperidine or N-(2,4-dinitrophenyl)morpholine activates the substitution of the amine. 


RESULTS 


When N-(2,4,6-trinitrophenyl)piperidine (2) or N-(2,4,6-trinitrophenyl)morpholine (3) is 
added to a basic aqueous solution, two kinetic processes, well separated in time, are observed. 
In both cases the slowest process leads quantitatively to the formation of picrate ion. 


The fastest process is characterized by the formation of a species with A,,, at 260 and 
410nm. Good isosbestic points are obtained when the spectrum of the solution is taken at 
different reaction times (Figure 1). This species is then slowly transformed into picrate ion and 
also a good isosbestic point is obtained (Figure 2). 


Fast process 


The observed rate constant for this process, kf, was obtained for 2 and 3 by measuring the 
increase in absorbance at 260 nm. In all cases good pseudo-first-order kinetic plots were 
obtained up to 80% conversion of the substrate. The values of kr as a function of HO- 


2 50 3 5 0  E 0 


X ,nm 


Figure 1. Absorbance of 2 in the presence of 0.01 M NaOH at different reaction times; fast process. 
[ 2 ] 0  = 4.38 x lo-’ M. First cycle (a) = I min. Intervals between cycles: 83 s 
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U 


2 50 3 50 150 


A, nm 


Figure2. Absorbance of 2 in the presence of 0.2 M NaOH at different reaction times; slow process. 
[ 2 ] 0  = 4.38 x lo-'  M. First cycle (a) I min. Intervals between cycles: 13 min 


concentration are summarized on Table 1 .  The plot of kr vs HO- concentration (not shown) 
is non-linear and the whole set of data for each individual substrate can be fitted into an 
equation of the form 


Slow process 


The observed rate constant for this process, k,, was determined at different HO- 
concentrations by measuring the increase in absorbance at 358 nm for substrates 2 and 3. These 
values are summarized in Table 2. 


For the reaction of 2 the plot of k,  vs HO- is linear with slope 
(9.72 ? 0.4) x s-' ( r =  0-997) (Figure 3 ,  
upper line). 


In the case of 3, the plot is also linear at [HO-] > 0.05 M but the points at the lower 
concentration of HO- deviate slightly from the line (Figure 3, lower line). Neglecting the two 
values at low concentration (see below), the slope is (7.55 2 0.2) x Imol- 's- '  and the 
intercept is ( 1  - 1 5 0.2) x s-'. It should be noted that these values are almost one order 
of magnitude higher than the corresponding values for 2. 


Imol- ' s - '  and intercept (3.2 k 0.4) x 







Table I .  Observed rate constants for the fast process in the hydrolysis of N- 
(2,4,6-trinitrophenyl)piperidine and N-(2,4,6-trinitrophenyl)morpholine in water at 


25 "C" 


Compound [NaOHI 04 102kf ( S  ' )  


N-(2,4,6-Trinitrophenyl)piperidine 0.010 
0.020 
0.030 
0.040 
0.050 
0.075 
0.100 
0.125 
0.150 
0.175 
0.200 


0.020 
0.030 
0.039 
0.051 
0.060 
0.070 
0.075 
0-080 
0.090 
0 -  101 


N-(2,4,6-Trinitrop heny1)morpholine 0.010 


0.205 ? 0.005 
0*487+ 0.008 
0-800 + 0.005 
1-31 +O-005 
1-81 2 0.04 
3.49 2 0 . 2  
4.70 + 0 . 3  
6.43 + 0.03 
8.14 2 0 . 3  


10.2 k 0 . 6  
11.2 + 1.1  
0.302 + 0.06 
0.740 + 0-05 
1.38 ? 0.03 
2-06 + 0.06 
3.04 + 0.08 
4.03 ? 0.1 
5-24 2 0.07 
5.97 2 0 . 1  
5.77 2 0.05 
7.15 2 0.08 
9-22 k 0 . 3  


Solvent contains 2To dioxanc; ionic strength 1 M (NaCI). [Substrate] o = (4-5) x 10 ' v. 
Error limits rcprewnt the mean dcviation of three or four determinations. 


Table2. Observed rate constants for the slow process i n  the hydrolysis of N- 
(2,4,6-trinitrophenyl)piperidine and N-(2,4,6-trinitrophenyl)morpholine)" 


~ 


N-(2,4,6-Trinitrophenyl)piperidine 0.020 0.477 
0.030 0.566 
0,040 0.734 
0.050 0.802 
0.0?5 1-04 
0.100 1.32 
0.125 1.62 
0.175 2.08 
0.200 2.20 
0.200 2.21 
0.010 0.431 
0 029 2.66 
0.051 4-93 
0.074 6.73 
0.102 8-67 
0.127 10.6 
0.150 12.9 
0.176 14.3 
0.199 16.0 
0.199 16.2 


"Solvent contains 2% dioxane ionic strength 1 (NaCI). 
b [ 2 ] o = 3 . 6 0 ~ 1 0 - 5 M .  


[ 3 ] 0 = 4 X  M. 
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0.05 0.1 0 0.1 5 0.2 0 
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Figure 3 .  Plot of k, vs [ H O - ]  for t h e  formation of picric acid from lV-(2,4,6-trinitrophenyl)piperidine ( ) and A -  
(2,4,6-trinitrophenyl)rnorpholine (*) in water a! 25 (data from Table 2) 


Equilibrium constant determinations 


The reversibility of the fast process was established by taking samples of solutions of 2 in 
0-01 M HO- at 5 ,  10 and 15 min (where the maximum of the absorbance at 260 nm was 
reached) and making them acidic. The spectra of the resulting solutions were almost the same 
as those of 2 under similar condition$. There was only a small difference in absorption at 290 
and 350 nm, from which we calculated that less than 10% of picrate ion was formed. Similar 
results were obtained with 3. 


The absorption of solutions of 2 and 3 at 260 nm was measured as a function of the HO- 
concentration at the end of the fast process. From these data the stoichiometry of the 
interaction between 2 or 3 and HO- was determined [equation (2)] and also the corresponding 
equilibrium constants. These values are collected in Table 3. 


2(or 3)+2HO- , 2(or 3)(HO-)z (2) 
KiK2 
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DISCUSSION 


The interaction of picramides with nucleophiles Z (Z = S03’- , 4 - 6  H O - ~ , *  or M ~ O - ~ J ~ )  in 
water, dimethylsulfoxide (DMS0)-water or DMSO-MeOH mixtures leads to  two types of u 
complexes, namely 4 and 5 .  


4 5 


The ratio of the two species formed depends on the solvent and on Z. In protic solvents and 
particularly in water 5 is favored over 4. 5 , 1 1  In no instance was there evidence for the formation 
of a 1 : 2 u complex involving the addition of the nucleophile at both C-1 and C-3 positions so 
as to yield complex 6, although kinetic evidence of the substitution of the leaving group (NO2, 
Me0 and C1) within 1,3-u complexes has been reported.” We have reported the substitution 
of piperidine and morpholine within the 1,3-u complex of N-(2,4-dinitrophenyl)piperidine and 
N-(2,4-dinitrophenyl)morpholine with HO- . I 


In the reactions of 2 and 3 with HO-, the change in the spectrum observed during the fast 
process may be attributed to the formation of the 1 : 2 u complex 8 and/or 9 through equation 
(3). The fact that more than 90% of the starting substrate is obtained on acidification of basic 
solutions of 2 and 3 indicates that less than 10% of 9 is formed, since in acidic solution the 
amine should leave faster than HO-, leading to the formation of picric acid. l 3  Hence in the 
discussion that follows we shall consider that only 8 is formed 


“i/6”, Ho NO; 


8 
d 


Since during the fast process a good isosbestic point is observed, the 1,3-u complex 7 must 
be at very low concentration at all times. If  we consider 7 as a steady-state intermediate, the 
observed rate constant kf is given by equation (4), l4 which is different from the experimentally 
determined equation, namely equation (1). 


Another possibility is the fast equilibration of 7 with 2 (or 3)  and rate-limiting formation of 
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8. In this case the pseudo-first-order rate constant is given by equation (3, which has the same 
mathematical form as equation (1) with kl = Krk2, KII = K I  and k111 = k-2. 


Since the equilibrium constant for the process described by equation (3) is high (see KlKz in 
Table 3),  the main contribution to the observed rate constant comes from the forward rate 
constant, i.e. the first term of the right-hand side of equation ( 5 ) .  Therefore, it can be simplified 
and rearranged into equation (6). 


From a plot of the left hand side of equation (6) vs [HO-] -' (Figure 4) we calculated k2 


3 .O 
VI 
I 
1- 
\ - 
I g 2.5 
I 


2.0 


1.5 


1.0 


0.5 


t */ 


I .% 


10 20 30 40 
[ HO-]-I, t4-I 


Figure 4. Plot of [ HO- ] /kr vs [HO- ] for ihe fast process in the hydrolysis of N-(2,4,6-trinitrophenyl)piperidine ( rn ) 
and N-(2,4,6-trinitrophenyl)morpholine ( 0 )  in water at 25 ' C  (data from Table 1) 
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and K1 for 2 and 3. We could estimate k-2 from the intercept of a plot (not shown) of kl vs 
[ HO- I .  Combining these values we can calculate KlK2 which is in good agreement with the 
value obtained spectrophotometricaly (Table 3). (We also calculated K , ,  k2 and k-2 using a 
non-linear least-squares program for fitting an arbitrary function which was generously 
provided by Dr Robin A. Cox, University of Toronto, Canada. The calculated rate and 
equilibrium constants were the same within experimental error.) In addition, the values of K I K ~  
are similar to that reported’ for the formation of a u complex of stoichiometry 1 : 2 in the 
reaction of  HO- with N,N-dimethylpicramide, i.e. 1.88 x lo4 1-Lmol-2. Further, from the 
kinetic data reported in the same paper,’ we could estimate KI = 15 Imol-’ and k2 = 1.2 s - I  


for the latter compound. The similarity between the values of the equilibrium and rate constants 
for the three picramides is reasonable since piperidine, morpholine and dimethylamine are all 
secondary amines and they affect those values through their inductive effect. Comparing the 
statistically corrected values for the addition of HO- to 1,3,5-trinitrobenzene [equation (7), 
Nu- = HO-] which is 1 a24 lmol-I, I’ with K1/2 for the picramides, we see that the amines 
stabilize the CJ complex by a factor of 6-8. The stabilization is stronger for the complex of 1 : 2 
stoichiometry. 


The statistically corrected value of K2 for 1,3,5-trinitrobenzene [equation (7), Nu- = HO- ) 
is 0-4,16 which is 750 and 3400 times smaller than the corresponding values for 2 and 3, 
respectively. More significant is the increase in the stability of the u complexes of picramides 
compared with those of trinitrobenzene when sulphite is the nucleophile. The ratio of K1 for 
2,4,6-dimethylpicramide and 1,3,5-trinitrobenzene is 156, and that of K2 is 104.6 


These differences in equilibrium constants when hydrogen and secondary amines are 
compared as substituents of  trinitrobenzene are mainly due to differences in the rates of 
decomposition of the complexes. l 7  This effect is very remarkable for the u complexes with the 
highest electron density, namely those formed with sulphite as nucleophile. Part of the observed 
stabilization may be attributed to the inductive effect of the amino group and to solvation 
effects. We have previously suggested that in the 1 : 1 and 1 : 2 u complexes the amine is rotated 
out of the plane to allow coplanarity of the nitro groups in order to delocalize the negative 
charge. If  this rotation occurs, the electron pair of the nitrogen of the amine does not interact 
with the ring but with the solvent through hydrogen bonding, thus providing some of the extra 
stabilization. The importance of water in stabilizing complexes of 1 : 2 stoichiometry is well 
known. I s  In addition, if the amino group is rotated, it can exert its full inductive effect which 
is not counterbalanced by the mesomeric effect. 


The mechanism of the formation of picrate ion may be described as in Scheme 1. It should 
be noted that 9 must be an intermediate in the pathway from 7 to picrate ion. 


The observed rate constant for Scheme 1,  considering that the substrate is in fast equilibrium 
with 7 and 8, is given by 


Since under most of our experimental conditions KIKz [HO- I * > 1 + KI [ HO- 1 ,  equation (8) 
simplifies into equation (9). Considering that the first term of the right-hand side of this 
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U2[UO'] 
7 - 0 


Scheme I 


equation is negligible, it predicts a linear dependence of k ,  on the HO- concentration which 
is consistent with the experimental results (see Figure 3). The deviation of the points at 
HO- < 0.05 M for the reactions of 3 (see Results) can be attributed to the fact that under 
these conditions, the requirements for linearization of equation (8) are not fulfilled. 


From the slopes and intercepts of the linear plots for 2 and 3 we can calculate k4 and k3. 
These values are given in Table 3. 


The calculated rate constants k4 and k3 for 3 are 7 . 8  and 6.6 times greater than the 
corresponding values for 2. This might indicate that in the mechanism of these steps the 
expulsion of the amine is partially rate determining. These values can be compared with the 
relative leaving ability of morpholine and piperidine from compounds of the type 10, which 
is 14-18. 19-20 We found no evidence of a rate-determining leaving group in the reactions of 
N-(2,4-dinitrophenyl)piperidine and N-(2,4-dinitrophenyl)morpholine. Thus, if in the present 
case the amines were partially rate determining, this would imply that the extra nitro group in 
the picryl system affects differently the rates of breakdown of the amine and of the HO-. A 
knowledge of the rate-determining steps in these reactions awaits further studies. 


Ph 


t,o 


CONCLUSIONS 


The hydrolysis of l-X-2,4,6-trinitrobenzene (X = piperidine or morpholine) involves the 
formation of IJ complexes of 1 : 1 and 1 : 2 stoichiometry (7 and 8), where the nucleophile HO- 
adds to one and two of the unsubstituted ring positions of the substrate, respectively. 
Formation of the hydrolysis product, 2,4,6-trinitrophenol, requires the replacement of the 
amine group by a hydroxide group and this reaction occurs on the two types of IJ complexes. 
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From the kinetic data we can estimate that the rate of the overall reaction of 7 is more than 
ten times faster than the corresponding rate of the substrate itself. This result confirms previous 
findings regarding the hydrolysis of l-X-2,4-dinitrobenzene (X = piperidine and morpholine) 
where it was also found that the reactivity of HO- with the 1,3 a complex is higher than with 
the substrate. This behavior indicates that the unfavorable electrostatic repulsion of a negative 
nucleophile approaching a negatively charged substrate is counterbalanced by other favorable 
factors. We suggest that the increase in the rate of addition of HO- to the 1,3-a complex 
compared with the rate of addition of HO- to C-1 of the substrate may be due to  the fact that 
in these complexes the nitrogen of the amino group is rotated out of plane to favor the planarity 
of the nitro groups with the cyclohexadienyl ring. 


I f  this rotation occurs, structures of the type 11 do not contribute to the ground state of the 
1,3-a complex. On the other hand, the contribution of structures such as 12 is significant for 
the stabilization of the ground state of thc substrate, thus decreasing the reactivity of this type 
of compounds compared with others where this interaction is less important. 


\ + /  \+ /  
N N 


OZN-. 


',-c,"H 
NO; N 07 


EXPERIMENTAL 


Materials 


N-(2,4,6-Trinitrophenyl)piperidine, m.p. 102- 103 "C (lit 104-106 " C ) ,  and N- 
(2,4,6-trinitrophenyl)morpholine, m.p. 163.5-164-5 "C (lit.22 166-166.5 "C) were prepared 
by the method used for N-(2,4,6-trinitrophenyl)imidazole. Both products were used without 
further purification. Dioxane was purified as described previously. Doubly glass-distilled water 
was used throughout. All of the inorganic reagents were of analytical-reagent grade and were 
used without further purification. 


UV spectra were recorded on a Shimadzu UV 260 spectrophotometer and the change in 
absorbance during a kinetic run was measured with a Beckman 24 spectrophotometer. 


Kinetic procedures 


Reactions were initiated by adding the substrate dissolved in dioxane to a solution containing 
all the other constituents. The total dioxane concentration was 2% in all reactions, the 
temperature was 25 "C and the ionic strength was 1 M. NaCl was used as compensating 
electrolyte. 


The kinetic measurements for the fast process were made by rapidly injecting about 10 pl of 
the substrate solution in dioxane into the thermostated cell of the spectrophotometer and 
recording the increase in absorbance at 265 nm. The temperature inside the cell was maintained 
at 25 2 0.5 "C. 


The rate of the slow process was determined by measuring the appearance of picrate ion at 
its maximum absorption, 358 nm. 


All kinetic runs were carried out under pseudo-first-order conditions with substrate 
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concentrations about 4 x M. In all cases the reactions were followed up to 90% 
conversion and good pseudo-first-order kinetic plots were obtained. 
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SHORT COMMUNICATIONS 


GENERAL BASE CATALYSIS OF PHOTO-SMILES 
REARRANGEMENT OF 1 -(4-NITROPHENOXY)-2-ANIL INOETHANE 
IN AQUEOUS SOLUTION. IDENTITY OF THE PROTON-DONATING 


INTERMEDIATE 


GENE G. WUBBELS* AND BRADLEY R. SEVETSON 
Department of Chemistry, Grinnell College, Grinnell, IA 50112, USA 


ABSTRACT 


4-02NC6HsOCHzCHzNHPh undergoes clean base-catalyzed Smiles photorearrangement to  
4-02NC,jH4N(Ph)CHzCHzOH in dimethyl sulfoxide-water (25 : 75). A linear plot of 4- l  vs [ O H - ]  
indicated that the limiting quantum yield at high [ O H - ]  is 0.12 and that uncatalyzed photo- 
rearrangement does not occur. Rate constants for the deprotonation step were determined for a variety 
of bases having conjugate acid pKa values in the range 5-10. When plotted according to  the Br~rnsted 
Catalysis Law, these data gave a non-linear plot approaching slopes of zero and unity above and below 
a pKa of 6-7. This indicates that the proton-donating intermediate in this photo-Smiles rearrangement 
is the zwitterion diradical (pKa = 7) rather than the Meisenheimer complex (pKa = 2). 


INTRODUCTION 


Photo-Smiles rearrangements in acetonitrile of ~ - O ~ N C ~ H ~ - O ( C H Z ) , N H P ~  and related 
 compound^^-^ are reported to be ‘a~celerated’~ in several cases by triethylamine, and to occur 
through zwitterion diradical and o-complex intermediates. Our interest in mechanisms of 
photo-Smiles rearrangements and of catalysis in photochemistry9 raised for us the questions 
of whether the acceleratory effect of Et3N was due to base catalysis, whether the base 
catalysis, if involved, was general or specific, and which intermediate interacted with the base. 
We report that the photorearrangement of 4-02NC6H40CH2CH2NHPh (1) to 
4-02NGH4N(Ph)CHzCH2OH ( 2 )  occurs cleanly in aqueous solutions and is subject to general 
base catalysis’ involving the zwitterion diradical. 


Irradiation of 1 (5.0 x lo-’ M) at 313 nm in aqueous acetonitrile (4: 1 water-acetonitrile) or 
aqueous dimethyl sulfoxide (DMSO) (3 : 1 water-DMSO) at a measured pH of 11 -00 in the 
presence of NaOAc, pyridines or alkylamines caused clean conversion to 2. This conclusion is 
based on the similarity of the final electronic spectrum to that reported for 2 in acetonitrile,’ 
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and the occurrence of isobestic points at 353, 273 and 252 nm in successive spectra of the 
reaction solutions. (The same isobestic points were found for the thermal, second stage of a 
desulfonative double Smiles rearrangement in 0-1-1 M aqueous NaOH at 61 " C .  l o )  Smiles 
rearrangement of 1 did not occur in the dark even when it was heated at 70 "C in aqueous 
0-  1 M KzPH04 for 2 weeks. 


Reaction solution for quantum yield determinations (5.0 x l o v 5  M in 1)  were prepared 
under nitrogen in aqueous DMSO (3 : 1 water-DMSO). NaOH solutions were prepared by 
dilution. Constant NaOH concentration in the presence of a weak base was obtained by 
adjustment to a constant pH meter reading that corresponded to [NaOH] = 2.78 x M. 
The ionic strength was adjusted with KCl to ,u = 0.10. Irradiations were conducted in cuvettes 
at 25 "C with 313 nm light, and light intensities for each run were monitored with Aberchrome 
540 in toluene" as actinometer. Progress of the reactions was monitored by measuring the 
decrease in absorbance at 313 nm (&reactant = 11 420; &product = 1600). 


1000 2000 


I/ [OH-]. l/mol 
Figure I. Dependence of efficiency of photo-Smiles rearrangement of 1 on the hydroxide ion concentration. , 


Uncontrolled ionic strength; A , ionic strength = 0.10 


Table 1. Quantum yields and rate constants for general base catalystsa 


Base Concentration (M) 9 s rn iler ksb(ImoI-'s-l) pkaC(25 'C) 


OH- 2-78  x 0.016 (1 .4x  loLo)  15.7 


Pyridine 0. too 0.041 9-5 x 10' 5-17 
4-Picoline 0.100 0.059 2.1 x lo8 6.00 


Glycinamide 0.100 0.080 4.7 x lo8  8.03 
Ethanolamine 0*100 0-095 9.3 x 10' 9.50 


OAc- 0-  100 0.027 3.6 x 10' 4.75 


2,4,6-Collidine 0.100 0.065 2.6 x 10' 7.43 


a All reaction solutions are 3 : 1 water-DMSO containing 2.78  x lo-' M OH- at 0.1 ionic strength at 25 OC 
" Rate constants are based on k j ( 0 ~ )  = 1.4 x 10" I ~ n o l - ~ s - ' . ' ~  
' pK,s for aqueous solution from Reference 14. 
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Figure 1 shows that reciprocal quantum yield is linearly dependent on [ O H - ]  -'. This means 
that the photorearrangement is catalyzed by hydroxide ion in the first order; the absence of a 
plateau region at low [OH-]  implies that uncatalyzed photorearrangement virtually does not 
occur. The intercepts of the plots for uncontrolled and 0.1 ionic strength are the same (8.27), 
which indicates a limiting quantum yield of 0.12. 


NaOAc and five amine bases at constant pH and ionic strength were found to increase the 
efficiency of photorearrangement, as shown in Table 1.  (Aqueous pK, values are used because 
25% DMSO affects the pK,s, especially of the amines, only slightly. 12)  This indicates that the 
reaction is subject to general base catalysis. 


For the mechanism shown in Scheme 1, involving deprotonation of the zwitterion diradical 
(ZH), the reciprocal quantum yield expression is given by equation ( l ) ,  where f = [ kg/(k, + kg)] 
x [kio/(ks + k1o)l. 


(1) 


Equation (1) assumes that kg [BH+]  4 k,  + ks, because general base catalysis is observed, and 
that klz 4 kl 


The deprotonation rate constants for the bases in Table 1 were calculated with equation (1) 
by using the intercept of 8-27 from Figure 1, a rate constant of 1 a 4  x 10" l m o l - ' ~ - ~  for OH- 
in ks (the reported rate constant I 3  for -02CCHzNH3' + OH- is 1 - 4  x 10" 1 mol- 's- ' )  and 
the data for hydroxide (Table 1) to calculate k3 + k4. The quantum yield at the same OH- 
concentration with an additional base present at known concentration was then inserted in 
equation (1) with the value for k3+ k4 to obtain the rate constant kg for the base. The 
reproducibility of our quantum yields was better than 2 4% and the cumulative relative error 


because uncatalyzed photorearrangement is very inefficient. 


0 
-HPh 


1 - 


0 NPh u 
- 2- - M- 


Scheme 1 
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in the rate constants obtained was less than 10%. The absolute error is probably larger 
( 2 25070) because of the possibility of contamination by C02 at these low OH- concentrations. 
The rate data are plotted in Figure 2 according to the Brernsted Catalysis Law [equation ( 2 ) ] .  


log kcat = p(pKaBH) + constant ( 2 )  


We see no reason to  question Mutai and co-workers' flash photolysis evidence233 that the 
primary event from the triplet state of 1 in acetonitrile is rapid electron transfer to give the 
zwitterion diradical (ZH). The electron transfer is exceedingly fast in acetonitrile (7 of excited 
state 1 is less than 1 ns), and it should be more facile in 25% DMSO-water because of the 
increase in the polarity of the medium (i.e. k2 >> k l ) .  We also see no reason to  question their 
assignment of a transient at 420 nm to a a-complex (M-) preceding the product. The pathway 
from ZH to M-  could involve ZH or MH as the proton donor. Mutai and c o - w o r k e r ~ ~ . ~  
suggested that it may be the zwitterion diradical on the basis that 'intramolecular exciplex or 
excited state intramolecular charge-transfer interaction may facilitate proton release from the 
NH group.' 


The pK, of ZH may be estimated to be about 7 in view of the reported pKa of 7.0 ? 0.1 
for the aniline cation radical. I 5  The PKa of MH is less clear, but can be estimated to be 2 ? 1 
by applying the ru1eI6 that the PKa of a protonated spiro Meisenheimer complex such as MH 
is about three units less than that of the corresponding alkylanilinium ion (PhN+H2CH3 in this 
case, pK, = 4.8). The Brernsted plot shows a break at pK, 6-7 between a rising portion at the 
left and a plateau at the right. Reaction of ZH with an amine represents an unsymmetrical 
charge type jn which the products of two overall neutral species are an anion and a cation. 
According to Eigen,13 the limiting proton transfer rate constant is expected to be 
lo9 l m o l - ' ~ - ~ ,  and this limit is reached at an amine conjugate acid pK, (Figure 2) of 9 . 5 .  The 
intersection of the ideal lines at p = 0 and p = 1 (broken lines in Figure 2) occurs at 6 -  14 on 


Figure 2. Brensted Catalysis Law plot of dependence of rate constant of the deprotonation step on the basicity of the 
base. Bases (left to  right): acetate, pyridine, 4-picoline, 2,4,6-collidine, glycinamide and ethanolamine. 
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the pKa scale. This intersection is expected13 to  be displaced from the pK, of the proton donor 
by an amount equal to the difference in the logarithms of the diffusion-limited forward and 
reverse reactions. Since reaction of Z -  with a positively charged proton donor should approach 
a diffusion rate of ca 101oImol- ' s - l  because it is a charge recombination,I3 we expect a 
displacement of the intersection of about one unit along the pK, scale. The pK, of the proton 
donor must therefore be very close to 7. We conclude that ZH is the intermediate and that MH 
is not. 


If ZH is the proton donor, the slope to intercept ratio of Figure 1 (0.0018 at p = 0.1) 
corresponds to  (k3 + k4)/k5 for hydroxide ion as the base. If ks is 1 a 4  x 10" I mol-I s - ' ,  then 
k3 + k4 = 2.6 x l o 7  s - ' .  This indicates a lifetime for ZH in the absence of base of 38 ns, which 
agrees well (perhaps fortuitously) with the lifetime (65 ns) of ZH in acetonitrile observed by 
flash photolysis.2 The intercept in Figure 1 (8.27) corresponds to (1/4rSc)(l/f)(l + k ~ / k z ) .  If 
~ I S C  =0 .7 l7  and k2 s k l ,  * then the partitioning function f = 0.17. Of the two terms (see 
above) contributing to f, klo should greatly exceed kr because of the much better leaving ability 
of RO- compared with RNPh-.I6 This conclusion allows the estimation that 
k8/(k7 + ks) = 0.17, i.e. 17% of Z-  couples to form M- while 83% reverts to 1. 


That MH is likely to be totally incapable of forming M- can be inferred from results on the 
thermal chemistry of Meisenheimer complexes. Bernasconi l6 reported that the analog of MH 
having CH3 in place of P h  and two additional nitro groups adjacent to the spiro carbon atom 
expels the amino group at k =  1.2  x lo5 SKI. Applying the rule16 that the loss of each ortho 
nitro substituent accelerates the expulsion by a factor of 4 x lo4, the loss of two nitro groups 
would make k l l  = l O I 4  s - ' .  This does not yet correct for the effect of replacing CH3 with Ph, 
which would accelerate kll further by a factor of 104-105. If the value of k11 were as low as 
10" s- ' ,  0 - 1  M base accepting the MH proton at a diffusion rate of lo9 lrnol-'s-' could 
capture only 0.1% of the intermediate. 


We have reported previously l8 on the a-cyclodextrin inhibition of the photo-Smiles 
rearrangement of 1, which yields a Br~nsted plot virtually identical with that shown in Figure 2. 
These appear to be the first examples of Brmsted plots for general base-catalyzed 
photochemical reactions. Such plots for general acid-catalyzed photoreactions in which the 
proton is added to a carbon atom (bearing orbitals directly involved in the excitation) yield 
values of a that are low (0-  14-0.18), l 9  and this fact has been the subject of theoretical study. 2o 


The current example corresponds closely to the hydrogen-bonding acids and bases model 
described by Eigen; l 3  the slope in the strength-dependent regime becomes unity, and the fast 
reaction limit approaches the rate of diffusion. 
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ABSTRACT 


The harmonic vibrational frcquencies were calculated analytically at the 6-3 1 ** level for azetidine using 
the GAUSSIAN 82 program. The results strongly indicate the presence of several errors in a recent 
assignment of the fundamentals of azetidine based on a normal coordinate analysis and a revised 
assignment is suggested. I t  is concluded that reliable vibrational data for azetidine in the gas phase are 
needed in order to resolve the remaining ambiguities in the interpretation of the spectra. 


During work on the structure and vibrational spectra of 3-azetidinol, I it became increasingly 
clear that it was impossible to obtain a vibrational assignment of the fundamentals compatible 
with the reported interpretations of the IR and Raman spectra of azetidine. Even the recent 
assignment by Giinther el a/.,' based on gas-phase IR and Raman spectra and supported by 
a full normal coordinate analysis, appeared to contain gross errors. Thus, for example, the NH 
deformation frequencies in azetidine were assigned bands at 1321 cm-' (species A' ) and 
1088 cm-' (species A " )  whereas in the related aziridine the corresponding values are firmly 
established as 998 cm-l ( A ' )  and 1237 cm-' A b  initio methods at the DZP level4 have 
been shown to give an excellent account of the fundamentals of strained systems such as 
aziridine, provided that the calculated frequencies are multiplied by an approximately constant 
factor close to 0.9. 


Since the decisive feature seems to  be flexibility and inclusion of polarization functions in 
the valence shell, the 6-31** basis set was chosen for a provisional reassignment of the azetidine 
spectrum. The calculations were made at the SCF level using the analytical gradient method 
via full geometry optimization with 161 primitive and 95 contracted basis functions. The 
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molecule was restricted to transform according to point group C,. The total energy of the 
optimized structure was - 172.091759214 a.u. and the zero-point vibrational energy 
67.1 1386 kcal mol-'. Recently,' an identical treatment has proved very helpful in analyzing the 
lowest normal modes in azetidine connected with pyramidal inversion at nitrogen. Since this 
lends strong support to the validity of the calculation, we decided to extend it to  a comparison 
of all the fundamental vibrations. 


Very recently careful investigations 
of the region below 700 cm-' have revealed' that hot bands of the ring puckering mode at 
208 cm-' obscure the fundamental at 648 cm-' .  This was not noted by Gunther et a/.,2 who 
assigned instead two fundamentals to the latter region. The gas-phase Raman spectrum has 
only been illustrated once, but without a list of the frequencies.8 Unfortunately, Gunther et 
a/.' did not give any of their gas-phase Raman data. However, Raman frequencies in the liquid 
state, with complete6 and partialg polarization data, have been reported. 


In Table 1 the calculated harmonic frequencies (cm-') are listed for azetidine and compared 
with and revised assignments. The ratio between the experimental and calculated 


The gas-phase IR spectrum has been reported twice. 


T a b l e  1. Vibrat ional  ass ignment  for  azet idinea 


Revised assignment  
~ ~ ~ 


Species V Exp' Exp6 Exp C a l c  Exp/Calc Dominat ing  modeb 


A '  1 
2 
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 


A " 


3359 
3004 
2975 
2947 
2862 
1499 
1450 
1321 
1253 
1145 
1029 
950 
892 
736 
662 
200 


2960 
2934 
1341 
1245 
1137 
1088 
990 
93 8 
912 
860 
650 


3362 
3003 
2989 
2959 
2933 
1469 
1450 
1253 
I145 
1028 
950 
913 
892 
825 
735 


2989 
2959 
1495 
1341 
1242 
1199 
1137 
1088 
990 
925 


- 


~ 


3359 
3004 
297 5 
2947 
2862 
1499 
1450 
1321 
1253 
1145 
1029 
950 
892 
736 
648 
208 


2960 
2934 
1469 
1341 
1245 
1199 
1137 
1088 
990 
912 
814 


3789 
3284 
3238 
3225 
3163 
1677 
1620 
1501 
1330 
1279 
1129 
1034 
1009 
822 
710 
222 


3230 
3157 
1648 
1522 
1407 
1402 
1314 
1218 
1112 
I005 
897 


0.887 
0-915 
0.919 
0-914 
0.905 
0.894 
0 * 895 
0.880 
0.942 
0.895 
0.911 
0-919 
0.884 
0.895 
0.913 
0.937 
0.916 
0.929 
0.891 
0.881 
0.885 
0-855 
0.865 
0-893 
0.890 
0.907 
0.907 


NH str 
CH2 as s t r  
CH2 as str 
CH2 s st r  
CH2 s st r  
6CH2 
6CH2 
w C H ~  
tCH2 
iNH + pCH2 
CN s str 
pCH2 
CC s st r  
p C H 2  + iNH 
Gring 
ring pucker  
CH2 a s  s t r  
CH2 s str 
6CH2 
6NH 
w C H ~  
w C H ~  
tCH2 
tCHz 
CN as s t r  
CC as str 
P C H ~  


~~ 


* Exp = experimental values, with reference numbers where relevant; Calc = calculated values. 


p = rocking; i = inversion 
Abbreviations: str = stretching; as = asymmetric; s = symmetric; 6 = deformation; w = wagging; t =twisting; 
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values for the revised set of fundamentals serves as an index of agreement. Finally, an 
approximate description of the normal modes is given. The CH/NH stretching frequencies have 
been transferred from the paper by Giinther et a/.,’ since the resolving power of the instrument 
used by Lippert and Prigge6 obviously was not sufficient to clarify the complicated pattern 
observed in this region. The calculated values suggest a reassignment of v l g  ( A ” )  to the same 
region as vg ( A ’ ) .  The two lowest A ’ fundamentals have been unambigously identified by 
Egawa and Kuchitsu’ at 208 and 648 cm-I. Both previous assignments are based on combined 
IR and Raman data and agree that bands at 1450, 1253, 1145, 1029, 950, 892 and 736 cm-’ 
are definitely of species A ’ ,  whereas those at 1341, 1245, 1137, 1088 and 990 cm-‘ should be 
assigned species A ” .  Since all these bands (with the exception of the 1253 cm-’ band) can be 
fitted well with the calculated values, they have been included in the revised list of 
fundamentals. This defines the ratio between experimental and calculated frequencies to be 
ca 0.90. The validity of the assignment of the remaining bands, two of species A ’ and four 
of species A ” ,  will be discussed in some detail below. 


The CH2 scissoring vibrations can be assigned in harmony with the extensively investigated 
trimethylene oxidelo ( A t ,  1505 and 1452 cm-I; B I ,  1480 cm-I) to bands in the 1450-1500 cm-’ 
region in azetidine. However, there is no regarding the interpretation of the gas- 
phase contours in the infrared of the band near 1500 cm-’ and the available Raman evidence 
for the bands in question can also be taken to support both species. The proposed assignment 
( A ’ ,  1499cm-I; A ” ,  1469cm-I) may therefore have to be reversed. Doubtless the CH2 
scissoring vibration of species A” cannot be attributed the band at 1341 cm-’  as proposed by 
Giinther et al.’ On the other hand, we agree with their assignment of Ug ( A ‘ )  to the 1321 cm-’ 
band, as also indicated by the calculations. 


Two fundamentals of species A” are predicted near 1250 cm-’  but only one is observed. In 
the gas-phase IR spectra another very weak band can be discerned at 1197 cm-’ ,  and the 
Raman spectrum of liquid azetidine shows a medium band at 1199 cm-’  which is depolarized.‘ 
In the solid-state Raman spectrum this is observed9 as a medium to strong doublet near 
1204 cm-I and a band near 1190 cm-’ is also clearly seen in the gas-phase Raman spectrum.8 
These facts make it highly unlikely that we are dealing with a combination mode or an overtone 
and the band is attributed the fundamental v 2 2  ( A ” ) ,  as proposed by Lippert and Prigge.6 In 
the region predicted for the CH2 rocking mode of species A ”  three bands at  913, 925, and 
944 cm-’ are observed in the gas-phase IR spectrum obtained by Lippert and Prigge,6 whereas 
Giinther et ul.’ observed two bands at 912 and 938 cm-’  with different band contours. In the 
gas-phase Raman spectrum only a broad band is found in this region. * However, in the liquid 
state a depolarized band of medium strength at 925 cm-’ is observed.6 This gains intensity in 
the solid state’ and is the likely candidate for Y 2 6  ( A ” ) .  The lowest fundamental of species A ”  
may be identified with the 860 cm-’ band in the gas-phase IR spectrum observed by Giinther 
et probably corresponding to the three peaks at 844, 852 and 873 cm-’  described by 
Lippert and Prigge. However, a counterpart has not been observed in the Raman spectra,6383y 
and we are thereforc probably dealing with a combination mode involving v i 6  and/or v I5 /v2 , .  
Since a band has been observed in both the 1R and the Raman spectra’ near 814cm-’ 
corresponding to the calculated value of V27 ( A ” ) ,  this has been included in Table 1 as a 
provisional assignment. 


We conclude that the overall agreement between the theoretical and experimental values in 
Table 1 justifies the use of 6-31** ab initio calculations as a guide for assigning the 
fundamentals of azetidine. Moreover, we believe that these data have been useful in clarifying 
where ambiguities remain in the interpretation of the vibrational spectrum. 
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ABSTRACT 


The basic hydrolysis of 2,4-dinitrochlorobenzene (DNCB) and 2,4-dinitrofluorobenzene (DNFB) was 
studied in the presence of 0-cyclodextrin (CDOH) and in the presence of hydroxy-functionalized micelles 
containing either a primary hydroxy group [ hexadecyl-2-hydroxyethyldimethylammonium bromide 
(CHEDAB)] or a secondary hydroxy group [ headecyl-2-hydroxypropyldimethylammonium bromide 
(CHPDAB) and 2-hydroxyhexadecyltrimethylammonium bromide (2-OHCTAB] . 


In all systems a biphasic reaction was observed. The first phase consisted of a competition between the 
additive (either micelle or cyclodextrin) and hydroxide ion for the aromatic substrate, and the second 
phase consisted of the hydrolysis of the trapped aryl micellar or cyclodextryl ether. 


The percentage of trapping of the aromatic substrate by the cyclodextrin was similar to that found for 
reactions in the hydroxy-functionalized micelles (CHPDAB and 2-OHCTAB) which contained secondary 
hydroxy groups. The relative rates of reaction for DNFB and for DNCB, i.e. F/Cl rate ratios, in the 
presence of CDOH were similar to those obtained in the presence of 2-OHCTAB but less than that 
obtained in the presence of CHEDAB. These results support the assumption that in CDOH the secondary 
hydroxy groups of C-2 or C-3 are involved in covalent bond formation with the aromatic substrate rather 
than the primary hydroxy group of C-6. All the reactions studied proceed much more slowly in the 
presence of CDOH than in the presence of the hydroxy-functionalized micelles. This may reflect a 
catalytic effect of the positively charged surface present in the micelles but not in the cyclodextrin. 


The study of nucleophilic aromatic substitution reactions in the presence of hydroxy- 
functionalized micelles is currently of interest. The functionalized surfactant itself can act 
as a nucleophile in competition with hydroxide ion and the micellar aryl ether produced initially 
subsequently decomposes to give the phenolic product and t o  regenerate the functionalized 
surfactant (Scheme 1). 


Obvious similarities exist between the reaction in hydroxy-functionalized surfactants and that 
proposed for reaction in the presence of cyclodextrins. (Scheme 2). 3 v 4  Cyclodextrins are 
oligomers of glucose containing six, seven or eight glucose units. We are concerned with p- 
cyclodextrin (CDOH), which consists of seven glucose units. 


*For Part 23, see T. J .  Broxton, J .  R. Christie and R. P.-T. Chung, J .  Org. Chem. 53, 3081 (1988). 
tAuthors for correspondence. 
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OH- + ArHal + RNf(Me)2CH2CH20- - ArOCH2CH2N+MezR + Hal- 


/'."- 
ArOH + RN'Me2CHKH20- 


where R = C16H33 (e.g. for compound l), Ar = 2,4-dinitrophenyl and Hal = F or CI 


Scheme I 


ArHal + CDOH + OH- - ArOCD 


ArOH + CDO- 


where CDOH = 6-cyclodextrin 


Scheme 2 


Both the hydroxy-functionalized micelles and /3-cyclodextrin contain a hydrophobic 
interiorlcavity and a polar exterior on which the hydroxy groups are located. In both systems 
there is a biphasic reaction with an initial competition leading either to dinitrophenol directly 
or to a trapped aryl ether which is subsequently hydrolysed. We now compare these reactions 
for 2,4-dinitrohalobenzenes in the presence of hydroxy-functionalized micelles (1-3) and in the 
presence of /3-cyclodextrin (CDOH). 


C M H U N ' M ~ ~ C H ~ C H ~ O H  Br- 


CHEDAB (hexadecyl-2-hydroxyethyldimethylammonium bromide) (1) 


C I ~ H ~ ~ N + M ~ ~ C H Z C H C H ~  Br- 
I 


OH 
CHPDAB (hexadecyl-2-hydroxypropyldimethylammonium bromide) (2 ) 


C M H ~ ~ C H C H Z N + M ~ ~  Br - 
I 


OH 
2-OHCTAB (2-hydroxyhexadecyltrimethylammonium bromide) (3 1 


Specifically we compare the rates of the individual reactions (phases 1 and 2) and the 
percentage trapping of the aromatic substrate by the hydroxyl groups of the micelles and the 
cyclodextrin. With 2,4-dinitrofluorobenzene (DNFB) as a substrate the first phase of reaction 
is very rapid and it is convenient to follow at 358 nm the subsequent breakdown of the aryl 
ether to give dinitrophenol. This allows the determination of the rate constants for the second 
phase of reaction and also the isosbestic point (323 nm) for the second phase of reaction. With 
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2,4-dinitrochlorobenzene (DNCB) as substrate the first phase of reaction is much slower but 
the rate of this process can be determined without complication by the second phase by 
following the reaction at the isosbestic point for the second phase of reaction (i.e. 323 nm). 
Since the first phase (loss of ArHal) is very fast for the fluoro compound, it is possible to 
determine the relative amounts of hydrolysis and trapping without added complications caused 
by the subsequent decomposition of the trapped aryl ethers. For the chloro compound the rates 
of phase 1 (loss of DNCB) and phase 2 (loss of micellar aryl ether) are similar and hence it is 
necessary to  correct for the subsequent reaction when determining the percentage trapping that 
occurs in the first phase. In the absence of this correction the results obtained for the percentage 
trapping are low owing to the contribution of the second phase of reaction, which consumes 
the micellar aryl ether. 


It has been reported5q6 that 0-cyclodextrin has a round, slightly conical form, with the 
primary hydroxy groups of C-6 at the smaller opening and the secondary hydroxy groups of 
C-2 and C-3 in the wider opening. Using partially substituted cyclodextrins, Tonellato and co- 
w o r k e r ~ ” ~  have shown that for ester hydrolysis it is the secondary hydroxy groups that are 
involved in covalent bond formation between the substrate and the cyclodextrin. De Rossi et 
al.4 assumed that this is also the case for SNAr reactions. It seems reasonable to assume4 that 
the aromatic substrates residing in the cyclodextrin cavity would be near the wider opening and 
hence covalent bond formation between the substrate and the hydroxy groups of the cyclodextrin 
would involve the secondary hydroxy groups of C-2 and C-3. To probe this assumption we 
investigated reactions in hydroxy-functionalized micelles containing either primary hydroxy 
groups (1) or secondary hydroxy groups (2 and 3). 


RESULTS AND DISCUSSION 


Phase 1 (partitioning of the aryl halide) 


Rate constants for the first phase of the reaction of 2,4-dinitrochlorobenzene (DNCB) in 
the various sufactant and cyclodextrin solutions are given in Table 1 and those for 2,4- 


Table 1. First-order rate constants (103k1/s-’) for the first phase of the hydrolysis of DNCB 
(6 x lo-’ M) at 30°C 


[ Surfactant] /mM 2-OHCTAB a C H P D A B ~  CHEDAB‘ CDOH” 


0.4 
0 - 6  
0.8 
1.0 
2.0 
4.0 
8.0 


13.3 
20.0 
30.0 
40.0 


0.175 
0.46 
0.59 
0.79 
1.61 
2.41 
3.70 
3.59 
3.82 
3.95 
3.88 


0-88 
1-54 
2.22 
2-79 
5.23 
8.14 


11.1 
11.3 
11.7 
10.2 
8.7 


0.88 
2-53 
4.25 
5.65 


11.1 
14.3 
16.6 
17.1 
12.7 
9.9 
7.7 


- 
0.033 
0.03 
0.038 
0.052 
0-083 
0.128 
0.158 
0.201 
- 
- 


a O . l  M NaOH. 
b0.05 M NaOH. 
‘0.005 M NaOH. 
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Table 2. First-order rate constants (103kl/sK') for the first phase of the hydrolysis of DNFB 
(6 x M) at 30°C in the presence of 0.01 M NaOH" 


[ Surfactant] /mM 2-OHCTAB CHPDAB CHEDAB CDOH 


0 
1.0 
2.0 
3 - 0  
4.0 
6 .0  


10.0 
13-3 
15.0 
20.0 
25.0 
30-0 
35.0 
40.0 


1.87 


- 
140 


223 
306 


336 
344 
345 
346 
336 
335 


- 


- 


1.87 


- 
787 


1130 
1340 


1390 
1330 
1290 
1250 
1240 
1160 


- 


1.87 


- 
6770 
- 


9870 
12270 


12500 
13020 
12480 
12140 
11080 
10490 


- 


1.87 
3.42 
4.67 
5.24 
6.83 
7-71 


11.0 
14.8 
14.5 
19.2 
19.9 
22.5 
22-5 
26.2 


"All reactions followed at 323 nm, the isosbestic point for the second phase of reaction 


dinitrofluorobenzene (DNFB) in Table 2. It can be seen that the rate of reaction for DNFB is 
much faster than that for DNCB, as is commonly found in SNAr reactions.'" After allowing 
for differences in hydroxide ion concentrations, it was found that the F/Cl rate ratio ranged 
from 500 (in 20 mM CHEDAB) to 960 (in 20 mh4 CDOH). Of the hydroxy-funclionalized 
micelles the F/Cl rate ratio in 2-OHCTAB (860) was closest to that in CDOH. The larger F/Cl 
rate ratios observed in the hydroxy-functionalized micelles containing secondary hydroxy 
groups and in CDOH compared with that obtained in CHEDAB (primary hydroxy groups) 
supports the contention4 that covalent bond formation between the aryl halide and CDOH 
occurs at the secondary hydroxy groups of C-2 or C-3 rather than at the primary hydroxy group 


The rates in Tables 1 and 2 represent the total rate of loss of aryl halide, i.e. the sum of the 
rate of direct hydrolysis (formation of ArOH) and the rate of reaction with the hydroxy micelle 
or cyclodextrin (trapping). 


The percentage trapping by the micelle or cyclodextrin for DNFB as a function of detergent 
or cyclodextrin concentration and as a function of hydroxide concentration are given in 
Figure 1 and Table 3,  respectively. The percentage trapping was determined by measuring the 
absorbance at 300 and 358 nm immediately after mixing the solutions. These two wavelengths 
correspond to the Imax of the trapped micellar or cyclodextryl ether and dinitrophenolate, 
respectively, as shown by repetitive scans of the reaction mixture using an X-Y recorder. 
Spectra of samples of 2,4-dinitrophenolate and the aryl micellar ether produced from CHEDAB 
were obtained independently and the molar absorptivity of each compound was determined at 
each wavelength (300 and 358 nm). It was assumed that the molar absorptivity of the aryl ethers 
formed from micelles 1-3 and from CDOH would be identical, within experimental error, since 
they each contain the same chromophore, the 2,4-dinitrophenyl group, and differ only in the 
aliphatic region of the molecule which should not greatly affect the UV-visible spectrum. 


The proportion of micellar or cyclodextryl ether and 2,4-dinitrophenolate formed in each 
case was determined from absorbance measurements at the above wavelengths using the molar 


of C-6. 
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Figure 1 .  Percentage trapping (formation of aryl micellar or cyclodextryl ether) as a function of surfactanl 
concentration for DNFB (6 x lo - ’  >I) at 30.4 “C in the presence of 0.01 M NaOH. 


Table 3.  Percentage trapping (formation of aryl micellar or cyclodextryl etber) as a function of hydroxide 
concentration for DNFB (6 x 10 M) at 30.4 C 


[NaOH] /mM 


Additive 1-0 5.0 10.0 50.0 100.0 


- - CHEDAB (8 mM) 100 100 100 


2-OHCTAB (8 mbf) 56.9 5 5 . 6  5 7 . 3  52.2 52.0 


CDOH (1 mM in DzO) 51.0 - 41.5 - 22.8 


CHPDAB (8 mM) 86.5 86.8 87.1 86.2 87.0 


CDOH (8 mM) - - 78.1 67.5 63.2 
CDOH (1 mM) 45.8 41.4 39.5 25.1 19.8 


absorptivity of each species at the two wavelengths and equations 1 and 2, where ArOM is the 
trapped aryl micellar or cyclodextryl ether. 


(1) 
(2) 


The trapping results for DNFB shown in Figure 1 and Table 3 differ in some respects from 
those reported by de Rossi et a/.4 At 1 mM NaOH in 1 mM CDOH we agree with 45% 
trapping (55Vo ArOH).4 However, at 10 mM NaOH our  results show more trapping than do 
those obtained by de Rossi et a/.4 At 1 mM CDOH we obtained 40% trapping whereas 
de Rossi el a/.4 reported only 14% and at 8 mM CDOH we obtained 78% trapping whereas de 
Rossi et al.4 reported only 45%. These variations can be explained by differences in technique. 
Whereas de Rossi et a/.4 allowed reaction to occur for 90 min after mixing before measuring 
the absorbance, we measured the absorbance immediately after mixing since the initial reaction 
with DNFB occurs very rapidly. During the 90 min allowed by de Rossi et ai.4 a significant 
amount of the trapped ether could be consumed in the second phase of reaction, thus leading 
to a lower percentage trapping. This problem is more serious at 10 mM than at 1 mM NaOH 
since the amount of trapped material lost is greater at the higher NaOH concentration. Thus 


AA& = &&M [ ArOM] + ez\’,”o- [ ArO- ] 
= C;%M [ ArOM] + .&%- [ ArO- 1 
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at 1 mM NaOH where the phase 2 reaction is slow we obtained the same result as de Rossi et 
al.,4 but at 10 mM NaOH we detected more trapping than did de Rossi et af .4  


Using the rate constants for DNFB in Table 2 and the data on the percentage trapping in 
Figure 1, individual rate constants for direct hydrolysis ( k d i r )  and for trapping (krrap) can be 
calculated, and the results are given in Table 4. 


A similar treatment for reaction of DNCB is more difficult because the rates of phase 1 and 
phase 2 reactions are comparable. Consequently, after allowing five half-lives of the first phase, 
which corresponds to the loss of 96.5-97Yo DNCB, the amount of trapped aryl ether 
determined spectrophotometrically is low because of a substantial amount of subsequent 
hydrolysis (phase 2 ) .  


An analysis of the kinetics of the first-order reaction system (or for reactions carried out 
under pseudo-first-order conditions): 


b ArO- k I> ArX 


yieIds 


[ ArX] = A0 exp( - k l t )  


where A0 is [ArX] at t = 0 and kl = k~ + ~ M O .  Thus 


[exp( - k l t )  - exp(- k2t)l 


Writing y for the fraction of the reaction that proceeds via the ArOM intermediate: 


Table 4. First-order rate constants (ktrapa and kdlrec,/s- ') for the first phase of the hydrolysis of DNFB 
(6 X M) at 30 "C 


2-OHCTAB CHPDAB CHEDAB CDOH 


[ Surfactant] /mM I03ktrap 1O3kdirect 103kl,ap 103kdirect 103ktrap lO3kdirec, 1o3kt,ap IO3kdireCt 


- - - - 1.35 2.07 1.0 
- - - - - 2-53 2.14 2.0 


3 -0  76 64 68 1 106 6371 3 99 3-19 2.05 
6.0 124 99 998 132 9554 316 5-71 2.06 


10.0 176 130 1183 157 11963 307 8-68 2-32 
15.0 202 134 1230 160 12425 75 11-95 2.55 
20.0 206 138 1185 145 13020 - 16.32 2.88 
25-0 210 135 1145 144 12480 - 16-82 3-08 
30.0 21 1 135 1134 116 12140 - 19.62 2-88  
35.0 207 129 1116 124 1 1080 - 19-31 3-20 
40.0 206 129 1157 103 10490 - 22.8 3.38 


- - 
- 


a Calculated from the total rate of loss of DNFB (Table 2) using the percentage trapping in Figure 1. All 
reactions followed at 323 nm, the isosbestic point for the second phase of reaction; 0.01 M NaOH in all 
reactions. 
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and 6 for the ratio k2/kl:  


[ ArOM] = A,y [ exp( - k ~ t )  - exp( - 6klt)l /(S - 1) 


I f  the reaction is followed for five half-lives, then after this time 


exp(-klt)= 1/32, [ArXl = A0/32 and 
[ ArOM 1 5 = Aoy [ & - exp( - 56 In 2 ) ]  /(S - 1) 


From which 


can readily be determined. 
This mathematical correction was partially successful for reactions in CHEDAB and 


CHPDAB (Figure 2), but for reaction in 2-OHCTAB the model leads to an over-correction 
when determining the amount of aryl micellar or cyclodextryl ether that has decomposed, 
giving results in excess of 100% trapping. Hence the simple model above used in the correction 
is not appropriate for reaction in 2-OHCTAB and for some concentrations of CHEDAB 
(1-2 mM). The reason for the failure of this simple model is unknown, but it may indicate the 
occurrence of some additional process within the micelle before the second phase of reaction 
(i.e. ArOM 4 ArO-) occurs. This may involve conformational changes of the ether within the 
micelle and we are currently looking for independent evidence of such an additional process. 


In CHPDAB and CHEDAB a similar percentage of trapping was observed for both DNFB 
and DNCB (it was assumed that the results for DNFB and DNCB would also be similar in 
2-OHCTAB). Thus the value of the percentage trapping for DNFB in 2-OHCTAB was used 
to calculate the dissected rates (i.e. ktrap and kdlrecr) for DNCB (Table 5). For reactions in 
CHEDAB and CHPDAB the percentage trapping determined for DNCB after application of 
the mathematical correction were used to determine the dissected rates in Table 5. 


1 e+2 1 
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Figure 2. Percentage trapping (formation of aryl micellar or cyclodextryl ether) as a function of surfactant 
concentration for DNCB (6x hf) at 30.4'C in the presence of 5 mM NaOH (CHEDAB), 0.05 M NaOH 


(CHPDAB) and 0.1 M NaOH (CDOH). 
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Table 5. First-order rate constants (klrapa and kdirec1/s- ’ )  f y  the first phase of the hydrolysis DNCB 
(6 x lo-’ M) at 30 C 


~~ 


2-OHCTABb8‘ 
[ Surfactant] 


rn M 1o3ktrap I o3kdlrecI 


0.4 
0.6 
0.8 
1 
2 
4 
8 


13-3 
20 
30 
40 


- 
2.29 
2.41 
2.41 


- 
- 
- 


0.089 
0.755 
- 
- 
- 


1.53 
1.54 
1.47 


C H P D A B ~  CHEDAB‘ CDOH‘ 


I 0 3kl rap 10 3kd;rec1 10 3klrap 10 3kd,,ecl 1 o 3k1rap I 03kd;r,cL 


- - 0.62 0.26 0.59 0.29 
0.94 0.60 1 *21 1.31 0.026 0,007 
1.62 0.60 1.91 2.34 
2.23 0.56 5.65 - 0-027 0.011 
4.84 0.40 1 1 . 1  
7-33 0.81 14.3 


10.2 0.85 16.6 - 0.116 0.011 
10.9 0.38 17.1 
11.3 0.35 12.7 - 0.191 0.010 
9.9 0.31 9.9 
8.35 0.35 7.7 


- - 


- - - 
- - - 


- - - 


- - - 
- - - 


“Calculated from the total rate of loss of DNCB (Table 1) using the percentage trapping in Figure 2 for all gysterns 
except 2-OHCTAB. 
’Calculated from thc total rate of loss of DNCB (Table 1 )  but using the percentage trapping for DNFB (Figure 1). 
‘0.1 bi NaOH. 
“0.05 hi NaOH. 
‘ 0-005 M NaOH. 


Effect of additive concentration 


The total rates for the first phase of the hydrolysis of DNCB (Table 1) and DNFB (Table 2) show 
typical rate-surfactant profiles for second-order reactions. The rate increased to a maximum 
corresponding to complete solubilization of the aryl halide into the micelle (10-30 mM) 
(depending on the substrate and on the micelle) and then decreased. However, in the presence 
of CDOH the observed rate increased with increasing CDOH concentration up to 40 mM (the 
solubility of CDOH in water) without reaching a maximum or limiting rate (Table 2). The 
trapping percentage does, however, reach a limit of about 80% with increasing concentration 
(Figure 1). Similar behaviour was observed with the dissected rates for DNFB (Table 4). For 
the second phase of hydrolysis the maximum rate was observed at a very low micelle 
concentration (Table 7) ( 1  -2 mM), consistent with a very hydrophobic substrate effectively 
bound to  the micelle. For the cyclodextrin, however, the rate was almost independent of CDOH 
concentration. 


For DNFB the percentage trapping increased with both increasing rnicelle concentration and 
with increasing CDOH Concentration. The increase in percentage trapping as the micelle or 
CDOH concentration was increased was the result of a greater dependence on micelle or CDOH 
concentration for the rate of trapping than for the rate of direct hydrolysis (Table 4). The 
catalytic effect of the micelles or cyclodextrin was arbitrarily determined from a comparison 
of the optimum rate and the rate with 3 mM additive. This method was chosen in preference 
to using the rate in water as a reference point because in water only direct hydrolysis (no 
trapping) is possible. 


A 2-3-fold increase in the observed rate for both reactions was seen with 2-OHCTAB and 
CHPDAB and for the rate of trapping in CHEDAB. The rate of direct reaction in CHEDAB 
actually decreased as the detergent concentration was increased but, since there is such a low 
percentage (< 1 To) of direct reaction in CHEDAB, tis decrease is possibly not significant. In 







MICELLAR CATALYSIS OF ORGANIC REACTIONS. 24 527 


CDOH, however, greater catalysis was observed for the rate of trapping (7-fold increase at 
40 mM compared with the rate at 3 mM). 


At all detergent and CDOH concentrations used the rate of both trapping and direct 
hydrolysis of DNFB was much slower in CDOH than in any of the micelles (10-2000-fold). 
For the micelles the efficiency of trapping was CHEDAB % CHPDAB > 2-OHCTAB. The rate 
of direct hydrolysis was similar in both CHPDAB and 2-OHCTAB but faster in CHEDAB 
when significant direct reaction was observed (< 10 mbl CHEDAB). The much slower rates of 
reaction in CDOH compared with the micelles may be a result of the presence of a charged 
surface in the micelle but not in CDOH. 


For DNFB the percentage trapping (formation of ArO...CD) in the presence of CDOH was 
similar to that in 2-OHCTAB at low concentrations (1-4 mM) and to that in CHPDAB at 
higher concentrations (6-40 mM). At all the concentrations the percentage trapping in CDOH 
was much less than in CHEDAB. This lends support to the proposal4 that binding of the aryl 
halides to the CDOH occurs at the secondary hydroxy groups on C-2 or C-3 rather than to the 
primary hydroxy groups on C-6. 


The percentage trapping of DNFB in all of the micelles was effectively independent of 
[OH-]  but in the presence of CDOH the percentage trapping was greater at 1 mM [OH-]  
than at 10-100 mM [OH-]  (Table 3). 


At 1 mh4 NaOH (pH 1 I) ,  CDOH is reported5 to  be only partially ionized. Several examples 
of multiple general acid-base catalysis by cyclodextrins in an appropriate pH range are 
k n ~ w n . ' ' ~  It has also been reported that in solvents of low polarity the loss of fluoride from 
DNFB is subject to acid catalysisgb 


The cyclodextrin provides a region of lower p ~ l a r i t y ~ . ~  than water and hence it is possible 
that the increased trapping at pH 11 is due to multiple catalysis by the cyclodextrin, with the 
ionized 0- acting at a nucleophile and the adjacent non-ionized OH acting as a general acid 
(see structure 4). 


4 


Since the attack of 0- and C-F bond breaking occur in different steps, strictly it is incorrect 
to  describe this as multiple catalysis in this case. Rather, it is an example of single catalysis on 
each of the two steps. 


Such catalysis is not observed in the hydroxy-functionalized micelles because since each 
surfactant molecule contains only one hydroxy group the possibility of the presence of both 
an ionized and a non-ionized group at the reaction centre is less than for a cyclodextrin. 
However, when reaction was performed in D2O as solvent the percentage trapping was similar 
to that obtained in H20. Since the OH groups of the cyclodextrin should have exchanged with 
the D20, this result is inconsistent with the explanation of increased trapping due to 
intramolecular general acid catalysis because an isotope effect would have been expected, 
leading to  reduced trapping in D20 compared with H20. Hence the reason for increased 
trapping in CDOH at low hydroxide concentrations is unknown. 
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A comparison of results for the two micelles containing secondary hydroxy groups shows 
firstly that for DNFB more trapping occurs in CHPDAB than in 2-OHCTAB (Figure 1). 
Dissection of the rates for the first phase of the hydrolysis reveals that the rates of direct 
hydrolysis of DNFB are similar in the two micelles (Table 4), but that the rates of trapping in 
CHPDAB are considerably faster than in 2-OHCTAB. 


We may conclude that the rate of production of the micellar ether in 2-OHCTAB is slower 
than in CHPDAB because the resulting micellar ether is more deeply buried inside the micelle 
in the former case. However, if  the micellar ether from 2-OHCTAB is more deeply buried 
inside the micelle than that for CHPDAB, it is surprising that the rates of decomposition of 
these micellar ethers (Table 7 )  are so similar. As proposed above, this may indicate a 
conformational rearrangement of the micellar ether within the micellar pseudo-phase before the 
second-phase reaction occurs. 


Phase 2 (breakdown of the aryl micellar/cyclodextryI ether) 


Rate constants for the second phase of the hydrolysis of DNFB as a function of hydroxide 
concentration and as a function of detergent and CDOH concentration are given in Tables 6 
and 7, respectively. As expected, the rate of the second phase of hydrolysis increased with 
increasing [OH-]  in all systems (Table 6). 


Table 6. Rate constants (10'kl/s- I )  for the second phase of the hydrolysis of 
DNFB (6 x M) in the presence of micelles or cyclodextrin as a function of 


hydroxide concentration 


[ NaOH] /mM 


Additive a 1 5 10 50 100 


CHEDAB 6.60 125 205 600 885 
CHPDAB - 6 . 6  8.7 47.5 70 
2-OHCTAB - - 13 50 69.5 
CDOH - - 1 a02 2.98 4-98 
~~ ~ 


mv detergent or CDOH at 30.4 OC. Reaction followed at 358 mm. 


Table 7. Rate constants (105kl/s- ' ) for the second phase of the hydrolysis of 
DNFB (6 x 10- 'M) in the presence of micelles or cyclodextrin as a function of 


detergent or cyclodextrin concentrationa 


[detergent or 
cyclodextrin] CHEDAB CHPDAB 2-OHCTAB CDOH 


0 - 4  
0 - 6  
0-8  
1.0  
2.0 
4 . 0  
6 .7  
8.0 


1 3 . 3  
20.0 


- 
1025 
1100 
1140 
1170 
1040 
920 
880 
750 
590 


- 
86 
90.5 
89.5 
88 
77 
68-5 
70 
5 8 . 5  
45 


69 
89 
97 
98 
96.5 
86.5 
78 
69.5 
62.5 
5 1 . 5  


- 
4.28 
4-67 
4.77 
4.74 
5-06 


4-98 
4.58 
4.49 


- 


"In the presence of 0.1 M NaOH at 30.4"C. Reaction followed at 358 nm. 
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Figure 3. First-order rate constants (5- ' )  for the first phase of hydrolysis of DNCB (6 X M) at 30.4 "C in the 
presence of 0.1 M NaOH (2-OHCTAB and CDOH), 0.05 M NaOH (CHPDAB) and 0.005 M NaOH (CHEDAB). 


EXPERIMENTAL 


Materials 


DNCB, DNFB, 2,4-dinitrophenol and 0-cyclodextrin were commercially available. The 
hydroxy-functionalized micelles were prepared as previously reported. lo 


The CHEDAB micellar ether (5), m.p. 135-137"C, was prepared in 57% yield from 
1 -(2 ' -bromoethoxy)-2,4-dinitrobenzene (1 g) by reaction with hexadecyldimethylamine (0 - 9 g) 
in ethanol (25 ml) at reflux for 16 h. The mixture was concentrated in V ~ C U O  and then cooled 
in ice. Addition of diethyl ether resulted in crystallization of the product, which was filtered 
off, air dried and recrystallized (EtOH-EtzO). Found, C 5 5 . 5 ,  H 8.2, N 7.8, Br 13.9; 
C26H46BrN305 requires C55-7, H 8.2, N 7 - 5 ,  Br 14.3%. 


5 


1-(2' -Bromoethoxy)-2,4-dinitrobenzene was prepared from the reaction of 2-bromoethanol 
(0-082 mol) with DNFB (0-01 1 molj in the presence of 2,4,6-collidine. The reaction mixture 
was diluted with dichloromethane (75 ml), washed with water (3 x 50 ml), 1 M HCI (50 ml) and 
10% sodium carbonate (50 mlj. The CH2Cl2 solution was then dried over MgS04 and the 
solvent removed on a rotary evaporator. The solidified residue was recrystallized (CHZC12) to 
give a pale yellow solid, m.p. 60-61 "C (lit. l 1  m.p., 60.5-61 "C). 


Stock solutions of DNCB and DNFB (0.01 M) were prepared in HPLC-grade acetonitrile 
(Mallinkrodtj. Stock solutions of the hydroxy-functionalized micelles and CDOH (20 and 
60 mM) were prepared in purified water. Sodium hydroxide (0.3 M) was also prepared in 
purified water and was standardized by titration against hydrochloric acid solution. 
Bromocresol green indicator was used. Distilled water was purified by using a Millipore system 
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to achieve a resistivity of at least 10 MQcm. Elemental analyses were performed by the 
Australian Microanalytical Service. 


Kinetics 


Micellar or CDOH solutions of the required concentration were equilibrated in the cuvette in 
the cell compartment of a Varian 635 UV-VIS or DMS-70 UV-VIS spectrophotometer. The 
substrate was then added (I8 111) by microsyringe and the reaction was initiated by addition of 
the required amount of sodium hydroxide solution which had been equilibrated in a water-bath. 
The solution was thoroughly mixed and the reaction was followed at either 232 nm (phase 1) 
or 358 nm (phase 2 ) .  The infinity value of each reaction was calculated by a computer program 
designed to give the best straight-line fit to  data collected over at least two half-lives. Where 
possible, experimental infinity values were also obtained (e.g. phase 2 reactions) and good 
agreement was obtained between the calculated and experimental infinity values and rate 
constants. A National VP 6511A X-t recorder was used for kinetics and a Hewlett-Packard 
7041-A X - Y  recorded was used for repetetive scans of the reaction mixture. 


The temperature within the cell was measured with a Jenco thermistor thermometer. The rate 
constants of fast reactions were determined by a stopped-flow technique using equipment as 
described by Grant and Magee'* and the method described by Hardman and Scopes. l 3  For 
DNFB, the percentage trapping was determined by measuring the absorbance at 300 and 
358 nm immediately after mixing the solutions. The difference (A ,  - Ao)  corresponds to the 
amount of  either micellar or cyclodextryl aryl ether and the percentage of this material was 
calculated using the equation 


x 100 Am- A0 
A, 


070 trapping = (3) 


The basis of this method is that reaction of DNFB is very fast and all the DNFB was 
consumed by the time the AO measurement was made. Since the reaction is so fast, no 
significant phase 2 decomposition of the trapped ether has occurred in this time. For DNCB, 
however, the substrate is consumed more slowly and a correction for subsequent hydrolysis of 
the micellar aryl ether was necessary. 
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ABSTRACT 


Reaction products of bifunctional chain molecules with structure X-(CH*),-Y may critically depend 
on the chain length n. When the chain length is short (n 6 9, reaction products particular to an 
intramolecular reaction can be dominant, while a process corresponding to an intermolecular reaction 
between X-CH3.and H3C-Y may take place for higher homologues having large n (310). The 
reaction switching dependent on n is explained in terms of the encounter probability for both end groups 
(X and Y) with conformations pertinent to product formation. The reaction switching of this sort is 
discussed on the basis of a reactivity profile recorded as a function of the chain length. Similar reactivity 
profiles have been observed for thermal Friedel-Crafts cyclization and photo-Smiles rearrangement/ 
photoredox reaction. It is anticipated that the magic methylene chain length of 7 may give rise to an 
appreciable decrease in reaction yields (e.g. ‘difficulty in medium-sized ring closure’) or an anomalous 
switching of reaction pathways due to chain length effects. 


1 INTRODUCTION 


When two molecules X-CH3 and H3C-Y undergo some reactions or interactions in the 
ground or excited state (electronic energy transfer, formation of electron-donor-acceptor 
complexes, excimers, or exciplexes), the corresponding intramolecular analogue X-(CH2),,-Y 
may behave like the intermolecular counterpart. However, a remarkable dependence of 
the reaction yield on the chain length is anticipated, since the steric constraint may have some 
effects on the orientation and distance with respect to the two reaction centres X and Y. In 
general, the reactivity of higher homologues (X-(CH2),-Y, n 3 10) is closely related to that 
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of the intermolecular reaction between X-CH3 and H3C-Y. However, the conformational 
restriction in short chain molecules may disfavour the reaction path corresponding to that of 
the higher homologues. The reaction pathway which is totally absent in the intermolecular 
analogue may predominate in some extreme cases of short chain compounds. There have been 
only a limited number of papers reporting anomalous reaction switching caused by methylene 
chain length effects. This is partly due to the predominant idea that the combination of 
functional groups at both ends of the chain determines the reactivity and reaction path. The 
purpose of the present review is to show that the methylene chain linking the two reactive sites 
becomes a major factor controlling reaction pathways. 


Although no clear definition has been given for methylene chain length effects, they can be 
regarded as influences of chain length on physical properties (e.g. spectroscopic data) and 
chemical reactivity. The dependence of reaction yields or  rates on chain length has often been 
cited as a ‘reactivity profile’.’ In this review, some typical examples of reaction switching will 
be discussed on the basis of their reactivity profiles. We focus on the following two types of 
reactions: 


(I) starting chain species have two reaction centres at each end; 
(2) reaction intermediates derived from ring ruptures have an open-chain structure. 
The reactions of bifunctional chain molecules have been extensively studied from several 


points of view.’** Among other things, the ring closure reaction has been well investigated by 
synthetic chemists searching for preparative methods for perfumes (civetone, muscone, etc.) 
and macrolide antibiotics. Photophysical and photochemical primary processes of biochro- 
mophoric species have been elucidated by a large number of research  group^.^ 


Br-K H2); C 0; 


1 ,c4 
(H2C), I +B? 


‘0 


J 
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1 ’ 1  I I I I I 8 1  I I 
3 5 7 9 11 1315T7 1921 2 
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Figure 1. Reactivity profile for lactone formation of w-bromoalkanoates. Dependence of the intramolecular rate 
constant kinlra on ring size. Data taken from Reference Id 
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Figure 2. Dependence of the excimer to monomer emission intensity ratio I(ex)/I(mono) upon chain length for a 
series of a,w-di-(1-pyreny1)alkanes. Data taken from Reference 5 


2 CYCLIZATION AND INTRAMOLECULAR EXCIMER FORMATION 


The product yield of a cyclization reaction recorded as a function of ring-size (m)  shows three 
particular features: high efficiency for common rings (m = 5-7), anomalously low yield for 
medium-sized rings (m = 8-1 l ) ,  and fairly good yield for larger cyclic compounds (m 2 12). 
This kind of reactivity profile has been known in, for example, the formation of cyclic ketones, 
imino-nitriles, and acyloins. la  


Although ring-closure reactions have nothing to do with photochemistry, intramolecular 
excimer formation shows an interesting dependence on the chain length similar to that of 
cyclization. Cyclization yield is highest at a chain length of n = 3 for lactone formation from 
o-bromoalkanoates.'d The intramolecular excimer is most easily formed for the species with n 
= 3;4 this finding has been known as Hirayama's rule. When the chain length n is 6 9 ,  the 
ring-closure efficiency exhibits a minimum. Almost no intramolecular excimer is formed for 
1,7-di( 1-pyreny1)heptane or 1,8-di(l-pyrenyl)o~tane.~ Cyclization yield and emission intensity 
of intramolecular excimers is increased for the species with n 3 12. However, there is a 
tendency to level off for higher homologues. Figure 1 shows the reactivity profile for the 
lactone formation, whereas Figure 2 itlustrates the relative emission intensity of 
intramolecular excirners. It should be noted that the cydization reaction and the 
intramolecular excimer formation are closely related from the viewpoint of methylene chain 
length effects. 


3 PHOTO-SMILES REARRANGEMENT AND PHOTOREDOX REACTION6 


Photochemical reaetion pathways of bichromophoric chain species, p-02NC6H4--(CH2),,- 
NHC6H5 depend on the chain length n. Short chain compounds (n d 6) exhibit the 
photo-Smiles rearrangement, while long chain motecuies (n  3 8) undergo a photoredox 
reaction. An intermolecular analogue consisting of p-nitroanisole and N-methylaniline yields 
redox reaction products, p-nitrosoanisole and aniline. The photo-Smiles rearrangement can be 
characterized as an intramolecular nucleophilic substitution reaction. However, no 
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Figure 3. Dependence of the reactivity on chain length in photoreactions of N-[o-(p-nitrophenoxy)alkyl]anilines 


substitution product (N-methyl-p-nitrodiphenylamine) has been detected in the photo- 
reaction mixture of the corresponding intermolecular reaction system. The photo-Smiles 
rearrangement is characteristic of an intramolecular reaction particular to the short-chain 
species. It is suitable to measure electronic absorption spectra of reaction mixtures in order to 
monitor which type of photo-reaction is taking place. The reaction mixture contains the 
photoproduct as well as the starting material. The absorption bands due to p-nitrophenoxyl, 
p-nitrosophenoxyl, and p-nitrodiphenylamino chromophores are easily distinguished from 
each other, because their absorption maxima are fairly separately located. The longest 
wavelength band is assigned to an allowed transition and, therefore, photoproducts are 
properly identified by means of absorption spectroscopy. When n < 6, the new absorption 
band due to a photoproduct is attributed to thep-nitrodiphenylamino moiety. When n 3 8, the 
absorption band assigned to the p-nitrosophenoxyl group is seen in the electronic spectra of 
the reaction mixtures. It is noteworthy that when one type of reaction takes place, another 
kind of reaction completely disappears. Although reactivity at n = 6 or  8 is extremely low, no 
concurrent intramolecular reaction products have been detected by absorption spectroscopy 
or liquid chromatography. An intermolecular photoredox reaction occurs at n = 7 to some 
extent. 
The intramolecular reactions are summarized in Scheme 1, and the reactivity profile is 


depicted in Figure 3. The p-nitrophenoxyl moiety is transformed into the p- 
nitrodiphenylamino chrornophore when n S 6 and into the p-nitrosophenoxyl group when n 2 
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Scheme 1 


8. The photo-Smiles rearrangement involves a spiro-type Meisenheimer complex’ (see Chart 
1), and therefore, the anilino nitrogen must approach to the ring carbon at the ips0 position 
with respect to the alkoxyl substituent to yield the rearrangement product. On the other hand, 
the nitro oxygen must be close to the methylene group adjacent to the anilino nitrogen to give 
the redox reaction product. The encounter probability of the two reaction centres with 
conformation pertinent to the product formation may critically depend on the chain length. 


Chart1 


Another important factor is the stability of the cyclic Meisenheimer intermediate. I t  is well 
known that the formation of a 9- to 12-membered ring is very difficult, and therefore it is 
anticipated that the formation of (n + 3)-membered Meisenheimer complex is highly 
unfavourable for the chain molecules with n = 6-9. Consequently, another type of reaction 
closely related to the intermolecular process becomes dominant when n is sufficiently large. 
Essentially the same type of reaction switching is observed between n = 6 and 8 for 
naphthalene analogues, N-[o-(Cnitro-1-naphthoxy)alkyl]anilines. 


4 INTRAMOLECULAR FRIEDEL-CRAFTS ACYLATION 


Ring formation of phenyl derivatives’ 


Cyclic ketones are obtained from internal Friedel-Crafts acylation of o-phenylalkanoyl 
chlorides in carbon disulphide under the influence of aluminium chloride. When the chain 
length n is less than 5 ,  ortho-substituted ketones are formed, while para-cyclization takes place 
for higher homologues (n  3 8). Reactivity at n = 6 or 7 is extremely low. 


Intermolecular acetylation of toluene with AlCl:, yields methylacetophenones with the 
following product di~tr ibut ion:~ ortho (1.17%), meta (1-26%), and para (97.6%). High 
reactivity at the ortho-position for the lower homologue is particular to the intramolecular 
acylation. The reaction is described in Scheme 2, and the reactivity profile is shown in Figure 
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n 28 


Scheme 2 


4. When n = 6, even under high dilution conditions an intermolecular acylation takes place, 
the cyclic dimer ketone is obtained in low yield (54%).8b*' Cyclic dimer ketones are also 
observed for the species with n = 8 and 9 in low yield (3 and 0.7%, 


Formation of para-substituted dimer ketones clearly shows that the intermolecular acylation 
reactivity is higher at the para-position than at the ortho-position. The absorption spectrum of 
the nine-membered ortho-ketone shows a conspicuous blue shift and decrease in molar 
extinction coefficient in comparison with the reference spectra for the cyclic dimer ketone or 
strain-free p-methylacetophenone. This fact indicates that the dihedral angle between the 
carbonyl moiety and the phenyl plane is fairly large, i.e. the conjugate interaction between two 
chromophores is appreciably decreased. The reactivity profile is similar to that of the 
photo-Smiles rearrangement and photoredox reaction. 


The initial chain molecule may be described as (substrate)-(CH2),-(reagent). The 
reactivity dependence on n can be explained in terms of the encounter probability of the two 
reactive sites in the substrate and the reagent, with a particular conformation leading to 
formation of the respective end product. When the chain length is short, the acid chloride 
moiety can approach the ortho-position and cannot interact with the benzene ring at the 
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Figure 4. Dependence of the reaction yield on chain length for intramolecular Friedel-Crafts' cyclization of 
w-phenylalkanoyl chlorides. Data taken from Reference 8a 
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pnrn-site. On the other hand, the situation is reversed for the long chain molecules. A similar 
phenomenon has been observed for N-[w-07-nitrophenoxy)-alkyllanilines. Electron transfer 
takes place from the nucleophilic reagent to the nitro-aromatic chromophore in the 
photo-Smiles and photoredox reactions, while it occurs from the phenyl moiety to the 
electrophilic reagent in Friedel-Crafts acylation. In  spite of these differences, reactivity 
profiles for these two unlike, intramolecular reactions show features commonly observed for 
cyclization or intramolecular excimer formation. In addition, intermolecular processes appear 
when the chain length is highly unfavourable for intramolecular reactions. The photo-Smiles 
rearrangement involves spiro-type cyclic Meisenheimer intermediate, and therefore, the 
reactivity partly shows dependence on the chain length similar to ring-closure. 


Cyclization of naphthyl 


w-( 1-Naphthy1)alkanoyl chlorides yield three kinds of product in intramolecular Friedel- 
Crafts acylation (see Scheme 3). Intermolecular acetylation of 1 -methylnaphthalene exhibits 
the reactivity order of position 4 >> 3-2,12 and therefore the intramolecular acylation at the 7 
position represents an anomalous orientation. The long chain species undergo processes 
similar to that of the intermolecular reaction. 


Scheme 4 shows that three different type of cyclic ketones are formed from 
o-(2-naphthyl)alkanoyl chlorides depending upon the chain length. The reactivity order in the 


Scheme 3 


Scheme 4 
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intermolecular acetylation of 2-methylnaphthalene has been reported to be 1 > 8 > 6 % 


4-5-7.12 In this case, no  unusual acylation particular to the intramolecular process has been 
observed. The long chain molecule reacts at the remote site of 6. 


5 PHOTOCHEMISTRY OF N-PHENYLLACTAMS'-' 


The photochemical behaviour of N-phenyllactams depends on the ring-size as is shown in 
Scheme 5.  Some cyclic anilides undergo.the C-N bond cleavage in the excited singlet state, 
producing a biradical intermediate, O=C-(CH2),,-NCnHs. The photo-Fries rearrangement 
involves the ring-opening and re-cyclization processes and the photoproducts are charac- 
terized as ortho-amino cyclic ketones. The photo-Fries rearrangement is observed for 7-, 8-, 
and 13-membered lactams with quantum yields of 0-07, 0.11, and 0.08, respectively. The 
four-membered lactam undergoes two bond rupture, i.e. ring-opening, which yields ketene 
and anil (azomethine compound). N-Phenylpyrrole is obtained from photoreaction of 
N-phenylpyrrolidone (5-membered ring). N-Phenylpiperidone (6-membered ring) yields an 
unstable product, which has not been identified. 


Photo- Fr ies Rearrangement 


Scheme 5 


The nine- and ten-membered orrho-amino ketones show electronic absorption spectra 
completely different from that of the 15-membered compound. When non-cyclic strain-free 
o-N-methylaminoacetophenone is taken as a standard, the absorption spectrum of the 
15-membered amino-ketone is very similar to that of the standard. On the other hand, the 
electronic spectra for the 9- and 10-membered rings exhibit conspicuous blue shifts. These 
facts suggest that the dihedral angle between the carbonyl moiety and the phenyl ring is fairly 
large. It would be worthwhile to investigate the formation process for these strained-species. 


It is also to be noted that although eleven methylene groups in the 13-membered lactam can 
yield a strain-free ketone of the para-cyclophane structure, only the orrho-ketone is obtained. 
The para-reactivity is observed when the two orrho positions are occupied by two methyl 
substituents. The photo-Fries rearrangement of acetanilide produces both the olrho and para 
ketones with the relative yield of Q, (para)/@ (ortho) = 0.8-0.9 in several organic  solvent^.'^ 
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The reason for this behaviour, which is different from the intramolecular process, has not been 
explained. The findings for the N-phenyllactams are in contrast with the fact that internal 
Friedel-Crafts acylation does not yield 9- or 10-membered ortho ketone, and that the 
para-cyclization is favoured by long-chain species. This suggests that the reactivity profile for 
photochemistry of cyclic anilide is completely different from that for the intramolecular 
Friedel-Crafts cyclization . 


6 THERMAL REARRANGEMENT OF CYCLIC HYDRAZOBENZENES’’ 


Cyclic hydrazobenzenes show different behaviour depending on the ring size (see Scheme 6). 
N,N’-Trimethylenehydrazobenzene in 2~ hydrochloric acid undergoes reductive N-N bond 
cleavage to 1,3-dianiIinopropane (41 %). The tetramethylene analogue in 50% hydrochloric 
acid yields 1 ,Cdianilinobutane (26%), tetramethylene-o-semidine (16%), and tetramethyl- 
diphenylene (20%). The oxidation process coupled with the reductive scission has not been 
reported. From seven- and eight-membered cyclic hydrazobenzenes, penta- and hexa- 
methylenediphenylenes are obtained in good yield (70 and 77%, respectively). In these ring 
compounds, the methylene chains are too short to form the benzidine structure by union at 
4,4‘-positions. 


Benzidine Rearrangement 


Scheme 6 


The N,N’-decamethylenebenzidine is obtained from N,N’-decamethylenehydrazaobenzene 
in very low yield (4%). The major portion (71 %) of the decarnethylene species is transformed 
into basic resins. The absorption spectrum of N,N’-decamethylenebenzidine is similar to that 
of strain-free N,N’-dimethylbenzidine except for a slight blue shift of an absorption band and a 
small decrease in the molar extinction coefficient. However, it appreciably differs from that of 
N-methylaniline, which can be regarded as a model compound for a completely twisted 
benzidine. Therefore, the ten methylene groups connecting the two nitrogen atoms at 
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p,p'-positions have no large effect on the mesomeric interaction between the two phenyl 
moieties. 


It is interesting to note that 2,2'-hydrazodiphenylmethane undergoes almost quantitative 
disproportionation into di(2-aminopheny1)methane and 2,2'-az0diphenylmethane'~~ (see 
Scheme 7). It can be concluded that when the chain length is extremely short, the 
intramolecular reaction becomes forbidden, and only the intermolecular process may be 
allowed. In this connection it can be noted that the excimer emission from 1,2-di(l-pyrenyl)- 
ethane is very weak, and therefore the monomer emission is dominant at lower 
 concentration^.^ 


Scheme 7 


7 PHOTOCHEMISTRY OF 2-SUBSTITUTED CYCLOALKANONES 


Photochemistry of 2,2-diphenyl~yloaikanones'~ 


Cyclic ketones containing two phenyl groups at the 2 position undergo bond cleavage in the 
nn* excited triplet state. p e  reaction intermediate produced by the Norrish type I cleavage 
has a structure of 0=C-(CH2)n-C(C6Hs)2. The 6- and 7-membered ketones yields 
open-chain products. On the other hand, a para-cyclophane type ketone is obtained from the 
13-membered alkanone. The structure of photoproducts is depicted in Scheme 8. Turro and 
co-workers" have reported similar photochemistry of 2-phenylcycloalkanone and 2,n- 
diphenylcycloalkanone (n-membered ring). 


,n=6.7 . Ph 
\C=CH(CH,&-,CHO 


Pc; 


Scheme 8 


Photochemistry of 2-rnethylcy~loalkanone'~ 


Bond cleavage of 2-methylalkanones efficiently takes place in the 3nx* state,. thus yielding 
biradical intermediates with a structure of O=C-(CH2),-CHCH3. 2- 
Methylcyclopentanone and 2-methylcyclohexanone yield exclusively aldehydes with a 
methyl-substituted olefin moiety, while larger 2-methylcycloalknones efficiently produce 
alkenals with a vinyl group as is shown in Scheme 9. The distribution of the alkenal with the 
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Figure 5. Dependence of the product distribution on chain length for photochemical ring opening of 
a-methylcycloalkanones. The reactivity profile is symmetric with respect to the line of 50% yield. Data taken from 


Reference 18 


end group of -CH=CHCH3 decreases with increasing methylene chain length. Figure 5 
shows the dependence of the branching percentage on the ring size. 


8 PHOTOCHEMICAL CYCLOADDITION REACTIONS 


Photo-cycloaddition of phenanthrenecarboxylate and tr~ns-anethole'~ 


An intermolecular photo-reaction of methyl 10-phenanthrenecarboxylate and trans-anethole 
yields a cyclobutane (CB) derivative. Bifunctional chain molecules containing both aromatic 


Scheme 10 
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chromophores undergo two different processes depending upon the chain length. When the 
chain length is short (n = 2) an oxetane compound is obtained in addition to a CB product, 
while the long-chain molecule (n = 11) yields only a CB derivative closely related to the 
intermolecular reaction product. Scheme 10 summarizes the observed photochemical 
behaviour for intermolecular reactions. 


Photo-cyclization of 7,7’-polymethylenedioxy~oumarins~~~~ 


An extensive study of 7,7’-polymethylenedioxycoumarins has been reported by de Schryver et 
aLm A cyclobutane (CB) ring is formed from the olefinic part in the lactone ring (see Scheme 
11). The CB ring may have two structures, i.e. cis-HH (head-to-head) and ck-HT 
(head-to-tail). The HT compound predominates except for n = 2. The cis-HT dimers are also 
formed for intermolecular photo-cycloaddition of 7-alkoxycoumarins in the crystalline phase 
and micellar solutions.2’ 


Scheme 11 


1001 I 


0 2 4 6  8 1 0  
Chain Length (n) 


Figure 6 .  Dependence of the product distribution on chain length for photocycloaddition of 7,7‘- 
polymethylenedioxycoumarins. Thc reactivity profile is symmetric with respect to the line of 50% yield. Data taken 


from Reference 2b 
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Reactivity profile for the photo-dimerization is shown in Figure 6. It is interesting to note 
that the switching chain length is much shorter than that observed for the photo-Smiles/ 
photoredox reactions or internal Friedel-Crafts acylation. This may be partly due to the fact 
that the reactive site is a small part of a large conjugate system and therefore the benzene ring 
serves as a linking group. When the reactive site at one end is a small aromatic moiety, the 
switching of reaction pathways takes place in the vicinity of n = 7. 


9 CLASSIFICATION OF REACTIVITY PROFILES AND CHAIN MOLECULES 


Reactivity profiles can be categorized into several groups. When only one reaction pathway is 
involved, the reaction efficiency vs. chain length has a maximum at a short chain length, and a 
minimum appears around n = 6 9 .  For long chain species the reactivity profiles exhibit a 
tendency to level off. This kind of dependence is classified as Case I and illustrated 
diagramatically in Figure 7. Simple ring-closure and intramolecular excimer formation may 
fall into this category. 


Short [Medium1 Long 


I I  1 1  I I 1  
0 2 4 6 8 10 12 14 16 


Chain Length (n) 


Figure 7. Diagrammatic description of reactivity profile in Case I. The chain length is classified into three groups 


The case where the two competing processes are observed can be regarded as Case 11. When 
the reaction yields for the major and minor products are slightly dependent on the chain 
length, the reactivity profile curves for both products may not cross. This type of dependence 
is classified as Case 11-A. Figure 8-A shows a schematic description of Case 11-A, where the 
reaction pathway for the major product is designated by (a) and that for the minor product by 
(b). When the yields for two competitive processes are considerably dependent on the chain 
length, both reactivity profile curves may cross at some particular chain length. This kind of 
dependence is referred to as Case 11-B, and the reactivity profile of Case 11-B is given in Figure 


The last type of Case I1 belongs to a rather extreme case, where the complete switching of 
reaction pathways occur. In such cases only one product is formed through path (a) or path (b) 
depending upon the chain length. This type of reactivity dependence is classified as Case 11-C, 


8-B . 
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Figure 8. Schematic description of reactivity profiles in Case 11. Chain length increases from the left to the right hand 
side in each case. The product distribution in Case A and Case B is plotted in percentage as a function of chain length, 
and therefore, the sum of the respective yicld is equal to 100%. When the absolute total yield for path (a) and path (b) 
is plotted vs. chain length. the reactivity dependence on n may show a profile similar to that of Case 1. Although only 
one reaction product due to path (a) or path (b) can be observed in Case C, the plot of the reaction yield or rate as a 
function of chain length may exhibit a shape similar to the reactivity profile in Case 1. The hypothetical dependence of 


reactivity on chain length is depicted below the detection limit 


and Figure 8-C illustrates the reactivity profile of Case 11-C. Even if more than three reaction 
pathways are involved, the reactivity profile may be explained as a combination of Case I and 
Case I1 or its modifications. 


It is emphasized that the classification of reactivity profile depends on the treatment of end 
product structures. The lactones described in Section 4 have two structures depending upon 
the ring size." Four- to seven-membered rings have the energetically rich cis-configuration 
with respect to the C-0 single bond. Large rings (ten- to sixteen-membered lactones) assume 
the trans-configuration which is commonly observed for open-chain esters. An equilibrium is 
adopted in the case of eight- and nine-membered ring compounds. If these structural 
differences are taken into account, the lactone formation may be classified as Case 11-B. 
However, since it is more important to note the essence of chemical reactivity than to analyse 
the reactivity profile in detail, the lactone formation is characterized as Case I. 


It has been proposed that cycloalkanes are classified into four categories on  the basis of 
heats of combustion per methylene group:" small rings (3- and 4-membered), common rings 
(5, 6-, and 7-membered), medium rings (8- to 11-membered), and large rings (12-membered 
and larger). Chain molecules containing n methylene groups HX-(CH2),-YH may be 
obtained by reductive ring opening of the corresponding (n + 2)-membered species 
X-(CH,),,-Y, and therefore, the chain length n is related to the ring size rn by the equation 
of n = m - 2. On the basis of the classification for cyclic compounds, it may be useful to 
characterize open-chain molecules by the relationship n = m - 2: extremely short chain (n = 1 
and 2), short chain (n = 3-3 ,  medium chain (n = &9), and long chain (n 3 10). However, it is 
more meaningful to define short chain as n S 5, because these three categories correspond to 
the three different features in Case I or Case 11. According to this classification, Case I1 can be 
characterized as follows: 


(1) short chain species may exhibit an unusual reactivity particular to the intramolecular 
reaction system; 
(2) long chain compounds behave like an intermolecular analogue. 
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(3) Extremely low reactivity and switching of reaction pathways are observed in the range 
of n = 6-9. 


10 SWITCHING OF REACTION PATHWAYS DUE TO METHYLENE CHAIN 
LENGTH EFFECTS-GENERAL CONSIDERATIONS 


An intermolecular reaction between X-CH3 and H3C-Y may be free from any geometric 
restriction on the orientation of the two reaction centres. In other words, the reagent can 
approach the most reactive site in the substrate. However, a reaction similar to the 
intermolecular process may not be allowed in the intramolecular case due to the 
conformational restriction in an X-(CH2),-Y type molecule. Consequently, if the most 
reactive site is not available to the reagent, the site of the next highest reactivity can participate 
in the intramolecular reaction. This kind of steric effect is appreciable when the chain length is 
short. Thus the short chain species may exhibit reactivity completely different from that of the 
intermolecular counterpart. The long chain molecules (n 3 10) behave like an intermolecular 
reaction system, because the conformational constraint is greatly reduced. Switching of 
reaction pathways due to the methylene chain length effects can then be summarized as 
follows: 


(1) a functional group at one end X has at least two inequivalent reaction sites (Site A, Site 
B, etc.), e.g. orfholpuru with respect to a substituent on a phenyl ring. 
(2) dependence of reaction yield of Site A or Site B with another end group Y undergoes 
some change at a particular chain length n. Therefore, the structure of reaction products 
changes drastically before and after n. 
In general, poly-substituted benzenes undergo a wide variety of thermal nucleophilic 


substitution reactions. One typical example is shown in Scheme 12.23 The leaving group can be 
determined by the nature of nucleophilic reagents. 


Scheme 12 


The reactivity of photochemical nucleophilic substitutions also depends on nucleophiles. 
p-Nitroanisole undergoes at least 4 different photochemical processes, namely, substitutions at 
mefa, para, and ips0 positions with regard to the nitro groupz4 and deoxygenation of the nitro 
group (see Scheme 13). An unusual reaction may appear for short chain species containing a 
poly-substituted phenyl chromophore, since the most dominant intramolecular reactivity is not 
necessarily the same as that for the intermolecular reaction. The chain length is as critical as 
the combination of the end groups X and Y in determining reaction pathways. 







202 R. NAKAGAKI, 11. SAKURAGI AND K. MUTAI 


v 
N(CH&, Substitution (o/p;  m; ipso) 


Reduction (NOz- NO) 


Scheme 13 


11 VARIOUS FACTORS AFFECTING CHEMICAL REACTIVITY 


Factors which may have some effects on chemical reactivity can be grouped into the internal 
and external parameters. The properties of substituents and chains linking two reactive sites 
and chain length are regarded as internal factors. On the other hand, catalysts and solvents are 
classified as external parameters. For example, there is a huge amount of knowledge about 
the substituent effects, which can be treated by the Hammett equation. However, this kind of 
structure/reactivity relationship is not expected for methylene chain length effects. Although, 
in principle, it is possible to evaluate quantitatively the chain length effects with the aid of 
elaborate calculations for conformational properties and chain dynamics?' it is still difficult to 
predict AH" or AS* explicitly as a function of chain length. Consequently the empirical rules 
derived from experimental results have been widely used for qualitative interpretation. 
Typical examples are 'difficulty in medium-sized ring formation' and the so-called 'n = 3 rule'. 
It should be emphasized that the methylene chain length effects are essentially the same for 
both thermal and photochemical reactions, unless the linking chain is electronically excited or 
involved in a photoreaction. Intramolecular excimer emission is very weak at the methylene 
chain length corresponding to 'difficulty in medium-sized ring closure'. It is concluded that the 
empirical rules are applicable to cyclic transition states or cyclic reaction intermediates as well 
as cyclic end products. I t  is desirable to establish some empirical formula which involves 
'difficulty in medium ring formation' and 'n = 3 rule'. In addition, replacement of the 
methylene group by a moiety containing some heteroatoms (0, NH, S, etc.) may give rise to a 
different behaviour due to decrease in the non-bonded H-H repulsion. 


Solvents and catalysts may play an important role in intramolecular reactivity. Photoredox 
reaction yield for N-[o-(p-nitrophenoxy)alkyl]anilines is improved on going from acetonitrile 
to benzene. The reaction intermediate in this redox reaction is a biradical. Since the 
intersystem crossing rate between the triplet and singlet biradicals changes in the presence of 
an external magnetic field, the reaction yield depends on the magnetic field strength.26 It has 
been reported that aluminium bromide is better than aluminium chloride as a catalyst for the 
internal Friedel-Crafts acylation.* Thus intramolecular reactions are not completely 
independent of the extermal parameters. 


Accumulation of quantitative data on structure/reactivity relationship and analyses based 
upon reasonable models can clarify the importance of various factors affecting chemical 
reactivity. Highly selective and efficient reactions will be realized through the systematic and 
rational approach derived from a better understanding of chemical reactivity. 
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ABSTRACT 


Acid-catalysed condensation of resorcinol with aromatic aldehydes results in 2,8,14,20-tetrasubstitued 
calix [ 41 areneoctols. Sixteen compounds of this type containing different aromatic substituents were 
synthesized. The ring closure step, under the conditions of the reaction, is a reversible process. Four 
configurations are possible for every constitution, viz. cccc, cctt, ccct, and ctct, but only cccc and cctt 
were formed in detectable amounts. In seven cases the thermodynamically more stable cccc isomers 
(la-Sa, 7a, 8a) and also the kinetically controlled cctt isomers (lb-Sb, 7b, 8b) could be isolated. The 
configurations of the compounds were assigned by temperature-dependent 'H NMR analysis. The 
conformational motions of the macrocyclic ring permit only the cccc isomers to show coalescence for 
the signals of the aromatic Hb protons. The coalescence temperature was determined for isomers l a  
(AG& = 8 3 . 5  kJmol-I) and 3a (AG:hs = 83.7  kJmol-'). For steric reasons the 'chair-chair' 
conformers B and the 'quasi-boat-chair' conformers F are favoured. 'H and I3C NMR shifts show that 
compounds la-5a and lh-5b have a quasi-axial arrangement of the aromatic substituents, whereas 6-9 
have a quasi-equatorial arrangement of the substituents. 


1 NTRODUCTION 


The configuration and conformation of alicyclic compounds have great importance with regard 
to their physical behaviour and their reactivity. Conformational processes in molecules which 
are used as abiotic receptor models and enzyme models play a decisive role in the understanding 
of their host-guest chemistry. Since 1970 a class of metacyclophanes called calixarenes have 
been investigated by several groups. 2 - 4  The synthesis of compounds derived from resorcinol 
was described by Baeyer in 1872,5 by Michael and Ryder in 18866 and by Liebermann and 
Lindenbaum in 1904.' By determination of molecular weights, Niederl and Vogel' succeeded 
in formulating the correct constitutional formula of the reaction products between aliphatic 
aldehydes and resorcinol. 


On analysing the cyclic condensation products of benzaldehyde and 4-bromobenzaldehyde 
with resorcinol, Erdtman et a / . 9  found two isomeric compounds in both cases. The 
stereostructure of these isomers was assigned by Hogberg, lo  who analysed their selective 
formation and DNMR behaviour. 


A representative example of cavitands based on resorcinol is the sodium tetraphenolate of 
2,8,14,20-tetramethylcalix [ 41 areneoctol, which complexes methylammonium compounds. ' ' 
0894-3230/89/070531-09$05 .OO 
0 1989 by John Wiley & Sons, Ltd. 
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R’O 


R’O 0 R’ 
H 


Formula A 


Our work is concerned with the analysis of the influence of different aromatic substituents on 
the configuration and conformation of the macrocyclic ring of calix [ 41 areneoctols. We have 
adopted the term ‘calixarene’ introduced by Gutsche’ for condensation products from 
resorcinol and aldehydes because of their [ l,,] metacyclophane structure. This ring system was 
selected because such compounds have a symmetrical strucure, which permits this 16-membered 
ring to be compared with cyclooctane. Because two stable stereoisomers are formed from each 
constitution, it was of interest to establish the proportions which result under different 
conditions and the products of isomerization. All compounds have to be converted into the 
butyrates in order to increase their solubility and to investigate the pure isomers and their 
conformational mobility by means of DNMR spectrocopy. 


RESULTS 


Different substituted benzaldehydes and equimolar amounts of resorcinol were condensed in 
ethanolic hydrochloric acid at boiling temperature. The precipitated calixarenes were isolated 
and converted into the corresponding butyrates. The synthesized compounds are listed in 
Table 1. 


With compounds 1-5, 7 and 8 two isomers, a and b, could be isolated, but with 6 and 9 only 
one isomer was obtained. The b isomers could be converted into the a isomers. For example, 
Ib is formed in more than 30% yield at 15 “ C  after a reaction time of 10 min. After 10 h at 
78 “ C  only isomer l a  is obtained. Consequently, the a isomers are thermodynamically 
controlled whereas the b isomers are kinetically favoured. 


Table 1 .  Melting points of calix [4]arene-4,6,10,12,16,18,22,24-octol butyrates 


Melting point 
~ 


Compound R d  R‘ R f Rg R h  a (cccc) b (cctt j 


1 H H OCOC3H:, H H 186-187 284-285 
2 OCOC3H7 H H H H 251-252 203-204 
3 H OCH3 OCOC3H7 H H 128-129 206- 201 
4 OCOC3Hi OCHq H H H 241-245 224- 225 
5 OCOC3H7 Br H Br H 225-228 232-235 
6 H H NO2 H H 310 (decornp.) 
7 NO2 H H H H 380 (decomp.) 360 (decomp.) 
8 H NO2 H H 
9 OCOC3H7 NO2 H NO2 H 260 (decomp.) 


H 255-256 237-238 


10 H H H H H 252-254 212- 215 lo 
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Table 2.  'H NMR chemical shifts (pprn) of compounds 1-10 (298 K ,  acetone-&, 300 MHz) 
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Compound Ha Hb Hc Hd H' H' 


l a"  


Ib" 


2a 


2b 


3a 


3b" 


4a 


4b 


5a 


Sh 


6" 


7a 


7b 


8a 


9" 


108 I' 


lob" 


5.49s 6.10s 6 '95s  6.68-6'93 
6-2Xs 6-97s 


6.39s 7.12s 
5 . 5 1 s  5.66s 6 .95s  6.43d 


6.066 6.98s ( ' J = ~ H L )  


5.61 s 6.085 6'97s 6.78-6.87 


5.65s 5.66s 6.94s 6.43d 
6.25s 6.995 ( ' J = 8 H z )  


5.525 6.185 6.95s 6.22d 


5.62s 6.22s 7.00s 6.37d 
6.26s 6.99s ( 3 J = 8 H z )  


6.445 7,045 ( ' . / -8Hz)  


6.155 6 .94\  
5.47s 5.89s 6.935 6.83-6.90 


6.68-6 93 


6.78-6.87 


7.09 m 
( ' J = 8 H z )  
( ' J =  2H7) 


( ' J =  8Hz) 
( 'J = 2 Hz) 


( ' J =  8 H7) 


( ' J -  8 H r )  


7.02 m 


6.81 d 


6.78d 


6.83-6.90 


5.59s 5 . 8 5 s  6.91 6'74-6'84 6.74-6.84 
6.29s 7.(K)s 


5.49s  5 . 7 3 ~  7.025 6.58d - 


5 .445  5.525 6-92s  6 - h l d  - 


5.86\  5.61s 7.04s 7.15d 7.90d 


6 .09s  7.08s ( ' J = 2 H z )  


6.01 s 6.94s ( ' J = 2 H z )  


6.38s 7.20s ( ' J =  10Hz) ( ' J =  IOHZ) 


6.29s 7.33s ( ' J = 7 H z )  
('J = 2 Hz) 


6.47s 7-20s ( ' J = 8 H z )  
( ' J  - 2 H L )  


6.31s 7.11s ( ' H - ~ H L )  


6.32s 5 . 6 6 s  7-07s 6.82q 7.47-7-54 


6.415 5.62s 7.04\ 6.78q 7 3 3 -7.40 


5.779 5 56s 7.06s 7,26(br) 7-43d 


5.91s 5.47s 7.13s 7.71d - 


5.47 \ 6'04s 7.05 s 6.76-6.84 6.95-7- I4 
6.32s 7.17s ( ' J = 3 H z )  


6.26s 7.10s 


6 42s 7.19s 
5 .60s  5.99s 7.055 6.75-6.86 6.96-7.10 


- 


6.83-6.88 


6.79-6.84 


- 


- 


6-04q 
( ' J = 9 H z )  
( ' J =  3 Hz) 


( ' J =  7 Hz) 
( ' J = 2 H z )  


( ' J = 2 H z )  


('J = 2 Hz) 


6.06q 


7.72d 


7.57d 


7-47-7.54 


7 33-7.40 


8.01 q 
( 3 J =  8 Hz) 
( ' J = 2 H z )  


( 4 J =  3 Hz) 
8.69d 


6.95-7.14 


6 '96-7 10 


6.68-6.93 6.68-6.93 


6.78-6.87 6.78-6'87 


6.8 3-6.88 


6.79-6.84 - 


- - 


7-90d 7.15d 


7.73d - 


( ' J =  10Hz) ( ' J =  IOHZ) 


( ' J =  7 Hz) 


7-69d - 


('.I= 8Hz) 


- 7.71 (br) 


- - 


6.95-7.14 6.76-6-84 


6.96-7.10 6.75-6.86 


" 8 0  MHz. 


Table 2 gives the results of the 'H NMR examination of compounds 1-9 at ambient 
temperature with the notation of the protons according to Figure 1. 


In all compounds Ha protons provide singlets only. The four Hh protons and the four H' 
protons show two singlets (Hbl,  Hb2, Hc1, Hc2) of equal intensity, as was found for 10a and lob. 


The synthesized compounds were examined with respect to their dynamic behaviour by 
means of 'H NMR spectroscopy at 293-410 K using CDBr3 as solvent. Compounds l a ,  3a and 
10a show coalescence for the Hb protons: la ,  T, = 384 K,  AG* = (83.5 ? 0 . 6 )  kJ mol-'; 3a, 
T, = 369 K, AG* = 83.7 2 1.0) kJ mol-'; IOa, T, = 397 K, A G *  = (85.4 rt 0.5) kJ mol-' 
(lit.," T, = 375 K, AG* = 79.4 kJ mol-I). 


Direct two-dimensional 'H-I3C NMR correlation spectra were recorded for 4a and 7a in 
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Figure I. Notation of positions and substituents in 2,8.14,20-retraaryI-substituted 
calix 14) arene-4,6,10,12,l6,18,22,24-octols 


Table 3. Results of direct 'H-"C NMR correlation for 4a and 7a (values in 
ppm; solvent, acetone-&; ambient temperature) 


Compound I - l h l  Cb '  Hb Ch? 


4a 5.89 131.10 6 - 1 5  130.79 
7a 5.66 128.93 6.29 131.84 


order to  assign the signals of the carbon-atoms bound to the Hb protons. The chemical shifts 
are listed in Table 3. 


Coupling constants ' J C - ~  were determined for lb  ( ' J =  129.8 Hz) and 5a ('J= 130.1 Hz). 
The calculated percentage s character is 26% for C" atoms, which is in good agreement with 
the theoretical value of 25% for sp3-hybridized carbon. l 2  Obviously the macrocyclic ring 
system is free from strain. 


DISCUSSION 


The constitution of the macrocycle permits the existence of four diastereomers, cccc, cctt, ctcl 
and cccf, with respect to the substituents R (Figure 2). 


The 'H NMR spectra of all the isolated compounds indicate that the four substituents R and 
the H a  protons are in equivalent positions, but the resorcinol moieties are only equivalent in 
pairs. Symmetry considerations indicate that only cccc and cctt isomers correspond to the 
observed 'H NMR spectra. The assignation was found by means of temperature-dependent 'H 
NMR spectroscopy, because only the cccc isomer is able to coalesce as a consequence of 
conformational motions of the macrocyclic ring and exchange the arrangements of the two 
pairs of resorcinol rings (Hh and H' protons). Such an exchange is not possible for cctt isomers, 
because in this case the two pairs of resorcinol rings are always in different chemical 
environments with respect to substituents R. Coalescence was found for the a isomers only, 
which consequently possess cccc configuration. A comparison of differences in the chemical 
shifts of Hb protons shows that the isomers la,  3a and 10a, which coalesce, have smaller 
differences A6Hb (6Hb' - AHb') than the isomers lb,  3b and lob, respectively (Table 4). 
Therefore, the thermodynamically more stable compounds 2a, 4a and 5a are assigned also to 
a cccc configuration, although coalescence was not observed at temperatures up to 410K. 
Isomers 3b and 10a exhibit an equal A6Hb value (0.22 ppm) but only IOa coalesces. This means 
that the kinetically controlled ring closure reaction results in cctt isomers. 


Condensation of resorcinol and 4-nitro- and 2-hydroxy-3,5-dinitrobenzaldehyde gave only 
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Figure 2 .  Configurational isomers of substituted calix [4]areries 


Table 4. S H "  values (ppm) 


1 2 3 4 5 7 8 10 


a (cccc) 0.18 0-40 0.08 0.26 0 - 3 6  0.73 0.75 0.22 
b (cctt) 0.31 0.59 0.22 0.44 0.49 0.85 0.91 0.43 


one  isomer. We assume that only the cctt isomers were obtained as a consequence of a very 
slow isomerization rate, as was observed with compounds 7a/7b and 8a/8b. 


Conformations of the 16-membered ring system of calix [ 41 arene were described by means 
of the symmetrical forms given in Figure 3. The analogy with cyclooctane is obvious. Every 
second carbon atom of cyclooctane is exchanged by a resorcinol moiety. 


The preferred spatial arrangements of the calix [4]arenes were established by means of 6Hb 
and A6Hb values from the 'H NMR spectra. At a constant temperature and concentration using 
the same solvent, these values are influenced by the average position of Hb protons relative to 
the macrocycle, by the statistical distribution of possible conformers, including twisted 
conformers, and by the aromatic substituents. 


The mobility of the macrocyclic ring system is small owing to the spatial extent of the 
aromatic substituents R. From consideration of molecular models it is seen that these 
substituents are normally arranged quasi-axially (Figure 4). This is supported by x-ray 
crystallographic analysis of calix [ 41 arene with 4-bromopenyl substituents, in which a quasi- 
axial arrangement of R was found. 9 3 1 3  


The 'H NMR spectra of the nitro derivatives 6-9 show the largest A6Hh values of all isomers. 
The low-field Hb resonances are shifted to lower field in comparison with 2, 4 and 5.  
Calculation of ring current effects ' ' , 1 5  on  Hh protons with quasi-axial and Quasi-equatorial 
arrangements of the aryl substituents show that Hb protons must have shifts, to lower field in 
the case of quasi-equatorial arrangements. This was observed in the 'H NMR spectra of the 
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Figure 3.  Conformations of calix [ 41 arenes and the corresponding cyclooctane 
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nitro derivatives. The quasi-equatorial arrangement of substituents R in these compounds is 
also supported by broadened signals for H d  and H h  protons in the 300 MHz ‘H NMR spectra 
of the nitro derivatives 8a and 8b as a result of hindered rotation of the aromatic substituents. 
Further support for our assumption is given by the I3C NMR spectra. Whereas 6Cb’ of 4a is 
greater than 6Cbz, the opposite applies with 7a. 


Using ring current theory, it should be possible to predict the chemical shifts for Hb protons 
in the different conformations, which depend on their position relative to the neighbouring 
aromatic rings. In order to obtain approximate inforniation about the conformation of the 


Figure 4. Conformations of tetraaryl-substituted calix [ 41 arenes: (a) R quasi-axial; (b) R quasi-equatorial 
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macrocycle, a computer simulation was made of 6Hb chemical shift differences for the 
conformations A to E using interesting angles cz between the planes of moved opposite 
resorcinol rings and the plane of the macrocyle. The results are shown in Figure 5 for quasi- 
axial substituents R .  Two conformational changes were examined, A-B-C and E-F-E. Free 
rotation of R around C-C single bonds was assumed. 


It can be seen that in the range + 10" to + 90" the A6Hb values of the cccc isomers are smaller 


PPM 


- 2  


- 1  


0 


1 


PPM 


-2 


-1 


0 


1 


B 
I 


c c w 


I 1 
Figure 5. Computer-simulated AHh chemical shift diaerences as a function of the conformation o f  calix [ 4 ]  arenes. cc, 
Intersecting angle between the planes of the moved resorcinol rings and the plane of  the macrocycle with aryl 
substitucnts quasi-axial. (a) Conformational change A + B --t C simulated for a cccc configuration; (b) conformational 


change E + F + E simulated for a m t  configuration 
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than those of the cctt isomers. This means cccc isomers possess a conformation between A and 
B. The larger A6Hh values correspond t o  conformation B. 


Compounds 2a, 4a and 5a with ortho-butyryloxy substituents exhibit high-field shifted Hb 
signals and larger A6Hh values than l a ,  3a and 10a. Obviously the ortho substituents cause a 
higher probability of conformation B as a result of steric hindrance. The situation with cctt 
isomers is analogous. This means the ortho-substituted compounds 2b, 4b and 5b have a higher 
probability of conformation F. The possibility of  twisted conformations in the different isomers 
must be noted. Twisting of the ring system is more probable with cctf isomers on account of 
minor transannular repulsion. 


EXPERIMENTAL 


Calix [ 41 areneoctols 


A solution of 0.05 mol of resorcinol and 0.05 mol of aromatic aldehyde in 40 ml of methanol 
is refluxed and 13 ml of concentrated hydrochloric acid are added rapidly. The reaction mixture 
is stirred for between 5 min and  96 h (Table 5 ) .  The precipitate is washed with methanol and 
dried. 


Table 5 .  Reaction times for synthesis of different calix [ 4 ]  arenes 


I 2 3 4 5 6 7 8 9 


a (cccc) ]Oh 10 I1 ]Oh 20h  10h  - lOOh lOOh - 


b ( cc f l )  5 rnin 5 rnin 5 rnin 30 min 1 h I h  l h  5 h  I h  


Butyrates of calix [ 41 arenes 


A 0.01 mol amount of calixarene was suspended in 0.06 rnoi of butyric anhydride, 1 ml of' 
pyridine was added and the mixture was heated at 80 "C. When all the calixarene had dissolved 
the mixture was allowed to stand for 2 h. The excess of  solvent was removed and the residue 
was recrystallized from ethanol-acetone until the melting point was constant. 


NMR spectra 


'H NMR and I3C NMR spectra were recorded on Tesla BS 487 C and Bruker MSL 300 
spectrometers at ambient temperature in acetone-&. Chemical shifts are reported as 6 values 
in ppm relative to TMS as internal standard. Temperature-dependent 'H  NMR spectra were 
recorded in CDBr3 at 293-410 K .  


In order to calculate ring current effects on  the chemical shifts of the four Hb protons, the 
four bridge atoms of the macrocycle were placed on one level. Resorcinol moieties and phenyl 
substituents were contracted into points (centres of the aromatic rings). The points of the 
resorcinol rings and  bridge carbon atoms were connected, resulting in an  eight-membered ring 
system. The points of the aromatic rings are origins for the calculation of cylinder coordinates 
of Hb protons. Conformational motion of the macrocycle was simulated by movement of two 
opposite points of resorcinol rings through the plane of the macrocycle. The differences in 
chemical shifts were calculated for quasi-axial and quasi-equatorial phenyl substituents. 
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MECHANISM OF THE GRIGNARD REACTION 
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ABSTRACT 


Mechanism of the Grignard reactions of aromatic ketones in TT-IF was studied by spectroscopic and 
kinetic methods. The stable radical intermediates generated in the initial electron transfer from Grignard 
reagent to ketones are in  a state of aggregated dimer of corresponding ion-radical pairs; in which two 
ketone anion radicals are bridged by a dimer di-cation of Grignard reagent. Subsequent alkyl radical 
transfer from dimeric Grignard reagent cation moiety to ketone anion radical aggregated each other are 
promoted by a participation of another neutral Grignard reagent. Proposed mechanism by present 
authors is able to explain well addition productsheduction products ratios in the Grignard reactions. 


INTRODUCTION 


Since the discovery of the Grignard reagent in 1901,’ the reaction mechanism with carbonyl 
compounds has been studied extensively by using product analysis and kinetic methods. As a 
result, the contribution of concerted or polar processes in the reactions has long been believed. 
However, application of ESR technique has disclosed that the Grignard reactions with ketones 
are essentially of radical processes, initiated by an electron transfer from the Grignard 
reagent . 


While a radical pathway of the reaction was proposed tentatively in 1929 by Blicke and 
Powers on the basis of reduction by-products,’ there has been no experimental evidence for 
the radical mechanism. 


In 1964, K. Maruyama, by using ESR and visible spectroscopy, observed the formation of 
distinct amounts of stable radical species in the reactions of Grignard reagents with 
benzophenones in THF. Based on these results, the contribution of radical species was 
suggested to be major.3 Independently, analogous results were reported by G. A. Russell’s 
group4 and by C. Blomberg’s group.5 These results stimulated organometallic chemists, as well 
as physical organic chemists.6 Unfortunately, in those days, it was difficult for the radical 
mechanism of the Grignard reaction to gain general acceptance. 


Afterwards, several reports questioning the radical mechanism have been published by E. 
C. Ashby’s group,7 who insist that on the radical formation in Grignard reactions heavy metal 
contaminants in magnesium metal, from which Grignard reagents are prepared, are 
responsible, but the same group have withdrawn from this question. 
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In 1971, T. Holm and 1. Crossland proposed a radical mechanism based on the linear free 
energy studies,' insisting that the rate-determining step was the initial electron transfer process 
by thermographic procedure. However, their mechanism excluded participation of 'stable' 
radical intermediates, inconsistent with our ESR results. 


E. C. Ashby's group proposed in 1977 a radical mechanism of the Grignard reaction based 
on the ESR and product analysis.9 Ashby's mechanism was thrown in doubt by T. Holm"' and 
W. Kaim ,' ' because of the instability of paramagnetic organometal cation-radical. '* 


Anyway, by the early 1980's the electron transfer initiation in the Grignard reaction is in the 
state of general acceptance by chemists.".' In spite of this situation, the mechanism of the 
Grignard reaction still remains to be solved. That is; there was no reliable information on the 
alkyl radical transfer process which should be followed to the initial electron transfer. In 
addition, the structure of stable radical intermediates observed in the reaction was 
controversial. 


Recently, we have disclosed that the Grignard addition reactions of aromatic ketones in 
THF solutions proceed stepwise-initial electron transfer from Grignard reagent to ketone 
followed by alkyl radical transfer.'>'' At the same time, the structures of the stable radical 
intermediates, not so simple as considered so far, have been proposed.13 


The purpose of this paper is to give a brief review on recent studies on the Grignard addition 
reactions. 


STRUCTURE OF RADICAL INTERMEDIATE 


As was mentioned above, the life-time and structure of radical species which could be 
generated in the Grignard reaction have been the center of controversy. One of the difficulties 
in solving this problem arises from the extremely short life-time of the radical intermediates 
under the usual Grignard reaction conditions. However, by selection of suitable conditions 
stable radical species of unexpectedly longer life-time were able to be observed.13 To observe 
the stable radical species in the Grignard reactions, an excess amount of ketones over a 
Grignard reagent in THF has to be mixed under strictly dry and deoxygenated conditions. 


For example, when phenylmagnesium bromide (PhMgBr) dissolved in THF was allowed to 
react with an excess amount of benzil under strictly dry and deoxygenated conditions, a purple 
colored radical intermediate (PCR) appeared in the reacting solution. This radical is quite 
stable even at room temperature; the concentration of the PCR remained constant for several 
years, so long as one kept the ratio of benzil/Grignard reagent (B/G) constant. l 3  PCR showed 
a well resolved ESR spectrum as given in Figure lA, which was compatible with an ion-paired 
anion radical of benzil. With a gradual increase in the concentration of PhMgBr to that of 
benzil further PCR disappeared once, and again a stable golden colored radical (GCR) 
appeared. Analysis of the ESR spectrum of GCR disclosed that GCR corresponded to an 
ion-paired anion radical of a-phenyl benzoin salt. Irrespective of the species of Grignard 
reagents, e.g. methylmagnesium bromide (MeMgBr), ethylrnagnesium bromide (EtMgBr) or 
allylmagnesium bromide, the two corresponding radical intermediates were able always to be 
observed under suitable conditions. 


In the reactions of fluorenone, 1-methylfluorenone, benzophenone, and 2- 
methylbenzophenone in THF, similarly, ion-paired ketone anion radicals were observed by 
ESR (see Figure I C-F, respectively).'' The hyperfine splitting constants of these radical 
intermediates are summarized in Table 1 .  However, a possible counter cation radical which 
might be produced from Grignard reagent was not detected by ESR in any cases. 
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Figure 1. ESR spectra of radical intermediates generated in the Grignard reaction in THF at room temperature: A) 
PCR in the reaction of PhMgBr with benzil, B) GCR in the reaction of PhMgBr with benzil, C) reaction of MeMgBr 
with fluorcnone, D) reaction of MeMgBr with I-methylfluorenone, E) reaction of MeMgBr with benzophenone, F) 


reaction of MeMgBr with 2-methylhenzophenone 


From careful inspection of the ESR hyperfine splitting constants of the stable radical 
intermediates, it is suggested that the stable anion radical moiety should be ‘tightly’ ion-paired 
with a diamagnetic cation moiety derived from Grignard 


Thus, it may be deduced that the cation moiety of the intermediate is not in the state of a 
simple cation but in dimeric, i.e. non-paramagnetic, state such as Structure I. In 
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B + G  kl MIP (1) 


2 MIP k2 + D = PCR ( 2 )  


D + G  kg + A + MIP + G ( 3 )  


( B :  b e n z i l ,  G :  G r i g n a r d  r e a g e n t ,  UIP: monomer i o n  


r a d i c a l  p a i r ,  D: d i m e r  i o n  r a d i c a l  p a i r  = PCR 


A :  a d d i t i o n  p r o d u c t .  ) 


Table 1. Hyperfine splitting constants of the radical intermediates 


ketone Grignard reagent hyperfine splittings (mT) 


benzil EtMgBr* PCR 0-099(6H), 0.041 (4H) 
GCR 0-568( lH), 0.456(2H), O.l06(2H), 0.148(2H) 


fluorenone MeMgBr 0.342(2H), 0~266(2H), 0*075(2H), 0443(2H) 
1 -methylfluorenone MeMgBr O-423( 1 H), -0.258(5H), -0-O74(2H), -0.037(2H) 
benzophenone MeMgBr 0.357(2H), 0.290(4H), 0*104(4H) 
2-methylbenzophenone MeMgBr 0.540(1H), 0.481(2H), 0-193(2H), -0=057(5H), 


-@019(2H) 


'No reduction by-product was obtained under this reacting condition. 


fact, this was confirmed as follows. By means of a low temperature (77 K) ESR investigation, 
typical triplet ESR spectra of stable Grignard radical intermediates (PCR and GCR) were 
observed in glassy 2-methyltetrahydrofuran (MTHF)  solution^.'^ From the fine structure of 
the triplet ESR spectra, average distances between two parallel spins on two anion radical 
moieties were estimated in a variety of reacting Grignard systems. The estimated values are 


Structure 1. Structure of the dimer radical intermediate generated in the Grignard reaction, PCR 
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summarized in Table 2. These estimated distances are reasonably explained by taking into 
consideration dimer intermediates such as Structure 1. Although the major component of 
stable radical intermediates could be in a dimeric state such as given in Structure 1, there 
would be some highly aggregated states in solution. 


Recently, the reaction of benzophenone with organolithium compounds was investigated by 
means of kinetic isotope effects.’’ To be consistent with our results, the work indicated that 
initial fast electron transfer process was followed by rate determining R- transfer process in the 
reaction. 


The Grignard reaction of benzil was reinvestigated by a Danish chemist.’” By recognizing 
formation of 0-addition product accompanied with normal C-addition product, this 
investigator threw a doubt on the reaction mechanism (see Scheme 2) proposed by present 
authors,I3 but the results did not contradict the mechanism. Taking into consideration the 
distribution of free spins on benzil anion radical, ignoring the cation moiety in radical 
intermediates, the resonance form will be depicted as shown in Figure 2. Therefore, formation 
of both C-addition product and 0-addition product in some ‘limiting’ Grignard reactions is a 
support of fast electron transfer from a Grignard reagent and the electron transfer is followed 
by slow rate-determining Re transfer from the cation moiety of Grignard reagent. On this 
point, we will publish a paper soon. 


Table 2. Estimated distances between the two spins on aggregated anion 
radicals 


kl 


ketone Grignard reagent estimated distance (A) 


benzil EtMgBr’ PCR 5.0 
GCR 5-9 


fluorenone MeMgBr -7.2 
1-methylfluorenone MeMgBr 7-3 
2-meth ylbenzophenone MeMgBr 6.1 


Solvent: 2-methyltetrahydrofuran. Temperature: 77 K.  
‘No reduction by-product was obtained under this reacting condition. 


Ketone 
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Reduction Product Addition Product 


Scheme 2 
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Figure 2. Resonance structures of bend anion radical 


KINETIC STUDIES ON THE BEHAVIOR OF RADICAL INTERMEDIATES 


Technical exploitation of producing stable radical intermediates gave us a clue to measuring 
the kinetic behavior of the radical  intermediate^.'^.'^ By means of stopped-flow method, the 
decay process of PCR was followed under pseudo-first order conditions (in the presence of a 
large excess of Grignard reagent). The first order decay rate constants of PCR were 
proportional to the initial concentrations of the Grignard reagent used in each case. In 
addition, the rate constants varied widely depending on the species of Grignard 
The results were explained well by Scheme 1, which assumed: i) one molecule of Grignard 
reagent is enough for initial electron transfer, ii) the produced monomer ion-radical pairs 
instantly aggregate to form a dimer radical intermediate, PCR, and, iii) alkyl radical transfer 
in the dimer radical intermediate is induced by assistance of another neutral Grignard 
molecule. 


By assuming equations (1). (2), and (3), equation (4) can be derived, which consists with the 
experimental results. 


In the Grignard reactions of benzophenones and fluorenones, like the benzil case, alkyl 
radical transfer processes were second order; first order to the dimer radical intermediate and 
first order to the neutral Grignard reagent. l 7 . I 8  This is the reason why the radical intermediate 
survives for a long time (even several years) under the limiting conditions of excess amount of 
a ketone over a Grignard reagent. 


The second order rate constants of the alkyl radical transfer process, k3 ( M - I  s-I) varied 
widely in the range of lo', depending upon the species of Grignard reagents and ketones 
examined. I' 


Similarly, the second order rate constants of initial electron transfer processes, k l  ( M - '  s-I)  


vary in the range of 10'. Recently reported results on the rate constant of initial electron 
transfer in the reaction of PhMgBr with benzil, determined by means of thermographic 
method, is in good agreement with our results.2" 


CHANGE OF ADDITION/REDUCTION RATIO 


Since the reducing property of Grignard reagents containing P-hydrogen was first observed by 
V. Grignard in 1901,' control of additionheduction selectivity has been the subject of 
numerous investigations. The problem was investigated in view of relative reaction  rate^,^'-^^ 
stereochemistry,2s and H-D isotope effects.26 To our knowledge, however, there is no 
systematic investigation on the subject. 


This section deals with the change of the additionheduction ratio in the Grignard reaction, 
depending upon the species of Grignard reagents and properties of solvents. The reactions 
were carried out at room temperature in strictly dry and deoxygenated solutions which were 
prepared under vacuum. The addition product/reduction product values are changed 
depending on the relative concentration of two reactants in THF solution, as well as on the 
properties of the solvents. The product ratios are summarized in Tables 3 and 4. 
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Table 3. Ratio of addition, and reduction products in the Grignard reaction depending upon 
the various mixing ratios of the reagents in THF at room temperature 


ketone (M) Grignard reagent (M) G/Kd conversion (%)' additiodreduction 


fluorenone 
(0.079) 
(0.126) 
(0.157) 


(0.134) 
fluorenone 
(0.077) 


(0-153) 


(0.306) 


(0.188) 


(0.122) 


(0.184) 


benzophenone 
(0.079) 
(0.126) 
(0.157) 
(0- 188) 
(0.3 14) 


benzophenone 
(0.077) 


(0.153) 


(0.306) 


(0.122) 


(0.184) 


EtMgBrd 
(0-157) 
(0-157) 
(0- 157) 
(0.157) 
(0.157) 


n-BuMgBr" 
(0.153) 
(0.153) 
(0.153) 
(0.153) 
(0-153) 
EtMgBrd 
(0-157) 
(0.157) 
(0.157) 
(0-157) 
(0.157) 


n-BuMgBr' 
(0.153) 
(0.153) 
(0.153) 
(0-153) 
(0.153) 


2.00 
1 *25 
1.00 
0.83 
0.50 


2-00 
1.25 
1-00 
0.83 
0-50 


2.00 
1-25 
1-00 
0.83 
0-50 


2.00 
1 -25 
1 -00 
0-83 
0.50 


96 
94 
92 
74 
50 


95 
92 
90 
83 
45 


99 
98 
96 
78 
50 


99 
99 
98 
84 
49 


2.58 
2-34 
2.12 
1-75 
1.75 


3.38 
3.01 
1-88 
1.30 
1.14 


0.214 
0.144 
0-138 
0.144 
0.139 


0.176 
0.111 
0.142 
0-114 
0-116 


"The ratio of initial concentrations of Grignard reagent and ketone; GIK = I'RMgBr']l(ketonel. 
hConversion yield based on consumed ketone. 
'Ratios of additiodreduction were determined both by weight of two isolated products and by 'H-NMR 
of product mixture. 
dRatios were determined by 'H-NMR. 


Table 4. Solvent effect on the ratio of addition and reduction products in the 
Grignard reaction at room temperature. (RMgBdKetone = 2.0) 


ketone (M) RMgBr (M) solventa additiodreduction' 


fluorenone (0.079) EtMgBr (0.159) DEE 3-81 f 0.20 
fluorenone (0-079) EtMgBr (0.157) THF 2-58 f 0-18 
benzophenone (0-079) EtMgBr (0.159) DEE 1.55 f 0-09 
benzophenone (0.079) EtMgBr (0-157) THF 0.214 f 0.018 
benzophenone (0.077) n-BuMgBr (0.153) DEE 0-366 f 0.039 
benzophenone (0.077) n-BuMgBr (0.153) THF 0.176 k 0.010 


'DEE = diethyl ether. 
bRatios of additiodreduction were determined by 'H-NMR. 
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Inspection of these results illustrates the following facts: 
(1) The larger amounts of Grignard reagents compared with ketones lead to formation of 


(2) The reactions in diethyl ether compared with those in THF give the greater amounts of 


The result (1) is consistent with the mechanism proposed by the present authors on the basis 
of kinetic and ESR studies.13 The mechanism requires participation of another neutral 
Grignard reagent molecule for an alkyl radical transfer process in the stable anion radical 
aggregates. On the other hand, reduction could proceed without any assistance of another 
neutral Grignard reagent. These results are hardly explainable by the mechanism proposed by 
other investigators."' 


The result (2) is explainable in terms of the well-known Schlenk equilibrium of Grignard 
reagents in solution. 


greater amounts of addition products. 


addition products. 


2 RMgX 2 R2Mg MgXz 2 RMgX RMgX (5 )  
It is reported that this equilibrium shifts toward the left hand side in THF, and in diethyl ether 
toward right hand side.27 According to our reaction mechanism (see Scheme 2),13 the addition 
reaction will be favored under a higher concentration of Grignard reagent or in the presence of 
dimeric Grignard reagent, because alkyl radical transfer in the dimeric anion radical 
intermediate will be facilitated by another nearby neutral Grignard reagent (path b and c). A 
possible participation of path e can not be excluded at this stage. 


1. 
2. 
3. 


4. 
5. 
6. 
7. 


8. 


9. 


10. 
11. 
12. 


13. 
14. 


15. 
16. 
17. 
18. 
19. 
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ABSTRACT 


Using the solvatochrornic indicator method, a scale of solvent hydrogen-bond basicity, 01 (General), has 
been set up using a series of double regression equations, 


v = vo + STT + bpi 


for 11 aniline-type indicators. A similar solvent scale, 01 (Special), has been constructcd by the 
homomorphic comparison method using only results by Laurence et al. on the indicators 4-nitroaniline 
and 4-nitro-N,N-dimethylaniline. Results are available from our previous work on a general solute scale, 
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p! ,  and we have also obtained a special solute scale, p2 ( ~ K H B )  from available log K values for hydrogen- 
bond complexation of bases with 4-fluorophenol in CCI4. However, the two solute & scales are virtually 
identical. 


I t  is shown that there is a general connection between PI(General) and p i i ,  with r=0*9775 and 
s.d. = 0.05 for 32 compounds, and between PI(Special) and or, with r = 0.9776 and s.d. = 0.06 for  the 
same 32 compounds. The latter correlation over 60 compounds yields r =  0.9684 and s.d. = 0.07. 
However, there are so many compounds in these regressions for which the differences in the solvent and 
solute 0 values are larger than the total expected error of 0.07 units that the use of P I  to predict (32 or 
vice versa is a very hazardous procedure. About 70 new values obtained by the double regression 
method are also reported. 


Basicity is one of the fundamental properties of molecules. Even if restricted to hydrogen-bond 
basicity, there are hundreds of different physicochemical and biochemical processes in 
which basicity plays a major role. Hence, a number of scales of hydrogen-bond basicity 
have been suggested. For compounds that are non-self-associated 0 (i.e. excluding carboxylic 
acids, alcohols, etc.) there has arisen the assumption, usually by implication, that in the 
construction of a scale of hydrogen-bond basicity it is possible to include measurements on 
bases as bulk solvents in addition to measurements on bases as solutes, that is, in dilute 
solution. Thus Arnett et al. determined, for non-self-associated bases, enthalpies of hydrogen- 
bond complexation of 4-fluorophenol with bases when the latter were present either as the bulk 
liquids or as dilute solutions in tetrachloromethane. Koppel and Pa ju6  suggested that the 
infrared stretching frequencies of the phenolic OH group, Av(PhOH), with solute bases in 
tetrachloromethane solution can be correlated with the corresponding Av(Me0D) values 
against bases as pure bulk solvents,' but Makitra and Pirig* later used a two-parameter 
equation for the correlations. Probably the most widely known hydrogen-bond basicity 
parameter is the 0-parameter of Taft and co-workers. Although originally designated as 
a solvent the five properties selected for the determination of /3 included only 
two solvent basicity properties, together with three solute properties with the bases present in 
dilute solution in tetrachloromethane. 


Whether or  not it is possible to include both solvent and solute hydrogen-bond basicities in 
the same (0) scale has never been demonstrated, and in view of the importance of scales of 
hydrogen-bond basicity, we thought it timely to  compare scales of solvent basicity with scales 
of solute basicity. A choice of which scales to compare is not arbitrary, because Maria, Gal 
and co-workers 1 1 3 1 2  have shown that two basicity-dependent properties (BDP) will only 
generally be linear (that is, will show family-independent characteristics) if the two reference 
acids used to  define the BDPs give rise t c  similar electrostatic-to-covalent ratios in the two 
corresponding sets of BDPs. The relative electrostatic-to-covalent ratio in any BDP is given by 
an angle 0, defined" as tan-'(Sz/Sl), where S2 and SI are the sensitivities of a BDP to the base 
properties FI and F2 in the multiple regression equation (1). The FI and F 2  parameters that 
characterize the bases were obtained" by a principal component analysis of various kinds of 
BDPs. 


BDP = BDPo + SI FI + S2 F 2  (1) 


There are available two well defined scales of solute hydrogen-bond basicity, both of which 


5 A precise definition of non-self-association in the present context is difficult to formulate. In practice, we may take 
compounds with either 01 or p less than about 0.1 to be non-self-associated; 01 is a hydrogen-bond acidity parameter. 
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are obtained from complexation constants, as log K, for the hydrogen-bond process [equation 
( 2 ) ]  in tetrachloromethane. 


The  most extensive scale is one we have derived l 3  from log K values against a set of reference 
acids, and denoted as log K ! .  These values may be transformed into a hydrogen-bond solute 
basicity scale, denoted as p?, through equation (3):l The constants in equation (3) are chosen” 
so that for a solute of zero hydrogen-bond basicity f l y  = 0 ,  and for the solute base 
hexamethylphosphortriamide (HMPA) f l y  = 1. 


/3? = (log K g  + 1 * 1)/4-636 (3) 


A less extensive scale of solute hydrogen-bond basicity is the PKHB parameter of Taft  and 
co-workers 1 4 s ’ 5  derived from log K values against the particular reference acid 4-fluorophenol. 
An equation similar to equation (3)$ can be used to transform PKHB into a solute hydrogen- 
bond basicity scale: 


The Maria-Gal 0 values calculated for these two 0 2  scales are given in Table 1 ,  together with 
a value for a 02 scale based on phenol itself as a reference acid in tetrachloromethane. The three 
solute 8 values are almost the same, and show that if a solvent 01 scale is to be compared with 
either 0: or f l l ( p K ~ ~ ) ,  the solvent scale must be chosen so that it gives rise to a 0 value of round 
about 65-70’, 9 Now by far the most convenient procedure for the determination of a solvent 
hydrogen-bond scale is the solvatochromic comparison method of Kamlet and Taft.’ In this 
procedure, the solvatochromic shift of the absorption maximum, vmax, of a hydrogen-bond acid 
indicator in a solvent is compared with that of a reference indictor. The two types of indicator 
chosen were either 4-nitrophenol/4-nitroanisole or 4-nitroaniline/N,Iv-diethyl-4-nitroaniline. 


Table 1. Values of the Maria-Gal 8 angle for some hydrogen-bond basicity properties 
(from refs 11 and 12) 


Reference acid State of the base 8” 


4-Nitrophenol 
4-Nitroanisole 
4-Nitroaniline 
4-Nitro-N,N-dimethylaniline 1 


Bulk solvent 2” 


Bulk solvent 66 a 


A v ( 0 H )  for phenol Solute in CC4 -23 ( -  17)b 


4-Fluorophenol, 0 2  ( ~ K H B )  
Phenol 


Solute in CCL 10‘ 
Solute in ccl4 67 


Set of selected reference acids, pz” Solute in CC4 68 


“For solvatochromic shifts. 
Excluding carbonyl solutes with linear hydrogen bonds. 
For log K values for hydrogen-bond complexation, equation (2). 


7 We denote solute scales as Pz, solvent scales as 81 and the original scale of Kamlet and Taft simply as 6. 
$The factor 4.66 in equation (4) is used so that & ( ~ K H B )  = 1 . O  for HMPA, but for normal purposes PKHB should 
be transformed into a (3 scale simply via the factor 4.636. 
5 The 0 value for the solute scale based on infrared shifts of phenol with bases in tetrachloromethane is around - 20° 
(Table I ) ,  and hence this scale cannot be compared with either of the bulk solvent scales shown in Table 1 .  
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We have examined the AV values recorded by Nicolet and Laurence,I6 as an example of a 
coherent set of data obtained by the same workers under the same conditions, and have 
calculated 6 values for the indicators 4-nitrophenol/4-nitroanisole and il-nitroaniline/N, N- 
dimethyl-4-nitroaniline (see Table 1). It is immediately clear that the H value for the former 
indicator set is so far away from the solute value of 67-70' in Table 1 that any 01 scale based 
on  4-nitrophenol/4-nitroanisole will not be compatible with the solute (32 scales with 0 = 67-70° 
shown in Table 1. I t  also follows, as was specifically shown by Nicolet and Laurence," that 
a f i 1  scale using the indicator pair 4-nitrophenol/4-nitroanisole will not be compatible with a 
01 scale using the indicator pair 4-nitroaniline/N,N-dimethyl-4-nitroaniline (i.e. that family- 
dependent behaviour will be observed). This is most unfortunate, because 4-nitrophenol is 
certainly the best indicator to use technically: the absorption peaks have less fine structure and 
are more Gaussian in shape than those for any aniline-type indicator. However, there is no 
alternative to these aniline-type indicators for the present purpose, and we now set about the 
construction of a solvent P I  scale of hydrogen-bond basicity, based on indicators of the aniline 
type. 


There are two main ways of obtaining 61 values, and we shall construct solvent scales using 
each of these methods. In the first procedure we use the double regression method suggested 
by Kamlet et al., using equation (9, where v ( i )  refers to  the band maximum of indicator i 
in a number of non-self-associated solvents, T?  is the solvent dipolarity as found also by the 
solvatochromic method and PI is the required solvent basicity. For consistency, we used only 
the results of Nicolet and LaurenceI6 on N,N-dimethyl-4-nitroaniline (N) and calculated TT(N) 
from equation (6 ) ,  in which the two defining points are T:= 0 for cyclohexane and T T -  1 for 
DMSO. We stress that these T? values are for use only in equation ( 5 )  in combination with v ( i )  
for aniline derivatives, and should not be used to replace any existing T T  valucs. 


v ( i )  = v ( i ) o  + STT(N) + bfii 


T:(N) = 8.00586 - 0.28409 v (N) t  


Suppose we have wavenumber band maxima for i aniline-type indicators in a variety of solvents 
for which TT(N) values are available. We then construct a set of 
indicator: 


~ ( 0 )  = V ( Q ) O  + saa?(N) + b d i  
~ ( i )  = v ( i )o  t s;TT(N) + b,fii 


We then initiate the analysis with three given values, taking 


i equations, one for each 


(7)  


as standards cyclohexane 
(PI = 0), acetone (01 = 0-480) and hexamethylphosphoramide (HMPA) (PI = 1). Because the 
output 01 values are slightly different to the input values, we adjusted the latter so that the 
output values are exactly as selected above. The set of equations is solved by an iterative method 
in which PI  values calculated from each individual equatior are averaged at the end of each 
cycle. Iteration proceeds until the averaged between successive 
cycles. 


The indicators we have used are listed in Table 2 .  Note that we have not combined any v 
values from different laboratories in collecting data for a given indicator. Because different 
workers have used slightly different procedures in estimating v values, and possibly different 
experimental procedures, we feel strongly that all the v values for a given indicator should be 
taken from the same body of data. Hence, for example, we list 4-nitroaniline (I) as three 


values are constant to 


. lWith Y in lo' cm- '  
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Table 2. Indicators used in this work 


No. Indicator Ref. 


Ia 
Ib 
Ic 
I1 
I11 
IV 
V 
VI 
VIIa 
VIIb 
VIII 


4-Nitroaniline 
4-Nitroaniline 
4-Nitroaniline 
3-Ni troaniline 
2-Nitroaniline 
2-Nitro-p-toluidine 
2-Nitro-p-anisidine 
Ethyl 4-aminobenzoate 
4-Aminoacetophenone 
4-Aminoacetophenone 
3,5-Dinitroaniline 


10 
16 
This work 
17 
18 
18 
18 
17 
17 
16" 
17 


IXa 4-Nitro-N-methyl-aniline 19 


IXC 4-Nitro-N-methyl-aniline 16 
X 4-Nitro- N-ethyl-aniline 19 
XI 4-Nitro-N-isopropyl-aniline 19 
XI1 '3-Nitro-N-ethyl-aniline 17 
XI11 4-Nitroso-N-methylaniline 16" 


'Additional Y values to those given in ref. 16 have been used. 


IXb 4-Nitro-N-methyl-aniline 20 


separate entities (Ia, Ib and Ic), using Y values given by Kamlet et a/. (Ia)," Nicolet and 
Laurence (Ib)I6 and those determined in this work at the University of Surrey (Ic). Other 
indicator Y values were taken from later papers by Kamlet and co-workers10,"-19 and 
Yokoyama.20 The only indicator we did not use was N-methyl-2-nitroaniline, also studied by 
Yokoyama.20 Preliminary regressions showed that the coefficient of (31 in equation (3) was only 
-0.093 for this indicator, leading to instability of the entire set of equation (7). 8 Presumably, 
the almost total lack of hydrogen-bond acidity in N-methyl-2-nitroaniline is due to internal 
hydrogen bonding. 


An initial study showed that results from the ArHNz and ArNHR indicators differed 
considerably, so two separate sets of calculations were carried out, one for indicators I-VIII 
and one for indicators IX-XIII. For the ArNH2 indicators in the first set, eleven equations were 
solved by an  iterative procedure to  give the regression constants YO, s and b in Table 3(i). Also 
given are the standard error of the estimate, s.d.(v), the multiple correlation coefficient, r ,  and 
the number of solvents used. Similarly, seven equations were solved for the ArNHR indicators, 
the results being given in Table 3(ii). An analysis via the Maria-Gal equation (1) showed, 
however, that for the solvent PI (ArNHR) values the 8 value was only 50-60", significantly less 
than the 0 value of 68-70" for the 02 scales (Table 1). We therefore did not study the ArNHR 
indicators any further, and give in Table 4 only the 61 values derived from the indicator set 
I-VIII. The numbering of solvents in Table 4 is that given by Nicolet and Laurence, l 6  and we 
denote this general scale as (31 (General). 


The second way of determining (31 is to use just one indicator and its reference, following 
the original procedure.' The PI values are derived from the enhanced bathochromic shift, 
- AAv, of the longest wavelength transition of an  indicator relative to the reference indicator. 


t i \s the coefficient h + 0,  calculated values of 01 + O/O, leading to enormous errors in the generated 0, values. 
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Table 3. Parameters  for the regression equat ion  (6)" 


Type of indicator  Indicator  vo SL bd s .d  . ( v ) ~  ri n g  


(i) ArNHz I a  31.03 -2.847 -3.341 0.09 0-9983 25 
Ib 31.09 -2.899 -3-295 0.11 0-9978 45 
Ic 30.91 -2.604 -3.550 0-07 0.9987 17 
I1  28.79 -1.240 -3.239 0.10 0.9955 29 
111 26.55 -1.469 - 1.276 0.05 0.9980 16 
IV 25.71 -1.543 - 1.095 0-05 0.9984 16 
V 24.21 - 1.412 - 1.002 0.05 0.9977 16 
VI 36.88 - 1.020 - 3.359 0.10 0.9970 18 
VIIa 33'10 -1.591 -2.418 0.08 0.9972 27 
VIIb 34.97 -1.656 -2.385 0-13 0.9951 19 
VII I  27.39 -0'888 -3.216 0.12 0.9940 29 


h 


( i i )  A r N H R  IXa 29.19 -3,135 1.358 0.07 0.9985 26 
IXb 29'27 -3.282 - 1.216 0-06 0.9990 18 
IXC 29.31 -3.241 -1.317 0-07 0.9989 29 
x 29.07 -3.205 -1.268 0.04 0.9993 26 
XI 28.89 -3.136 -1.213 0.07 0.9983 26 
XI1 27.06 ~ 2'010 - 1.368 0.09 0.9951 31 
XI11 26'63 -2'113 -0.627 0.06 0.9981 19 


v values expressed as lo3 c m -  I. 
"Intercept. 
Coefficient for KT. 


'I Coefficient for b I .  
Standard error of estimate. 


I Coefficient of multiple correlation. 
'Number of data points. 


For consistency we use only the results of Nicolet and Laurence16 obtained at 25 "C for 
4-nitroaniline and 4-nitro-N, N-dimethylaniline (N). The spectrocopic shifts - AAv(NH2) are 
defined by equation (€9, and lead to values of 92cm-* in cyclohexane and 2759cm-' in 
HMPA, the two standard compounds that have been used to construct the various 6 scales. 


(8) 


Then, if we take, as usual, 61 = 0 for cyclohexane and 61 = 1 for HMPA, we can construct a 
01 scale, based just on the two indicators in equation (8), that we denote as PI(Special): 


-AAv(NH2) = 0*9841v(N) - v(4-nitroaniline) + 3490 cm-' 


- AAv(NH2) - 92 
2759 - 92 


PI (Special) = (9) 


These 61 (Special) values are listed in Table 4 for about 100 solvents studied by Nicolet and 
Laurence. l6  


EXPERIMENTAL 


Spectrophotometric measurements at the University of Surrey were carried out using a Pye 
Unicam SP8-100 Spectrophotometer, equipped with a thermostated cell holder at 25 "C. 
Measurements were made only after the instrument had warmed up for at least 15 min, and 
frequent checks of the wavelength accuracy were made with a Holmium glass filter. The 
estimated accuracy is about If: 30 cm-', with a reproducibility that is slightly better. 
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Table 4. Comparison of solvent P I  and solute 6 2  hydrogen-bond basicity scales 


PI P 2  


No. Compound T : ( N )  General Special @? P2(PKtlL3) 


1 Pertluoromethylcyclohexane 
2 Perfluorohexane 
4 Perfluorodecalin 
5 Perfluoro- 1 methyldecalin 
6 2-Methylbutane 
7 n-Pentane 
8 letramethylsilane 
9 n-Hexane 


10 n-Heptane 
I I n-Dodecane 
12 Cyclohexanen 
13 cis-Decalin 
15 Tetrachloromethane 
16 Tetrachloroethene 
17 tiexafluorobenzenc 
18 Trichloroethene 
19 Carbon disulphide 
20 1,4-Difluorobcnzene 
22 Fluorobenzene 
23 1,3-Dichlorobenzene 
24 Chlorobenzene 
77 1,2-Dichlorocthane 
28 BromobenLene 
29 I ,2-Dichlorobenzene 
30 Iodobenzene 
3 1 Diiodomethane 
33 Trichlorornethane 
34 Dichloromethane 
35 Tribromomethane 
36 Benzene 
37 Toluene 
38 p-Xylene 
39 Mesitylene 
40 Prehnitene 
41 I-Chlorobutane 
42 I-Bromobutane 
43 Iodobutane 
44 Dimethyl disulphide 
45 Diethyl disulphide 
46 Methyl phenyl sulphide 
47 Dimethyl sulphide 
48 Trimethylene sulphide 
49 Pentamethylene sulphide 
50 Diethyl sulphide 
51 Di-n-butyl sulphide 
52 Tetrahydrothiophene 
53 Diisopropyl sulphide 
54 Anisole 
55 Di(2-chloroethyl) ether 


-0.30 
-0.34 
- 0.26 
-0.24 
-0.12 
-0.10 
- 0.08 
- 0.08 
-0.06 


0.00 
0 
0.09 
0.24 
0.25 
0.32 
0.52 
0 - 5 5  
0.57 
0-64 
0.66 
0.69 
0.77 
0.72 
0.76 
0.78 
1.01 
0.73 
0.77 
0.84 
0.59 
0.4Y 
0.41 
0.38 
0.42 
0.44 
0.52 
0.57 
0.73 
0.64 
0.78 
0.60 
0.71 
0.63 
0.47 
0.37 
0.68 
0.38 
0.72 
0.80 


- 0 .  17 


- 0.03 


- 0-03 
- 0-05 


0 
0.06 
0 . 05  
0.03 
0.00 
0.01 


0-09 
0. I0 
0.14 
0.09 


0.07 
0.07 


0.10 
0.15 


0.14 
0.14 


0-23 


-0.05 
- 0-09 
- 0.05 


~ 0.05 
0.01 
0.01 
0.00 
0.00 
0.00 
0.01 
0 
0.03 


- 0.05 
-0 .03 
- 0.04 
-0.09 


- 0.06 
- 0.02 
- 0.07 
- 0.03 


0.01 
-0.01 
- 0.02 
-0.01 


-0.08 
- 0.06 
- 0.02 


0.00 
0.09 
0.15 
0.18 
0.21 
0.08 
0.08 
0.04 
0-10 
0.10 
0.10 
0.19 
0.23 
0.20 
0.28 
0.31 
0.25 
0.31 
0. I0 
0.26 


0 0 


0.10 


0.11 


0.07 


0.17 


0.15 
0-14 0.13 
0.1x 
0.20 0.17 


0.11 
0.20 
0.21 


0.28 
0.26 
0.28 
0.28 0.26 
0.29 
0.26 
0.31 0.30 
0.26 0.26 
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Table 4 (confinued) 


P I  B 2  


N o .  Compound a:(N) General Special 0 2  (PKH B 


56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 


100 
101 
102 
103 


Dioxolane 
I ,4-Dioxane 
Dibenzyl ether 
Diethyl ether 
Di-n-butyl ether 
Tetrahydro furan 
2,2,5,5-Tetramethyltetrahydrofuran 
Chloroacetonitrile 
Benzonitrile 
Acetonitrile 
Dimethyl cyanamide 
Diethyl carbonate 
Methyl acetate 
Ethyl acetate 
Butanone 
Acetophenone 
Acetonea 
C yclohexanone 
Dimethylformamide 
Tetramethylurea 
Dimeth ylacetamide 
N-Met hylpyrrolidinone 
Dimethyl sulphate 
Dimethyl sulphite 
Dimethyl sulphoxide 
Tetramethylene sulphoxide 
Diethyl chlorophosphate 
Trimethyl phosphate 
Triethyl phosphate 
Hexamethylphosphortriamide" 
Pentafluorop yridine 
2,6-Difluoropyridine 
2-Fluoropyridine 
2-Bromopyridine 
Pyrimidine 
3-Bromopyridine 
Pyridine 
Quinoline 
4-Meth ylpyridine 
3,4-DimethyIpyridine 
2,4,6-Trimethylpyridine 
Tetramethylguanidine 
N, N-Dimethylbenzylamine 
N, N-Dimethylpiperazine 
Triet hylamine 
Tri-n-butylamine 
N, N-Dimethylcyclohexylamine 


0.70 
0.56 
0-76 
0-30 
0.24 
0.63 
0.32 
I .oo 
0.84 
0.78 
0.82 
0.46 
0.60 
0.56 
0.70 
0-84 
0-71 
0-74 
0-87 
0-80 
0.85 
0.90 
0.80 
0.71 
1 
1-00 
0.74 
0.81 
0.75 
0.85 
0.53 
0.78 
0.82 
0-93 
0.88 
0.82 
0.84 
0.95 
0.80 
0.79 
0.67 
0.75 
0.43 
0.34 
0.18 
0.12 
0.28 


0.37 
0.38 
0.42 
0-39 
0.49 


0.40 
0.30 


0.40 
0,47 
0.48 
0.48 
0.55 
0.68 


0.73 
0.77 


0.76 


0.69 
1 


0.44 


0.63 


0-68 


0.55 


0.54 
0.42 


0.33 
0.31 
0.28 
0.52 
0.48 
0.47 
0-66 
0.14 
0.35 
0-35 
0.43 
0.35 
0.39 
0-41 
0.51 
0.43 
0.49 
0.53 
0.69 
0.83 
0.79 
0-78 
0.23 
0.44 
0.72 
0-74 
0.56 
0-65 
0.75 
1 


0.00 
0.29 
0.43 
0.43 
0.50 
0.53 
0-65 
0-56 
0.69 
0.73 
0.70 
1.04 
0 . 5 3  
0.66 
0.63 
0.47 
0.75 


0.34h 
0.41' 
0.39 
0.45 
0.42 
0.51 
0.55 
0.34 
0.42 
0.44 
0.56 


0.40 
0.45 
0.48 
0.51 
0.50 
0.52 
0.66 
0.74 
0.73 
0.77 


0.77 
0.77 


0.76 
0-79 
1 


0-26 
0-43 
0-43  
0-47h 
0.51 
0-63 
0-63 
0.66 
0.59 
0.69 
0.91 
0.59 
0.64b 
0-67 
0-60 
0.70 


0.34b 
0.40' 
0.39 
0.45 


0.51 
0.54 
0.32 
0.41 
0.43 
0.57 


0.47 
0.49 
0.48 


0.52 
0.68 
0.73 
0.75 
0.78 


0.78 


0.76 


1 


0.26 
0.44 


0.47h 
0.51 
0-64 
0.63 
0.67 


0.91 
0.57 
0.64" 
0.65 
0.57 
0.68 


Keference compounds, see text. Note that negative 61 values have no physical significance. 
Statistically corrected. 
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DISCUSSION 


All the basicity values we have are given in Table 4, viz. 01 (General), derived from the set o f  
ArNH2 indicators through equation (7); 01 (Special), derived exclusively from the indicator pair 
4-nitroaniline/4-nitro-N,N-dimethylaniline; /3?, the general solute hydrogen-bond scale; and 
&(pKHB), the solute scale derived only from 4-fluorophenol as the reference complexation 
acid. The average error in the 0, (General) values is 0.034, but this does not include any possible 
error in the KT values, so that a more reasonable error in PI  (General) is about 0-05 unit. The 
error in Pl(Specia1) is almost exactly the same due to the ? 135 cm-’ uncertainty in 
-AAv(NHl) .  Since log K values for reaction (2) can usually be determined to within 0.05 fog 
unit, the error in PZ should be only ca 0.01. However, this is probably an underestimate and 
a more realistic error in 0-02  for both 0: and / 3 z ( p K ~ ~ ) .  Hence only differences of more than 
about 0.07 unit between PI  and 02 can be considered as significant. It should be noted also that 
the negative values of 0, in Table 4 have no physical significance. 


Our original intention was to compare the two general scales, 01 (General) and f l y ,  and the 
two special scales, Pl(Specia1) and @ ~ ( ~ K H B ) ,  separately. However, the two 02 scales are so 
close that there is no practical difference between them: of 40 solutes (Table 4) there are only 
two for which the difference between the two 62 scales is larger than the expected experimental 
error, and for these solutes the difference is only 0.03 unit. Since we have a larger selection 
of /3;i values than bZ(PKHB) we have therefore restricted our attention to a comparison of the 
two 01 scales with Pz”. 


There are 32 compounds for which we have values for all three basicity scales. Regression 
equations against Pz” for all 32 compounds are in equations (10) and ( I I ) ,  where r is the 
correlation coefficient, s.d. the standard deviation and n the number of points. 


PI (General) = - 0.0066 + 0-9564pF 
r = 0 9 7 7 5 ,  s.d. = 0.051, n = 32 


Pl(Special)= -0.0917 + 1.1107p:’ 


r = 0.9776, s.d. = 0,059, n = 32 


There is almost the yame goodness-of-fit for these two equations, both of which show that there 
is reasonable correlation between 01 and P?. Hence for the first time it is established that for 
basicity properties giving rise to the same Maria-Gal 0 values, a scale of solvent hydrogen-bond 
basicity is colinear with a scale of solute hydrogen-bond basicity within the expected 
experimental error (0.05 in P I )  for non-self-associated compounds. Whether or not secondary 
values of PZ” can usefully be deduced from PI  values via equation (10) or (1 1) is another matter. 
In equation (10) four out of 32 compounds deviate from the regression line by more than 0.07 
unit, and seven out of 32 compounds thus deviate in equation (1 1). For some compounds, there 
may be logical reasons for deviation, e.g. acetonitrile may be slightly self-associated and 
tertiary aliphatic amines may be sterically hindered as solvents. Leaving out these compounds, 
we obtain the equations 


Pl(Genera1) = -0.0049 + 0.9796PY 


PI(Specia1) = - 0-098 + 1 * 1219py 


(12) 


(13) 


r =  0.9917, s.d. = 0.032, n = 29 (omit 65, 101,102) 


r = 0.9804, s.d. = 0.057, n = 29 (omit 65, 101,102) 
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Table 5 .  Some values of 02” calculated via 
equation (1 2) 


No. Compound pY(ca1c.) 


15 
16 
17 
18 
27 
29 
3 3  
34 
- 


Tetrachloromethane 
Tetrachloroethene 
Hexafluorobenzene 
Trichloroethene 
1,2-DichIoroethane 
1,2-Dichlorobenzene 
Trichloromethane 
Dichloromethane 


0.04 
0.02 
0.00 
0.00 
0.09 
0.08 
0.06 
0.06 


Equation (12) now seems good enough to use for the prediction of 07 from PI  (General) and 
vice versa. However, there are rtill two compounds out of 29 that deviate by more than 0.07 
unit, and we have knowingly left out three compounds already. In our view, it would be 
dangerous to use equations (10)-(13) for predictive purposes, except possibly within a restricted 
class of compounds for which it can be ascertained that there are no outliers. Thus we give in 
Table 5 some calculated values of Pz” obtained via equation (12) for some weakly basic 
compounds. These values seem reasonable and could be used, preferably backed up by other 
estimates, as preliminary results to extend the scale. We have also compared Pl(Specia1) 
with /3: for all 60 compounds for which results are available, equation (14). 


/31 (Special) = - 0.0993 + 1.14990;’ 
r = 0.9684, s.d. = 0.068, n = 60 


This equation confirms our discussion of equation (1 1). There is a general connection between 
the solvent and solute scales, but with so much random deviation that conversion from one 
scale to the other is extremely hazardous. There are now 15 compounds out of the listed 60 for 
which the deviation from the regression equation is greater than 0.07 unit. We have been unable 
to discern any regularity in these discrepancies in terms of chemical type, and can only conclude 
that there are minor solvent-indicator interactions that are not compensated for, either by the 
double regression equation (7 )  or by the ‘homomorph method’, equations (8) and (9). I t  should 
be noted that a deviation in of 0.05 unit corresponds to a Gibbs energy of only 
0 .3  kcalmol-*, which is within the scope of a ‘minor interaction.’ 


Determination of further solvent 0, values 


During the course of our work on establishing the double regression equation (5) for indicator 
Ic (see Table 3), we obtained results on a number of other solvents. In Table 6 are given values 
of v(4-nitroaniline) and u ( N )  in about 90 solvents, of which the 17 numbered in Table 6 were 
studied by Laurence el a/. 16b There are a number of possible methods of obtaining 01, one 
being the homomorphic method, see equations (8) and (9). However, since we had already used 
some of our results to construct the equation for Ic in Table 3, we proceeded as follows. For 
the 17 solvents numbered in Table 6 the v(N) values given are in good agreement with those 
reported previously. ” The standard deviation between the two sets is 0-06 x l o3  cm-’ and the 
average deviation is only -0.01 x lo3 cm-I. Hence we can calculate a*(N) from equation (6), 
and then obtain /31 from the equation for Ic (Table 3): 


(15) ~ ( I c )  = 30.91 - 2*604~:(N) - 3.5500i 
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Table 6. Determination of 0, values via the double regression method, equation (15) 


No. 


9 
~ 


12 


36 
41 


42 
33  


72 
70 


13 
71 


69 


~ ~~ 


Solvent 


n-Hexane 
2,4-Dimethylpentane 
2,2,4-Trimethylpentane 
2,2,4,4,6,8,8-Heptamethylnonane 
n-Hexadecane 
C yclohexane 
I-Dodecyne 
Benzene 
n-Butyl chloride 
tert-Butyl chloride 
n-Butyl bromide 
Trichloromet hane 
Benzyl chloride 
I ,  1,1,2,2,3,3-Heptachloropropane 
Acetone 
Butanone 
2-Pentanone 
3-Pentanone 
2-Heptanone 
3-Heptanone 
4-Heptanone 
2-Octanone 
2-Nonanone 
3-Nonanone 
5-Nonanone 
2-Undecanone 
4-methyl pentan-2-one 
2,4-Dimethylpentan-3-one 
3-Methylbutan-2-one 
2,6-Dimethylheptan-4-one 
Pinacolone 
Cyclopentanone 
Cyclohexanone 
Acetophenone 
2-Met hylacetophenone 
N-Acetylcaprolactarn 
1-(3-AminopropyI)-2-pyrrolidinone 
Propqlene carbonate 
Ethyl acetate 
Ethyl laurate 
Methyl cyanoacetate 
Methyl trimethylacetate 
Methyl 2-methyIbutyrate 
I-Chlorobutyl acetate 
Methyl methacrylate 
2-(Dimethylamino)ethyl methacrylate 
Ethyl-2,3-dibromopropionate 
2-Chloropropyl thiolacetate 
3-Chloropropyl thiolacetate 
Ethyl acetoacetate 
Diethyl malonate 
Diethyl methylmalonate 


V ( l C ) "  


31.31 
31.41 
31.25 
31.16 
30.99 
31.13 
30.03 
29.07 
29-24 
29.54 
29.03 
28.72 
28.35 
28.69 
27.29 
27.41 
27.53 
21.42 
27.48 
27.21 
27.32 
27.51 
27.47 
27.49 
27.47 
27.51 
27-40 
27-40 
27-49 
27.64 
27-29 
27.17 
27.03 
26.99 
28.36 
27-06 
25.54 
27.06 
27.90 
28.47 
27.40 
28.21 
28.27 
27.66 
28-12 
27.57 
25.96 
27.74 
27-84 
27.40 
27.70 
27-91 


v "1 a 


28.45 
28.50 
28.43 
28.22 
28.15 
28.18 
27.29 
26-01 
26-54 
26.72 
26.35 
25.69 
25.51 
26.08 
25.71 
25.80 
25.89 
25.89 
25-94 
25.84 
25.97 
25.96 
25.94 
26-03 
26.04 
26.06 
25.82 
25.97 
25.92 
26-09 
25.99 
25-51 
25.48 
25.21 
25-35 
25.41 
24.78 
25.09 
26.25 
26.74 
25.24 
26.63 
26.58 
25.76 
26.20 
26.02 
26.77 
25-64 
25.62 
2 5 3 0  
25.84 
25.96 


- 0.077 
- 0.090 
-0'071 
-0.011 


0.009 
0.000 
0-253 
0.617 
0-466 
0.415 
0.520 
0.707 
0,759 
0.597 
0.702 
0.676 
0.651 
0.651 
0.637 
0.665 
0.628 
0.631 
0-637 
0.61 1 
0.608 
0.602 
0.671 
0.628 
0-642 
0.594 
0.622 
0.759 
0.767 
0.844 
0.804 
0.787 
0.966 
0.878 
0.548 
0.409 
0.835 
0.441 
0.455 
0-688 
0.563 
0.614 
0.401 
0.722 
0.721 
0.762 
0.665 
0.631 


- 0.06 
~ 0.07 
- 0.04 
- 0.06 
- 0-03  
- 0.06 


0.06 
0 - 0 7  
0.13 
0.08 
0.15 
0.10 
0.16 
0.19 
0.50 
0.49 
0 * 47 
0-51 
0-50 
0.55  
0-55 
0.49 
0-50 
0.52 
0.52 
0-52  
0.50 
0.53 
0.49 
0.49 
0.56 
0.50 
0.53 
0.49 
0.13 
0.51 
0.80 
0.44 
0.45 
0-45  
0.38 
0.44 
0.41 
0-41  
0.37 
0.49 
1.10 
0.36 
0.33 
0.43 
0.42 
0.38 
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Table 6. (Continued) 


No. Solvent v(1c)" u ( N ) "  


Diethyl ethylmalonate 
Di-n-butyl nialonate 
Dimethyl chloromalonate 
Diethyl chloromalonate 
Dimethyl phthalate 
Diethyl phthalate 
Di-n-butyl-phthalate 
Bis(2-ethylhexyl) phthalatc 
Diisodecyl phthalate 
Diethyl fumarate 
Dimethyl glutarate 
Olive oil (37 "c) 
Penthrane (CHC12CF20CH3) 
Enthrane (CHF20CF2CHFCl) 
Forane (CHFzOCHCICF3) 
Halothane (CF3CHCIBr) 
2-Chloroethyl ethyl sulphide 
2-Chloroethyl n-propyl sulphide 
2-Chloroethyl n-bulyl sulphide 
2-Chloroethyl isobutyl sulphide 
2-Chloroethyl isoaniyl sulphide 
2-Chloroethyl n-hexyl sulphide 
Di-tert-butyl disulphide 
Thioanisole 


74 Dimethylformamide 
76 Dimethylacetamide 
93 Pyridine 


Dimethyl methylphosphonate 
Diisopropyl methylphosphonate 
Diisopropyl phosphite 


59 Diethyl ether 
60 Di-n-butyl ether 


Di-n-octyl ether 
61 Tctrahydrofuran 


Bis(2-ch1oroethoxy)ethanc 
2,6-Dimethylanisole 


27.93 
27.97 
27.53 
27.59 
27.19 
27.29 
27.43 
27.70 
27.89 
27.97 
27.59 
28.32 
29.07 
29.15 
29 -05 
29.20 
28.38 
28.45 
28.52 
28.78 
28.83 
28.88 
28.75 
28.15 
26-27 
26.18 
26.56 
26.09 
26.57 
26.46 
28.65 
28.80 
28.90 
27.49 
28-54 
28.56 


25.97 
25.97 
25.41 
25.59 
25.19 
25.35 
25.66 
25.91 
25.96 
26.08 
25.77 
26.86 
25.94 
25.90 
25.72 
25.85 
25.81 
25.97 
26.06 
26.04 
26.21 
26.23 
26-75 
25.43 
25-13 
25.10 
25.16 
25.25 
25.80 
25.62 
27.12 
27.25 
27.27 
25.96 
25.49 
26.11 


0.628 
0.628 
0.787 
0.736 
0.850 
0.804 
0.716 
0.645 
0.631 


0.685 
0.375 
0.637 
0.648 
0.699 
0.662 
0.673 
0.628 
0.602 
0.608 
0.560 
0-554 
0-406 
0.781 
0.866 
0.875 
0.858 
0.833 
0.676 
0.727 
0.301 
0.264 
0.259 
0.631 
0.764 
0.588 


0-597 


PI 


0.38 
0 - 3 7  
0-37 
0.39 
0.42 
0.43 
0.45 
0.43 
0.39 
0.39 
0.43 
0.45 
0-05 
0.02 
0-01 
0.00 
0.22 
0.23 
0-23 
0.15 
0-18 
0.17 
0.3 I 
0 .20 
0.67 
0.69 
0.60 
0.75 
0.73 
0.72 
0.42 
0.40 
0.37 
0.50 
0.11 
0.23 


"This w o r k ,  values in 10' c i i i -  I .  


The results are given in Table 6. F o r  the 17 solvents common to Tables 4 and 6 there is good 
agreement between the 0, values given in Table 4 and those calculated via equation (15). 
Further, for various sets of solvents the TT(N) and P I  values in Table 6 are reasonably self- 
consistent (see, for example, results for the 17 alicyclic ketones). Hence the present method does 
seem to yield reasonably reliable values of PI, based on the indicator pair 4-nitroaniline/4-njtro- 
N, N-dimethylaniline. 
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ABSTRACT 


The rate of decarboxylation of 6-nitrobenzisoxazole-3-carboxylate ion increases sharply with increasing 
head group size in a series of cetyltrialkylammonium bromides (CL6H33NR3Br: R = Me, CTARr; R = Et, 
CTEABr; R = n - Pr,  CTPABr; R = n - Bu, CTBABr) with rate enhancements of lo2 (CTABr) and 
2.8 x lo3 (CTBABr). Micellized tetradecylquinuclidinium bromide and hexadecy1-N- 
methylmorpholinium bromide are slightly better catalysts than CTABr, as is 1,3-bis(N-cetyl-N,N- 
dimethy1amino)propane dibromide, but p-octyloxybenzyltrialkylammonium bromides (alkyl= Me, 
n - Bu) are less effective than the corresponding CTA' surfactants. These differences in catalytic 
efficiency depend on the head group structure and the extent to which the cationic head groups become 
less accessible to water rather than the overall micellar structure. 


The rates of spontaneous anionic decarboxylations increase sharply with decreasing polarity of 
the medium. The decarboxylation of 6-nitrobenzisoxazole-3-carboxylate ion (6NBIC) is 
accelerated by a variety of aqueous colloidal assemblies that provide submicroscopic reaction 


These rate enhancements are ascribed to changes in hydrogen bonding and a 
decrease in the polarity of the submicroscopic reaction medium which lead to stabilization of 
the transition state, relative to the initial state (l) ,  due to coulombic and dispersive interactions 
with the assemblies, and a decrease in hydrogen bonding. 


Micelles of aqueous cationic and zwitterionic surfactants accelerate decarboxylation, 
generally by factors of 10' or more,' and reaction is faster in zwitterionic than in similar 
cationic micelles. Much of the work has involved cationic surfactants with the 
trimethylammonium head group and we now describe a study of the effects of changes in the 


*Aulhors for correspondence. 
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size of the head group and shape of the micelle. Reviews of micellar rate effects are given in 
ref. 3. Most of the surfactants had the cetyl(hexadecy1) group as the hydrophobic residue 
(Scheme l), but we also examined a dicationic surfactant, 1,3-bis(N-cetyl-N,1lr-dimethyl- 
amino)propane dibromide [ (CDA)2C32Br] , and the p-octyloxybenzyltrialkylammonium 
surfactants pOOTABr and pOOTBABr and the quinuclidinium surfactant TDQBr. 


Cetyltrialkylammonium bromide, C16H33h'R3Br: R = Me, CTABr; 
R = Et, CTEABr; R = n - Pr, CTPABr; R = n - Bu, CTBABr 


1,3-Bis( N-cetyl-N, N-dimethy1amino)propane dibromide, 


CH3 CH3 
I I 


I I 
CH3 CH3 


C16H33N(CH2)3NC16H332Br, (CDA)2C32Br 


N-Cetyl-N-methylmorpholinium bromide, C,&3 (Me) N<-> Br, CMMABr; 


N-Tetradecylquinuclidinium bromide, Cl4H2,= Br, TDQBr; 


p-Octyloxybenzyltrialkylammonium bromide, n-C8H170--(0)-CH2NR3 Br 
1 


R = Me, pOOTABr; R = n - Bu, pOOTBABr 


Scheme 1 


The tetradecyl surfactant TDQBr was used because the hexadecyl analog is sparingly soluble 
in water. Reaction of 1 in CTABr and the tetra- and hexa-methylene dicationic surfactants 
(CDA)2C42Br and (CDA)zC62Br had already been examined. These various micelles have 
different structures, for example CTABr grows and becomes rod-like on addition of NaBr and 
the solutions become viscous, whereas CTBABr appears to remain spherical, based on the low 
viscosity of its solutions even with added NaBr.' 


Spontaneous reactions are useful probes of micellar structure because with fully bound 
substrate rate effects are due wholly to changes in the relative free energies of the initial and 
transition states involving only one molecule or ion. 2 , 3  The situation is more complicated for 
non-spontaneous bimolecular reactions where the distribution of two species has to be 
considered. The large effects of the medium on the rates of anionic decarboxylations make 
these reactions excellent probes of colloidal surface structure. 2 , 3 , 5 , 6  
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RESULTS A N D  DISCUSSION 


The  first-order rate constants of decarboxylation (/cobs) increase monotonically with increasing 
surfactant concentration as substrate is incorporated into the  micelles and become constant 
when the substrate is fully bound (Tables 1 and  2 ) .  Under these conditions k o b g  = ki t ,  where 
kit  is the first-order rate constant in the micellar pseudophase (Table 3).  Table 3 also gives 
values of kAf/k&, where k ' ~  is the first-order rate constant of reaction in water. 


The  most striking observation is the rate increase as R (Scheme 1) is changed from Me 
(kk/k\jh, = lo2)  to Bu (krl.l/k\jh, = 2800). This rate increase is not due solely to a change in the bulk 
of the N-alkyl group because the morpholine and quinuclidine derivatives (CMMABr and 
TDQBr) are little more effective than  CTABr in accelerating the reaction (Tables 1 and 2). The 
decrease in length of the hydrophobic alkyl group from hexadecyl to tetradecyl in TDQBr may 


Table 1. Rate constants of decarboxylation in hexadecyl surfactantsa 


lo3  [Surfactant] M CTEABr CTPABr CTBABr CMMABr (CDA)2C32Brb 


0.4 4.43 14.6 39.7 
0 .6  5.99 20.1 46-6 1-90 
0 - 9  52.3 3.59 
1.0 7.00 23.0 53.2 5.01 
2.0 7.55 23.7 60.6 4.32 7-67b 
3 .0  26.0 61.2 7.66b 
4.0 8.08 65-4 4.64 
6.0 8.67 27.8 68.3 4.82 


10 31.0 72.1 4.98 
15 4.57 
20 9.42 34.0 80.5 
30 36.0 
40 10.1 41.3 85.3 
50 10.1 
80 41-4 


Values of lo4 kobs ( s - ' )  at 25.0 OC. 
bin lo-' M NaOH. 


Table 2. Effects of chain length and head group on rate 
constants of decarboxylation" 


lo3 [Surfactant] $1 pOOTABr pOOTBABr TDQBr 


2.0 
4.0 
8 .0  
9.0 


10 
15 
30 
40 
50 
80 


100 


3.23 
1.36 5.84 
1.82 6-63 


1.23 


1.55 
1.66 


1.79 


2.20 


6.60 
2.30 


2.94 
3.10 
3-65 
3-72 


"Values of lo4 kob5 ( s - ' )  at 25.0 'C. 
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Table 3.  Rate constants of decarboxylation in aqueous micelles" 


Surfactant 104k:,,, s - Surfactant lO'k;,s-' 


CTABr - 3 . 3  (102)2a pOOTABr >2.2 ( > 7 3 )  
CTEABr 10 (330) pOOTBABr 3 . 7  (124) 
CTPABr 41 (1400) (CDA)2C32Br 7 . 7  (290) 
CTBABr 85 (2800) (CDA)zC42Br 10 (330)'= 
CMMABr 4.8 (160) (CDA)lC62Br 12 (400)'" 
TDQBr 6.6 (220) 


'At 25.0 'C; values in parentheses arc relative to kob\ = 3.0 X 


water. 
s - '  in 


decrease the rate enhancement, but the effect should not be large because the rates of 
decarboxylation are similar in micellized c14 and c16 betaine surfactants. '' 


This effect of head group size is also shown to a limited extent by the p-octyloxy surfactants 
pOOTBABr and pOOTABr, although here the rates increase slightly with increasing surfactant 
concentration even at concentrations of 0.1 M (Table 2). Reaction in pOOTABr is slower than 
in CTABr and in pOOTBABr is much slower than in CTBABr. It appears that the benzyloxy 
group is less hydrophobic than the alkyl group in the CTA' surfactants so that water can 
penetrate more deeply into the micelles, which should slow decarboxylation. 


A decrease in the hydrogen-bonding ability of the medium should destabilize the initial state 
relative to the charge-delocalized transition state. Based on NMR line widths, hydration of 
Br- decreases with increasing bulk of the alkyl groups of C16H33NR3Br in the sequence 
R = Me < Et c Pr < B u , ~  so that hydration of 1 should also decrease as R is changed from Me 
to Bu. Reactions that involve charge delocalization in forming the transition state are generally 
accelerated by a decrease in solvent polarity. ' This general effect of the medium should be 
important for reactions at micellar surfaces, because they are less polar than water, 8,9 and 
bulky alkyl groups should further decrease the polarity at the micellar surface. The butyl groups 
of CTBABr do not extend into the water but are oriented along the micellar surface' to reduce 
water-alkyl group contact (Scheme 2 )  so that decarboxylation of bound substrates then takes 
place in a region of relatively low polarity. The quinuclidine moiety in TDQBr probably extends 
away from the micellar surface (Scheme 2 )  so that reaction takes place in a region that is 
exposed to water, with a consequent rate enhancement similar to that given by CTEABr (Table 
3). We know of no evidence concerning the conformation of the morpholine moiety in 
CMMABr, but we assume that it too will extend away from the micellar surface, so that rate 
enhancements by micellized CMMABr should not be large (Table 3). 


The methylene-bridged dicationic surfactants (CDA)2Cn2Br give larger rate enhancements 
than CTABr (Table 3) because the bridging methylene groups should force water molecules 
away from the micellar surface. However, these dicationic surfactants give smaller rate 


Scheme 2 
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enhancements than CTPABr and CTBABr and we only have a minimum value of kM/kiy for 
(CDA)2C3Br (Table 3). 


Although micellizing surfactants such as CTBABr accelerate decarboxylation they are less 
effective catalytically than such non-micellizing amphiphiles as (CsHI7)3NfEtMeSO: because 
micelles with their high surface charge density interact coulombically with small ions of high 
charge density. This interaction stabilizes the anionic substrate, whereas small clusters of tri-n- 
octylalkylammonium ions do not interact strongly with the substrate, although they interact 
with, and stabilize, the transistion state.* The rate effects do not correlate closely with the 
overall structure or aggregation number of the surfactant assembly because, based on NMR 
evidence (see Experimental), the tetramethylene surfactant (CDA)2C42Br forms very large 
assemblies, but is a much less effective catalyst than large synthetic cationic vesicles, 5a spherical 
micelles of CTBABr or small assemblies of non-micellizing amphiphiles of tri-n- 
octylalkylammonium ions. ' The rate enhancements by cationic micelles are controllcd by the 
nature of the surface, rather than the size of the micelles. The effectiveness of zwitterionic 
surfactants and non-micellizing hydrophobic tri-n-octylalkylammonium ions relative to 
otherwise similar cationic micelles i s  understandable in terms of destabilization of the initial 
relative to the transition state. These rate effects of colloidal assemblies are qualitatively similar 
to solvent effects and have a similar   rig in.^ 


Approximate values of the binding constants of substrate to micelles are given by the 
reciprocal of the surfactant concentration that gives half the maximum rate enhancement. This 
estimate neglects the concentration of monomeric surfactant, which will be affected by NaOH 
and interactions between substrate and surfactant, and there are often large rate enhancements 
at surfactant concentrations below the critical micellar concentrations (CMC) in water (see 
Experimental and refs 2 and 5) owing to induced micellization or interactions of the substrate 
with monomeric or submicellar surfactants. For reactions in solutions of the hexadecyl 
monocationic surfactants, half the maximum rate enhancement is observed at 2-5 x M, 
which corresponds to binding constants of ca 2-5 x lo3  W', and the binding constant for the 
tetradecylquinuclidinium surfactant (TDQBr) is ca 500 M -  (Table 2). The octyloxy 
surfactants pOOTABr and pOOTBABr are exceptions to this generalization and they give 
approximate binding constants of ca lo2 M - ' ,  based on the rate-surfactant profiles (Table 2). 
This difference is consistent with other data on the CMC and solute-binding ability of 
pOOTABr compared with other cationic surfactants. lo  


EXPERIMENTAL 


Materials 


The preparation and purification of the substrate and most of the surfactants have been 
described. 2 , 3 , 1 0  The other surfactants were prepared by standard methods of quaternization or 
by reaction in diethyl ether at room temperature for TDQBr and pOOTBABr and in refluxing 
acetonitrile for CMMABr. They were purified by recrystallization from acetone, 
acetone-methanol and dry diethylether at - 20 "C for pOOTBABr. 


M for 
pOOTBABr from surface tension measurements. There were no minima in the plots of surface 
tension against surfactant concentration. There was a break in the conductivity of 
(CDA)2C32Br at 3.0 X M .  


The CMCs are 1 x M, for CMMABr, 2 - 6  x M for TDQBr and 3.1 x 
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Kinetics 


Reactions were followed spectrometrically at 410 nm with lo-' M substrate by using a 
Hewlett-Packard diode-array spectrometer at 25 . O  'C with lo-' h/l NaOH, except where 
specified otherwise. The general procedure has been described.' Most of the earlier 
measurements were made in dilute ammonia buffers and changes in electrolyte concentration 
slightly change the reaction rate. The dicationic surfactant (CDAf2C32Br is sparingly soluble 
in water and we could not reach concentrations which gave constant values of k&\. We 
minimized the solubility problem by using 3 x 10 ~3 M NaOH. 


NMK 


The 'H and I3C spectra of (CDA)2C42Br (5 x 41) in D2O and 20 vo1.-Yo D2O in H2O 
(Varian XL 300 at ca 25 "C) have very broad signals, characteristic of the formation of large 
assemblies. I '  We could not detect a signal of "Br, probably because it is very broad owing to 
incorporation in a large, relatively immobile assembly. This behavior is completely different 
from those of single-chain cationic surfactants that give well resolved signals of' 'H and I3C 
and well defined signals of 79Br or "Br. It was necessary to allow these solutions to stand 
overnight, otherwise the NMR data were erratic. This evidence, and an increase in viscosity 
with increasing surfactant concentration suggest that these dicationic surfactants 4owly form 
relatively large aggregates. We did not examine the NMR spectra of {CDA)zC,2Br because of 
its low solubility. 
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LONG RANGE ELECTRICAL FIELD EFFECTS IN 
SOLVOLYSIS AND 13C-NMR SHIELDING OF 
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0x0 SUBSTITUENTS~ 
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FR Organische Chemie der Universitat des Saarlandes, 0-6600 Saarbriicken 11, W-Germany 


ABSTRACT 


The solvolysis of 21 different 3- or 17-androstanyl tosylates or chlorides with halogen, hydroxy or 0x0 
substituents in 17- or 3-position shows rate constant variations in hexafluoro isopropanol of up to 6-3 with 
regular differences for epimeric substituents. Similar variations are seen over a distance of -10 A in 
13C-NMR shifts at C-17 of androstan-17-ones with varied halogen substituents in C-3, whereas the 
shielding observed at other distant carbon atoms excludes significant through bond effects. It is shown 
how, on the basis of suitable Coulomb-type equations and of force field minimized geometries, both the 
stability variation of carbocationic transition states and the carbonyl group polarization are predictable 
by linear electric field effects, using the same parametrization. 


The operation of polar substituent effects in aliphatic frameworks has intrigued chemists for a 
long time.2 Reactivity differences in the solvolysis of a variety of aliphatic  derivative^^'^ have 
already provided much insight in the underlying interactions. Many problems, however, which 
will be exemplified below, still make it difficult to arrive at predictions beyond LFER-type of 
correlations between experimental observations. Long range substituent effects in 
are of importance not only for the corresponding reaction mechanisms but also as one possible 
contribution for the often drastic changes of pharmacological activity with substituent 
variation.'".'6 Steric long range effects even of small substituents such as fluorine were 
believed to intervene here with polar effects. " Polar interactions, however, were shown to 
dominate in most cases even for axial, more space demanding, orientations. ."." 


One of the major problems pointed out by many earlier  worker^"'^ is the separation of an 
inductive through bond from Coulomb-type through space effects. The often used description 
of the observed reactivities as a function of Taft-type o-constants" basically does not 
distinguish the two transmission mechanisms, and does not take into account orientational 
differences between the substituents which can be s ~ b s t a n t i a l . ~ ~ * ' ~  


These problems are approached in the present paper by a combination of substituent effect 
measurements on both solvolysis rates and I3C-NMR shielding, which allows us also to use and 
to check simultaneously parametrizations and calculational procedures in the evaluation of 
linear electric field effects (LEF), or through space interactions, for both reactivity and NMR 
shielding predictions. The model is simplified, and possible through bond effects are 
minimized by using androstanes 1 with substituents either in the 3- or in the 17-position. The 
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Scheme 1 


leaving group for the solvolysis, or the 0x0 group as a spectroscopically observable point of 
LEF action, were placed in the complementary position, that means as remote as possible. 
The intervening 8 single bonds between C-3 and C-17 will diminish any through bond 
interaction by 0.6* = 0-04, if we assume commonly accepted attenuation factors2,” and on the 
average two pathways through the steroid ~ke le ton .~  


The steroids used in the present study contain halogens and 0x0 substituents in a 
conformationally well defined environment, which in contrast to hydroxy groups-which were 
nevertheless evaluated also-and to some less systematically varied substituents examined in 
the literatureL4 offer several advantages: they occur only in one group conformation, they have 
better defined charge distributions, they don’t interact with closer situated sub~ti tuents ,~~*’~ 
and the halides are not as susceptible as other ~ubstituents’~ to solvent effects. Peterson and 
Chevli14 have already demonstrated the significant increase of polar substituent effects on 
solvolysis rates with decreasing solvent nucleophilicity ; in accordance with earlier 
observationsz1 we have consistently used here the extremely weak nucleophile hexafluoroiso- 
propanol (HFIP). In contrast to earlier  investigation^^-^^ we could also apply fully 
computerized techniques instead of manual operations with models etc. which have been 
shown to produce errors of up to -.500%, e.g. in related LEF calculations.22 


CALCULATION PROCEDURES 


The geometry of all structures were individually optimized by MMZz3 energy minimizations, 
which have been shown to lead to realistic and usually X-ray compatible structures for these 
steroids. 16.18.2213 2 4  In line with earlier  finding^'^.'^ introduction of substituents X = Hal, OR, 
=O (0x0) in the 3 or 17 position does not generate any significant geometry variations around 
the remote 17- or 3-position, respectively. Thus, even the ‘soft’ torsional angles in these areas 
remain constant within - f0.3” according to the force field minimi~ation,~~” a result supported 
by ’H-24a and 13C-z4bNMR data. 


The C-X dipoles for X = Hal, OH, =0, H were represented as point charges obtained 
largely from group dipole moments and the optimized C-X bond length;z5 the partial charges 
q were placed on the C and X nuclei and were the samez6 which have been successfully applied 
in other LEF calculations for NMR   hi el ding.^^^^^,^' The dielectric constant was set to 2.0 in 
accordance with earlier investigations on alkyl systems14328 and can be easily varied due to its 
linear dependence in the Coulomb equations used. 0 x 0  groups at the influenced position were 
used to represent the optimized geometry not only for the observed carbonyl ‘‘C-shielding 
variations but also for the carbocation in the solvolysis transition state model. This seems to be 
justified in view of the generally correct strain energy representation in SNl-type reactions of 
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normal secondary alkyl esters, which moreover indicate the limiting case of a fully developed 
position charge if HFIP is the solvent.21b 


Following the Kirkwood-WestheimerZ8” or the BuckinghamZ9 approach of Coulomb-type 
interactions, the most simple description for the LEF of a point charge q on the free energy E 
of the ionic transition state with a charge q’ is 


E = q q’ c-’ E-’ (1) 


where Q is the distance between q and 4’. 


The polarization of the NMR-spectroscopically observed C=O group with the 
polarizability P by a point charge q in the distance ri with a field vector characterized by the 
angle Oi is 


(JLEF = P I-’ rr2 cos (oJ qi (2) 
A program (COULOMB) was used for application of equation (1) and a separate one 
(SHIFT)30 for application of equation (2), both accepting MM2-optimized co-ordinates and 
allowing for the summation of E and (ZLEF, respectively, for all desired positions in the steroid 
skeleton. 


The E f f e c t  o f  Charge D e l o c a l i z a t i o n  Away f rom C a  on AG* 
c a l c .  ’ 


With:  0% 2 7% 3 6% d e l o c a l i z e d :  


R e s u l t  f o r :  X=3a-F 26 46 53 [ c a l / M o l ]  


X = 3 a - O H  -290 - -240 


X = 3 6 - O H  -230  - -1 00 


I 


The E f f e c t  o f  t h e  Leav ing  OTs Anion on AG*calc : 


f o r  D i s t a n c e  de : 3A 4A - 
Re su 1 t i n  g AG* : 1 5 . 3  1 6  26 [ c a l / M o l ]  


Scheme 2 
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The influence of different parametrizations, charge localizations, etc. and resulting possible 
errors in the LEF calculations have been considered already with respect to NMR 
  hi el ding.*^"*^^.*' In view of the large distance q the Coulomb energy E is expected to show 
little dependence e.g. on the charge localization around the inducing dipole Car-X. A 
redistribution of the positive charge to CP-HP, which should be prominent for X = F due to 
back donation3' leads to E deviations which are smaller than errors introduced e.g. by the 
assumptions concerning E (Scheme 2). This holds also for X = OH, for which, however, the 
ambiguities involved also with rotamer distribution and solvent interaction are prohibitive at 
the present time. The influence of the distance d, separating the carbocation and the leaving 
group anion again is smaller than the other ambiguities involved (Scheme 2); the strongly 
anion-solvating HFIP warrants here the usual14 neglect of the gegenion (G d, = to) in the 
calculations. 


SOLVOLYSIS: KINETIC RESULTS 


The introduction of strong dipoles such as X = 0x0 can decrease solvolysis rates in HFIP by 
almost an order of magnitude even when the reacting site in the steroid is as remote as possible 
(Table 1). The LEF calculation (equation (1)) predicts the corresponding AG* increase quite 
correcly (Table l), if we subtract the effect of the C D H dipole which is replaced by the C 4 X 
dipole. This correction was not considered by earlier workers but is of particular significance in 
view of the opposing C-H/C-X dipole directions. 


Although it would be desirable to compare the LEF calculations also with AH* and AS* 
activation parameters our analysis must be restricted to AG* comparison as it is virtually 
impossible to obtain sufficiently accurate AH*IAS* values for the necessarily small rate 
differences. The correlation of experimental with calculated free activation energies AG* is 
surprisingly good for all 5 observed 0x0-derivatives and the parent tosylate with X = H, with a 
slope of nearly 1 (Figure 1). This indicates that the dipole moments used for X = 0x0 are not 
significantly changed by solvent interaction, and that through bond contributions are as small 
as predicted. 


The effect of the halide dipoles are, as expected, much smaller but significant (Table 1, 
Figure 1). Whereas the axial 3-a-halide 17-fktosylates correlate well with the calculated AG* 
values, the corresponding 38 epimers do so to a much lesser degree. The reason for this could 
be sought for in (a) electron redistribution by back donation for eq-X = F3' or in a specific 
solvation for the more polarizable eq-X = Br bond. The important result here is, that the 
epimers do show systematical differences over a distance of -10 A, and that these differences 
can be at least semi-quantitatively predicted by LEF calculations. 


It should be noted that the correlation (Figure 1) holds independent of the leaving group 
orientation, which was a or p in selected cases, as well as of the leaving group itself, which was 
chloride instead of tosylate in 2 derivatives (Table 1). This again speaks for the presence of a 
solvent separated ion pair in the transition state, and for the corresponding neglect of the 
distant leaving group anion as assumed in the calculational model. Participation of 
neighbouring C-C bonds in the transition state is highly unlikely even for the 17f3-tosylates21b 
and would only lead to a constant additional increment in the calculated LEF effect. 


NMR-SPECTROSCOPIC RESULTS 


The 8 androstan-17-ones with halogen substituents in the 3-position showed small, but regular 
shift variations at C-17 if necessary precautions are taken with respect to spectral dispersion 







218 11.-J. SCIINEIDER AND N. BECKEK 


Table I .  Solvolysis in HFIP-kinetic results and calculated AG* differences 


'7? 


- - - a-OTs Hz 31 1 1 


B-OTS H2 24 1 
I, =O 5.7 0-24 0.92 0.79 0.29 
I, 10.3 0.43 0.54 -0.12 1.21 


a-CI 1 
n 0.17 1.15 1.00 0.21 108 


H2 


LY-OTS 44600 1 
n 11240 0.25 0.88 1-00 0.21 H2 


n 16316 0.37 0-63 0-23 0.70 
B-OTS 3.80 I 


k O H  


I, 0.60 0.16 1.18 1 . 0  0.21 
H2 
=O 
a-OH ,, 2.80 0.74 0.20 -0.29 1.57 
B-OH I, 1.71 0.45 0.51 0-23 0.70 
ol-F w 2-92 0-77 0-18 0.03 0.96 


I, 1.82 0.47 0.48 0.70 0.33 
2.38 0.63 0.30 0.12 0.83 


B--F 
a-CI 
@--a ,, 1-14 0-37 0.61 0.72 0-32 
or-Br I, 2.71 0.71 0.22 0.15 0.79 
0-Br I1 2.20 0-58 0.35 0.71 0.33 


" - -0 71 0.23 0.95 0-79 0.29 
I, @-OH 255 0.72 0.21 -0.12 1-21 


- - - 


- - - eoH 645 
- -0 


=O 
- - - 


- - - 


,I 


'At 50.0"C; k in [sec 'I. +1-5%; 
bSubstituent effect, f5%; 
'AG* difference between substituted and unsubstituted compound, in [kcal/mol]; 
dCalculated based on equation ( I ) ,  see text; in [kcalimol]; 
eAs obtained from calculationsd. 


and medium effects. The C-17 shifts (Table 2) are at higher field for the 343 epimers by a 
rather constant amount of a epirneric shift difference ESD = 0.1 ppm. A similar difference is 
predicted by the LEF calculation (equation (2)); the calculated ESD values are larger by a 
significant, however constant, degree. This can be due to reaction field effects-related to the 
local dieletric constant-r to the chosen calculational procedure, in which the point of the 
electric field gradient action was placed at the center of the C=O bond. Nevertheless, sign 
and magnitude of the observed very long range effects are correctly predicted by the LEF 
calculation. 


The other carbon NMR shifts (Table 3) agree closely with shielding values in related 
3a/3P-X-substituted c h o l e ~ t a n e s . ~ ~ ~  These have been analyzed in detail earlie?4h and 
therefore will not be discussed here. The only important point in the context of the present 
paper is the result of constantly shielding effects of halogen substituents on all carbon atoms 
beyond the A-ring (with the exception of C-11 and C-19 in some derivatives). This, as well as 
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0 1 


AG*calc[kcal/Mol] 


Figure 1. Solvolysis in HFIP-free activation energies AG*: exp. vs. calc. values. For all systems the value for the 
parent unsubstituted derivative (X = H) is set AG*-0 


the irregular shift variations along the carbon chain (Table 3) clearly speaks against any 
significant through bond effects which should lead to deshielding. 


CONCLUSIONS 


The results demonstrate, that C-Hal, C-OH or C=O dipoles can stereoselectively lead to 
sizable polarizations of carbonyl bonds and to stability variations of carbocations over a 
distance of 10 A. The experimental data and the calculational agreement obtained clearly 
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Table 2. Comparison of epimeric shift differ- 
ences (ESD") observed for C-17-NMR shifts in 
3a/@-X-substituted androstane-17-ones with 
calculated linear electric field (LEFh) differences 


X 3a-x 36-x ESD 


L E F ~  L E F ~  exp calc.b 


F -0.07 -0-29 0.11 0-22 
CI -0.12 -0.29 0.11 0.17 
Br -0.10 -0-28 0.11 0.18 
I -0.12 -0-25 0.08 0.13 


"In ppm, complete exp. values see Table 3; 
bCalculated as described in the text and converted to 
the ppm-scale with 400 [ppm/e]. 


Table 3. Substituent effects (SCS) on I3C-NMR shifts in 3-X-substituted 5aH-androstan-17-ones 


@-F 6-Cl p-Br p-I Atom a-F a-CI or-Br a--I 


1 -6.35 -6.65 -5.94 -5-48 -2.28 -0.03 1-03 2.37 
2 4.98 7.96 8.75 10.47 6.61 11-02 11.98 9.33 
3 60.63 31.59 25.62 7-56 64.00 31-21 22-35 -1.57 
4 5.20 7-78 8.43 9.91 6.50 10-88 11.82 14-12 
5 -7.91 -8.10 -7.22 -5.36 -2.17 -0-26 0.90 2.43 
6 -0.83 -1.19 -1.31 -1-47 -0.55 -0.74 -0.79 -0.96 
7 -0.22 -0.32 -0.36 -0.40 -0.11 -0.18 -0.21 -0.26 


-0.01 -0.02 -0.01 -0.01 -0.03 -0.05 -0.05 -0.06 8 
9 -0.72 -0.89 -0.98 -1.04 -0.48 -0.52 -0.46 -0.32 


10 -0.57 -0.18 -0.03 0.26 -0.74 -0.89 -0.88 -0.81 
11 -0.02 -0.02 -0.01 0.01 0.50 0-33 0.26 0.1 1 
12 -0.08 -0.10 -0.11 -0.12 -0.07 -0.10 -0.12 -0.15 
13 -0.04 -0.03 -0.03 -0.04 -0.04 -0.05 -0.05 -0.05 
14 -0.13 -0.14 -0.15 -0.16 -0-17 -0.18 -0.18 -0.18 


-0.01 -0.01 -0.02 -0.02 0-02 -0.02 -0.02 -0.04 
16 -0.05 -0.06 -0.06 -0.06 -0.05 -0-09 -0.12 -0.16 
15 


17 -0.13 -0.21 -0.20 -0.25 -0.24 -0-32 -0-31 -0.33 
18 -0.01 0.00 0.00 0.00 -0.03 -0.04 -0.05 -0.05 
19 -1.09 -0.45 0.03 1.12 0.01 0.02 0.04 0.06 


"SCS = 6,&,,, in [ppm); measuremcnts with 0 . 0 6 ~  solutions in d,,-cyclohcxane at 24°C. 


indicate through space electric field effects as responsible mechanisms. Such long range 
through space field effects can play an important r81e not only for organic reactions or for the 
binding of steroids in protein receptors but also for host-guest interactions or for substrate 
binding and activation in enzymes and other biological systems, for which such electrostatic 
effects are increasingly invoked.3z 
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EXPERIMENTAL DETAILS 


22 1 


"C-NMR spectra 


These were recorded with a Bruker AM 400 spectrometer at 100.6MHz with a digital 
resolution of k0.01ppm in 0 . 0 6 ~  d12-cyclohexane solutions with 0.2% int. TMS at 24°C. 
Earlier measurements at lower dispersion (at 20MHz) and in more concentrated 
deuterochloroform solutions failed to give reproducible and regular long range substituent 
effects. 


Kinetic measurements 


These were carried out by conductometry and automatic data processing as described 
The rate constants k, usually obtained over 2-5 half lives were mostly accurate 


within 22%. For some systems the temperature dependence was measured, which yielded the 
desired k (Table 1) as well as selected AH* and AS* values (Table 4). 


Tosylates 


The tosylates were prepared by reaction of the hydroxy steroids24a (e.g. -0-3mmol) with 
p-toluenesulfonylchloride (0-33 mmol) in 1 ml pyridine under ice-chilling and stirring at room 
temperature over night. After the usual work up with ice water, dilute hydrochloric acid, 
sodium bicarbonate and water, and recrystallization usually from methanol one obtained 
5040% product; for analytical data see Table 5. 


Table 4. Activation parameters AH*a and AS*b from temperature dependence of rate constants kc in 
HFIP 


~ ~~ ______ ~ ~~ 


'R "R AH* AS' Temperature and Rate Constants 


Hz CV-OTS 14.1 -17 0.0 14.6 15.0 20.3 30.3 "C 


0.60 2.51 2.85 4-75 9.2 102sec-' 


"C - -0 IX-OTS 14.7 -17 15.5 21.7 25.4 30.9 34.6 40.2 


0.63 1.19 1-62 2.76 3.53 4-95 102sec-' 


H2 a-Cl 14.0 -26 10.0 20.0 30.0 40.0 50-0 "C 
~ ~~ ~ 


0.26 0.62 1.43 3.05 6.45 lo3 sec-' 


15.0 -26 18.8 19.2 30.4 40.2 50.0 "C - -0 or-CI 


0-72 0.78 1.91 4-47 10.8 1 O4 sec- ' 
"AH" in [kcal/mol], +3%; 


in [caVmol], 2 3  units (errors from Eyring plots). 
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ABSTRACT 


AG, AHand TASof transfer of 25 aliphatic and aromatic solutes from 2,2,4-trimethylpentanc to aqueous 
buffer (pH 7) at 298 K havc been examined in terms of intrinsic volumes and the solvatochromic 
parameters H*, 6, 9 and a of the pure solutes Correlations of the form 


X Y Z =  XYZo+mV1/lOO+.m*+ dF,+hp+ am 


indicate that the thermodynamic quantities of transfer are unequally affected by solute properties; most 
notably, for aromatic solutes the cavity term mV1/100 is a principal (unfavorable) factor affecting TAS, 
but has little effect on AH. Transfer to water is favored by increasing solute T *  (dipolarity-polarizability), 
/3 (H-bond basicity) and N (H-bond acidity), because water has greater dipolarity, H-bond acidity and 
H-bond basicity than trimethylpentane. Hydrogen bonding contributes exothermically to A H ,  but 
unfavorably to 7‘AS, as would be expected from a loss of transitional entropy. Correlations of AG, A H  
and TAS with solute V1/100, 6, a ,  p 2  and polarizability function [ ( n 2 -  l)/(n2 + 2)] give closely 
comparable results. 


INTRODUCTION 


The most important of all solvents, water, is highly atypical. The polarizability is low, the 
cohesiveness is very high and extensive three-dimensional hydrogen bonding occurs. The 
solubility of non-polar substances in water is very low. The corresponding positive standard 
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free energies of solvation [AGO(v + w)] are largely the result of unfavorable negative entropy 
terms [ TASO(v  -. w)], which outweigh the enthalpy contribution [ A H " ( v  -. w)] to 
AGO(v --f w). Frank and Evans' proposed in 1945 the existence of enhanced water structure 
around non-polar solutes to account for the abnormal entropy of solution. More recently, 
several workers have suggested that A S O ( v  + w) and A H O ( v  --t w) consist of two components, 
one of which contributes only to  the 'fluctuation' of water from more structured clusters 
(promoted by nonpolar solutes) to less structured arrangements. 2 - 5  The enthalpy and entropy 
of 'fluctuation' cancel one another, and therefore do not contribute to the observed free energy 
and low alkane solubility. The origin of these contributions is still debatable. Grunwald' 
suggests perterbation of the solvent network, whereas other studies, both statistical mechanical 
simulations6-8 and experimental, 9,10 point merely to an increase in water-water interactions 
in the solvent close to the solute. Jorgensen et al.' have noted that A S O ( v  + w), AHO(v --t w) 
and ACO(v - w) of alkanes are linearly dependent on the number of water molecules in the 
first hydration shell. Whatever the origin, the existence of these contributions to AHO(v -+ w) 
and ASO(v -+ w), but not AGO(v -, w), should be reflected in linear free energy relationships 
(LFERs) involving solvation in or transfers to water, most likely in the term related to solute 
size, mV1. We shall consider this point in the Discussion section. 


In previous papers'1p12 we have shown that the solubility properties (SP)  of organic non- 
electrolytes in water are well correlated by equations of the form 


SP = SPo + in VIlOO + ST' + d6 + born + aan, 


which include an endoergic solvent cavity term related to the solute molar volume, exoergic 
dipolarity and polarizability terms (sn", d6) (6 is the 'polarizability correction term,' with 
values of 0 for aliphatic 'select' solvents, 0.5 for polychlorinated aliphatics and 1.0 for 
aromatics; 6 is related to the dipolarity/polarizability blend in the solvent effect on property 
X Y Z .  1 3 )  and exoergic hydrogen bonding terms ( aa, bp)  describing hydrogen bond donation 
by solute to water acting as hydrogen bond acceptor (HBA) and solute acting as HBA from 
the hydrogen bond donor (HBD) water ( ~ * , 6 , / 3 , ,  and am refer to solute properties). Self- 
associated solutes require K:, a m  and &, values, which refer to the monomeric (unassociated) 
state present in dilute aqueous solution. To accommodate aromatic and carbocyclic species, it 
was necessary to add 10 cm3 to the molar volume in the cavity term (mv) of the earlier 
correlations. l4 More recently, computer-calculated intrinsic (van der Waals) molecular 
volumes" (VI )  of the pure solutes have been used without the need for corrections, and arc 
available for solid solutes for which cannot be measured at 25 "C. If SP represents the 
solubility of a solid compound in water, rather than partitioning between water and another 
solvent, an additional term must be added to the correlation to account for the entropy of 
fusion to the (supercooled) liquid at 25 "C. l 2  


Solubility and partitioning are free energy related phenomena. We are generally unaware in 
correlations whether a particular solute property primarily affects the A H  or TAS contribution 
to AG. It is likely that the recent observationI2 that aliphatic and aromatic solute solubilities 
in water are differently affected by the ST* and b p m  contributions could be more readily 
rationalized if separate A H  and TAS correlations were available. For this reason we were 
particularly interested in recent data on AG, AHand T4S of transfer of aliphatic and aromatic 
solutes from 2,2,4-trirnethylpentane to aqueous buffer solution (pH 7) at 25 'C, 16," although 
the choice of solute is not ideal. Of the 25 compounds for which the required solvatochromic 
parameters are known, only eight (alcohols and ketones) are aliphatic; no hydrocarbons are 
included, and the range of Om values is limited (0.23-0.55). Nevertheless, it is a uniform group 
of values measured in a single laboratory (by flow microcalorimetry and separate partitioning 
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experiments), furnishing all three thermodynamic quantities of transfer, and therefore worth 
examining in detail. 


RESULTS 


Solute solvatochromic parameters, V1ll00, and AG, A H  and T A S  of transfer'6*" (kJ mol-') 
from 2,2,4-trimethylpentane to aqueous phosphate buffer (pH 7)  at 25 " C  are listed in Table 
1 .  Correlations of AG, A H  and TAS in terms of VI, T * ,  6, fim and a,,,, and in terms of VI, the 
polarizability function ( P F )  ( n 2  - l) /(n2 + 2), Pm, am and dipole moment ( p 2 ,  D) are given in 
Table 2. 


DISCUSSION 


General observations concerning the correlations 


The two types of linear solvation energy relationships examined are 


XYZ = XYZ,  + WI V I /  100 -C SH* + d6 + bfinl + U C Y ~  


Table 1. Solute solvatochromic parameters and A G ,  A H  and T A S  of transfer from 2,2,4-trimethyl- 
pentane to aqueous buffer (pH 7) at 298 K (kj  mol- I )  


CH3CH20H 
1 -PrOH 


1 -PeOH 
1 -HexOH 
Acetone 
Butanone 
Pentan-2-one 


1 -BuOH 


6CH2OH 
dCHrCH2OH 
O(CH2)30H 
dOH 
4-CH34OH 
4-CldOH 
6NH2 
4-CH34NHz 
4-CI4NHz 
Q N H C H ~  
60CH3 
6COCH3 
@NO2 
4CN 
K H O  


dCOOEt 
QCOOCH1 


0.305 
0.408 
0.499 
0.593 
0.690 
0.380 
0,477 
0.574 
0.634 
0.732 
0.830 
0.536 
0.634 
0.626 
0 * 562 
0.660 
0.652 
0.660 
0.630 
0.690 
0.631 
0.590 
0.606 
0.736 
0.834 


0-40 
0.40 
0-40 
0.40 
0.40 
0.71 
0.67 
0.65 
0.99 
0.97 
0.95 
0.72 
0-68 
0.72 
0.73 
0.69 
0.73 
0.73 
0.73 
0.90 
1.01 
0.90 
0.92 
0.76 
0.74 


0 
0 
0 
0 
0 
0 
0 
0 
1.0 
1.0 
1.0 
1 -0  
1-0  
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1-0  
1.0 
1.0 


0.45 
0.45 
0.45 
0.45 
0.45 
0.48 
0.48 
0.48 
0.52 
0.55 
0 . 5 5  
0-33 
0.34 
0.23 
0.50 
0.51 
0.40 
0.47 
0.32 
0.49 
0.30 
0.37 
0-44 
0.39 
0.41 


0.33 
0.33 
0.33 
0.33 
0.33 
0.03 
0.03 
0.03 
0.35 
0.33 
0.33 
0.61 
0.58 
0.69 
0.16 
0.13 
0.20 
0.12 
0 
0.03 
0 
0 
0 
0 
0 


2.213 
2,338 
2.420 
2.478 
2.519 
2.200 
2.310 
2.368 
3.136 
3.101 
3.078 
3.190 
3.095 
3.262 
3.357 
3.251 
3.337 
3.273 
3.030 
3.124 
3.215 
3.084 
3.168 
3.022 
2.966 


0.289 
0.289 
0.289 
0.289 
0.289 
0.784 
0.729 
0.729 
0.289 
0.289 
0.289 
0.210 
0.256 
0.484 
0.225 
0.196 
0.900 
0.289 
0.169 
0.900 
1.600 
1-68] 
0-784 
0.324 
0.361 


- 11.40 
- 8.09 
- 4.93 
- 0.89 


3.09 
-4.58 
- 1.04 


2-95 
-4.36 
- 2.04 


1.05 
-5.48 
-2.26 
- 2.77 
- 1.19 


1-94 
2.74 
5.92 


11.56 
6.35 
8-15 
5.63 
5.99 


10-40 
13.78 


- 34.99 
-33.11 
- 31.49 
-29.56 
- 27.48 
- 19.80 
- 18.99 
- 17.56 
-25'72 
- 26.25 
-26.85 
- 19.40 
- 18.85 
- 17.20 
- 13.61 
- 14.77 
- 10.30 
- 10.56 


0.00 
- 8.86 
-2.82 
- 6.05 
-4.16 
-3.42 
-3.09 


-23.99 
-25.04 
-26.56 
-28.67 
- 30.58 
- 15.22 
- 17.95 
- 20.51 
-21.36 
- 24.21 
-27.90 
- 13-92 
- 16.59 
~ 14.43 
~ 12.42 
- 16.71 
- 13.04 
- 16.48 
- 11.56 
- 15.21 
- 10.97 
- 1 1  *68 
- 10.15 
- 13'82 
- 16'48 


From Refs 16 and 17. The standard deviations in AG were 0-  1-0.6 kJ mol-' and averaged 0.14 k J  mol-'. The stand- 
ard deviations in A H  were 0'1-2.9 kJmo1-I and averaged 0.5 kJmol- ' .  
'4 = phenyl. 
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Table 2 .  Correlations of thermodynamic quantities for solute transfer from 2,2,4-trimethylpentane to 
aqueous buffer (pH 7) at 298 K (kJmol-I)" 


X Y Z  = XYZ,, + mVl/lOO + STI + dd + bp,,, t (laol 


Equation Solute set XYZO m S d b a I' SD n 


la AG, all solutes 1-38 
? I .70 


Ib Aromatics only 5.08 
rt_2.83 


3a A H ,  all solutes 6.94 
'4.50 


3b Aromatics only 29.68 
"4.46 


5a TAS, all solutes 5 .55  
2 3.92 


5b Aromatics only 24.33 
t 3 . 8 9  


33.79 
5 2 . 1 8  
29.30 


5 3 . 5 8  
6.59 


t 5 . 7 6  
-2.43 
2 5.64 


-26'89 
25 .02  


-31.03 
2 4 . 9 2  


-5.80 0.97 
2 1 . 8 4  20 .87  
- 6.28 
k2.45 
-3.55 11-29 
24.86 + 2 - 2 9  


t 3 . 8 6  
2.12 10.33 


k4.25  k2.00 
-7.94 
i: 3.37 


- 14.13 


-29'13 
2 2.83 
- 27.57 
-I 3-23 
- 58.91 


2 7.49 
- 52.21 
? 5.09 


-29'90 
t 6.54 
- 24.79 
i: 4.45 


-21 .67  0.9903 0.97 25 
2 I .06 


k 1.20 


52 .79  


? 1.88 


t 2.45 


2 1 . 6 5  


-21 '73 0.9871 1.07 17 


-36.01 0-9758 2.59 25 


-34.36 0.9860 1.64 17 


- 14-45 0.9442 2 . 2 1  25 


~ 12.79 0.9640 1.48 17 


X Y Z = X Y Z , , + m V 1 / 1 0 0 + q p ~ / 1 0 + p P F x  1 0 + b p l r l +  an,,, 


2a lC, all solutes 3.98 
22 .39  


2b Aromatics only 9.59 * 30.10 
4a A H ,  all solutes ~ 17.61 


i5.80 
4b Aromatics only 5.97 


1-21.11 
6a TAS, all solutes - 21.42 


"5.86 
6b Aromatics only  - 3.65 


5 17.23 


32.18 
2 2 . 2 3  
25.88 


2 4 . 0 2  
6.01 


r 5.43 
- 1-17 
t 8 . 4 1  


-2.5'82 
t 5.48 
- 26.43 
5 6 . 8 6  


-2 .0  -0.53 
5 0 . 6  20 .71  
-2.1 -1.14 
5 0 . 6  2 2 . 7 9  
- 2 . 6  12.25 
5 1 . 5  t 1 . 7 4  
- 3 . 3  6.07 
2 1 . 3  2 5 . 8 4  
-0.6 12-72 
L 1 . 6  21 .76  
-1.2 7 .15  
2 1 . 1  k4 .76  


- 34.56 
2 2 . 9 7  


- 3 3 . 1 1  
2 3 . 1 8  


- 66.66 
?7.22 


-65.22 
t 6.64 


-32-39 
? 7.29 
- 32.45 
2 5.42 


-22.58 0.9898 1.00 25 
? 1.24 


2 1.28 


1 3 . 0 2  


2 2 . 6 7  


2 3.05 


2 2 . 1 8  


- 2 3 . 3 2  0,9904 0.97 17 


-39.98 0.9785 2.44 25 


-37.09 0.9817 2.02 17 


-17.52 0.9335 2.47 25 


-13.87 0.9584 1-65 17 


. 'Va luer  i i i  italics arc nor staiisticall) signiticanl at ihe 95% confidence Ic\cl by Studem'$ 1-tect 


and 


X Y Z  = XYZo  + mV,/100 + qF2/10 + p P F x  10 + bp, + aa, 


We shall be primarily concerned with the first type, but the second will be considered for 
additional information and verification. The terms V,/lOO, p2/10 and P F x  10 have been scaled 
to put the contributions to X Y Z  on a more comparable basis. In spite of the limited range of 
0, values, the hydrogen bonding terms (bPm, oa,) (Table 2) are consistent between the 'all 
solutes' and corresponding 'aromatics only' correlations, and also between the T*, 6 and PF, 
p 2  correlations. This leads us to believe that m,,, and bPn, contributions are largely independent 
of the other parameters. The cavity term (mV1/100) is also relatively consistent in the various 
A G  and TAS correlations. All the terms are transfer quantities, and represent differences 
between trimethylpentane and water. In the A H  correlations the values are much smaller and 
inconsistent, but the m coefficients are not statistically significant by Student's t test at the 95% 
confidence level (these vaIues are in italics in Table 2). In these correlations the endoergic cavity 
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contribution to AG is determined largely by the cavity term in TAS. It should be noted, 
however, that because of an insufficient variety and number of aliphatic solutes (8 of 2 5 ) ,  there 
are no independent correlations of aliphatic solutes only. It is likely that for aliphatics the 
mV1/lOO contribution to AH would be substantially endothermic, and would make an  
important contribution to the AG cavity term. An unfavorable cavity term is expected 
whenever a solute is transferred from a less cohesive to a more cohesive solvent (Hildebrand 
6 ~ :  trimethylpentane, 6.9; water, 23 -4). Transfers of aliphatic solutes from alkanes to polar 
organic solvents such as from cyclohexane to propylene carbonate also show unfavorable 
cavity terms in AG,  with appreciable contributions from both AH and TAS. The overall cavity 
contribution to this AG is, as expected, smaller than that for transfers to water. 


The very different rnVI/lOO terms in equations ( la )  (Table 2 )  (33-8 kJmo1- l )  and (3a) 
(6-6 kJ mol - ' )  are an  example of possible effects resulting from 'structural' contributions to 
the AH' term, which would lead to more exothermic AH' values. Our  LFER fits to AHo and 
TAS" are significantly poorer than the fits to AGO, but we believe that this probably reflects 
the much greater experimental errors in A H o  and TAS", rather than any intrinsic difficulty in 
handling 'structural' contributions within the LFER framework. 


Free energies of transfer 


The AG values are the most accurate experimentally, and are expected to  be the most readily 
interpreted. Equation ( la ) ,  the 'all solutes' AG of transfer correlation, is only marginally 
improved by the d6 terrn,l3 which is included for comparison. Equations ( l a )  and ( lb )  
('aromatic solutes only') are very similar ( 6  = 1 a 0  for all aromatics, so a d6 term cannot be 
evaluated in equation (lb)] . Transfer to water is favored by increasing xy, pIl, and a,,,, as is 
expected for solutes which can interact with water (but not 2,4,4-trimethylpentane) by 
dipole-dipole effects and by hydrogen bonding. x* terms appear in AG correlations ( l a )  and 
(1 b), and both aliphatic and aromatic solutes show a dependence. This is in contrast to aqueous 
solubility data, l 2  for which the x* term is appreciable for aliphatic but not aromatic solutes. 
The large s / d  ratio [equation ( la ) ]  and the large q / p  ratios [equations ( 2 4  and (2b)l suggest 
that the x* dependence describes a predominantly dipolar effect. However, this is the resultant 
of enthalpic and entropic contributions, which considered separately (see below) give a different 
picture. It is not surprising that there is a substantial term in ua,,,, because water is much more 
basic than 2,2,4-trimethylpentane. This is unlike the situation for octan-1-ol-water 
partitioning, l 9  where water seems to be about as basic as octanol saturated with water, giving 
rise to a small or zero term in mnl. The sizes of the coefficients b and a give no exact indication 
of the acidity difference between water and 2,2,4-trimethylpentane (the solute b coefficient) 
compared with the basicity difference between the solvents (the u coefficient), because om and 
a,,, are not entirely comparable. This results from the derivation of P m  and am from two 
completely independent measurements, and there is no  way of determining whether the basicity 
of a solute with, for example, PI,, = 0.50, is equal to the acidity of a solute with a,,, = 0.50. 


Enthalpies and entropies of transfer 


For solutes with HBD or HBA behavior towards water one expects and observes the AH 
contribution to  be negative, the TAS effect to be negative as a result of the loss of translational 
entropy and the AG term to be negative but less so than AH. There is essentially no  difference 
in behavior between the aliphatic and aromatic solutes, which suggests that hydrogen bonding 
involves the extra-ring functional groups of the latter in preference to the aromatic ring. The 
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SH* term in A H  and TAS is less straightforward. If dipole-dipole interactions were dominant 
than (as with hydrogen bonding) AH would be more negative than AG and TAS would also 
be negative. This seems to be the case for ‘aromatics only,’ but not for ‘all solutes’, but the 
comparison may not be valid because of relatively large uncertainties in some of the s 
Coefficients, and because we are comparing H*, 6 correlations (‘all solutes’) with correlations 
involving T *  alone (‘aromatics only’). If one correlates AH and TAS (‘all solutes’) using a* 
but not 6 (the correlations are poorer), large positive s coefficients result, and a different 
conclusion would be drawn. Perhaps the best information can be derived from the p z ,  PF 
equations (2a), (2b), (4a), (4b), (6a) and (6b). The coefficient 4 of the dipolar term q p 2 / 1 0  is 
indeed more negative in the AH correlation than for the AG, and is also negative for TAS, for 
‘all solutes’ and ‘aromatics only’. Again, however, there are substantial uncertainties in several 
4 values. In AH and TAS correlations for both solute groups [equations (4a), (4b), (6a) and 
(6b)l the polarizability term pPFx 10 is much larger than and of opposite sign to the dipolarity 
term 4gz/10. We tentatively propose that a small exoergic dipolar term favors water, whereas 
the larger endoergic polarizability term (an indication of dispersion interactions between solute 
and solvent) favors 2,2,4-trimethylpentane ( n ~  = 1 e392) over water (nD = 1.333). Overall, the 
polarizability term is much more important than dipolarity in determining AH and TAS. The 
opposite applies to AG, because the polarizability contributions of A H  and TAS nearly cancel, 
whereas the dipolarity contributions do not. 
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ABSTRACT 


The gas-phase pyrazole elimination of N-alkyl pyrazoles has been studied using MNDO semi-empirical 
molecular orbital (MO) theory with complete geometry optimization of all stationary points. We found 
that the activation energies (E,)  of the concerted processes are around 80 kcallmol, 25 kcal/mol higher 
than experimental values. But the differences in E, between compounds with different substituents are in 
good agreement with the experimental ones. 


INTRODUCTION 


We have recently reported that N-aikyl pyrazoles undergo thermal elimination reactions in 
gas-phase affording pyrazole and the corresponding olefin' (Scheme 1). Besides, we have 
reported the activation parameters for N-ethyl, N-sec-butyl, N-rerr-butyl and N-ethyl-33- 
dimethyl pyrazole which support a unimolecular process through a five-membered cyclic 
transition state. In addition the experimental results show a low sensitivity of the activation 
energy to 01 and @ carbon substitutions by alkyl groups.' 


I: R1 - R2 = R3 - H I1 b: R1 - R3 - H; R p  C2H5 


I1 a: R1 - H; R2 - R3 - CH3 111: R1 R2 - CH3; Rj - H 


Scheme 1 .  Reaction mechanism for the elimination reaction of N-alkyl pyrazoles 
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Since these reactions belong to a new class of gas-phase thermal elimination through a 
transition state which is midway from alkyl halides and carboxylic esters (four- and 
six-membered transition states respectively) it was interesting to explore a theoretical 
approach for the reaction coordinate of these reactions. Here we report the results of a 
MNDO calculation for the reaction coordinate of N-ethyl [I], N-sec-butyl [11] and N-tert-butyl 
pyrazole [III]. 


PROCEDURE 


All calculations were carried out with a TANDY 1200-3000 personal computer by using the 
MNDO semi-empirical molecular orbital procedure described by Dewar et aL3 


Standard initial values were used for the geometry parameters of the  molecule^.^ 
RHF calculations were carried out with complete geometry optimization with no 


geometrical constraints using the standard gradients methods. 


RESULTS AND DISCUSSION 


In all cases the AHf calculated values are around 25 kcal/mol higher than the experimental 
ones. We think that this is due to the overestimation of non-bonded repulsions in crowded 
systems inherent in the MNDO methods.’ Nevertheless it has been recently reported6.’ that 
the MNDO has a tendency to overestimate repulsive interactions between atoms when the 
distance between them is 1.5-2 times the length of a corresponding covalent bond. 


Table 1 .  Calculated and experimental values for the AH# 
and E, resp. (all values in kcal/mol) 


a. 


Compound AH+ (talc.) AH# (app.) A ( A H # )  


I 83.60 83-60 
3.1 


IIa 77.25 


IIb 82.67 
11 80.50 


1.6 
111 78.91 78-91 


b. 


I 56.0 


11 54.2 


m 53.0 


1-8 


1-2 
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On the other hand, we have performed a calculation of CI-H elimination from ethyl 
chloride giving a A H S  = 96.1 kcal/mol against an experimental value of around 60kcal/mol.H 
The difference, around 36 kcal/mol, is consistent with the difference found between 
experimental and calculated values of AH# for N-alkyl pyrazoles considering that the 
transition state in the first case is a four-membered ring rather than a five-membered ring in 
the pyrazole elimination from N-alkyl pyrazoles.. 


However, the differences in AH# for I, I1 and 111 agree quite well with the activation energy 
previously reported for the same compounds (Table 1). 


In the case of 11, there are two alternative elimination pathways, either through a methylene 
hydrogen (11a) or through a methyl hydrogen (IIb) (Table la); both possibilities have been 
calculated obtaining different E, values and these do not agree very well with the experimental 
results which are in a statistical ratio 2:3 for the 2-butene and 1-butene respectively. We have 
no experimental evidence on geometric isomers distribution for the 2-butene formation. The 
calculations of 1Ia were carried out only for the rrans isomer and perhaps the difference in 
energy may be attributed to the contribution of the cis isomer. Thus we can not obtain, at 
present, further advances in comparing these theoretical results with the experimental ones. 


The apparent E, of I1 has been calculated as the weighted average of the 11s and IIb results. 
In addition we found that a-carbon atoms are highly positive charged, meanwhile the 


p-carbon atoms are negatively charged (see Table 2); hence the transition states must be highly 
polarized. These results agree with those proposed by Benson er aL9 for four-center cyclic 
transition states in HX elimination from alkyl halides and for six-membered cyclic transition 
states. lo 


Table 2. Calculated charges for a and fl carbon 
atoms 


Compound a-carbon &carbon 


i 
IIb 
111 


0.26 -0.50 
0.22 -0.45 
0-17 -0.45 


Maccoll er af. , * I  Barton er af. '' and Benson er aL9 have studied in detail the kinetics of HX 
eliminations from a large number of differently substituted bromides and chlorides showing 
that the E,, and therefore the rate constant, are very sensitive to the substitution on the 
a-carbon atom. 


A similar behavior can be clearly envisaged from our results comparing the A H Z  values 
obtained for I, IIb and 111 (with secondary, tertiary and quaternary cw-carbon atoms resp.) 
which are 83-60, 82.67 and 78.91 kcal/mol respectively. 


On the other hand, the optimized geometries for I, I1 and 111, their transition states and 
products are shown in stick figures form and in spheres form in Figure 1 and Figure 2 
respectively. (For further geometry parameters information ask the authors.) 


A plot of energy vs. reaction coordinate for I, I1 and 111 is shown in Figure 3. From this 
figure it can be seen that the transition state is highly asynchronic and is placed at a point 
where the N-H bond length is near the equilibrium value for pyrazole, in agreement with the 
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I 


I Ia 


IIb 


A B C 


A a C 


A B C 


A El C 
Figure 1. Optimized geometries for I, 11, and 111. A, Reactants; B, Transition states; C, Products. (in stick form) 
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I 


I Ia 


IIb 


A B C 


:igure 2. Optimized geometries for I, 11, and 111. A, Reactants; 9, Transition states; C, Products. (in spheres form) 
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a .d 


U 


a 


i 
i 


1.3 


. a  
1 


K H  bond IenHth <A)  


Figure 3. Calculated enthalpy profile 


I 213 3!3 r!  3 5!3 61 3 
N-C bond length CAngstrOms> 


Figure 4. Contour diagram for N-ethyl pyrazole 
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results of Dewar et aL6 where they found a tendency of MNDO to predict unsymmetrical 
geometries for the transition states of pericyclic reactions. This fact can be clearly envisaged in 
Figure 4 where the N-H bond length is plotted vs. the C-N one. 
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ABSTRACT 
Characteristic vector analysis of a set of six physical and empirical parameters of 103 commonly used 
organic solvents (bp, E,, p., nD, ET, and 6) gives four vectors describing 95% of the total data variability. 
Non-hierarchical cluster analysis, applied to our results, leads to ten separate classes of organic solvents. 


INTRODUCTION 


Solvent effects on chemical and physical processes, i.e. reaction rates and chemical equilibria 
as well as spectral absorptions, have been intensively investigated during the last decades, but 
there are still no reliable and precise methods for their quantitative description and prediction. 
Organic chemists have usually attempted to explain solvent effects on chemical reactivity and 
spectral absorption in terms of the so-called ‘solvent polarity’, using macroscopic physical 
solvent parameters (e.g. dielectric constant, dipole moment, index of refraction) as well as 
molecular-microscopic empirical parameters derived from carefully selected solvent- 
dependent reference processes (e.g. Y, Z, ET (30), x*) as solvent polarity measures.’a-h A 
great number of various empirical solvent polarity scales are known. However, due to the 
complexity of the soluteholvent interactions the search for a unique and general scale of 
solvent polarity was not entirely successful until now. 


Solute/solvent interactions can be roughly divided into specific and nonspecific ones.’a The 
latter comprise directional, inductive, and dispersion forces; specific solute/solvent 
interactions include hydrogen-bonding, electron-pair donor/acceptor, and solvophobic 
interactions. In this respect, it is rather surprising that, despite the complexity of solute/solvent 
interactions, very frequently linear relationships are obtained between solvent-dependent 
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processes and single empirical parameters of solvent polarity.'" The chance that 
solvent-dependent processes will follow such a linear relationship depends strongly on the 
proper choice of the solvent polarity parameter and thus on the underlying reference process. 


Therefore, multiparameter approaches were suggested which describe solvent effects on 
chemical and physical processes by more than one solvent parameter in the corresponding 
regression equation. The first of such multiparameter equations has been tried out by 
Katritzky and  colleague^,^ who were followed by Koppel and Palm' and many other authors; 
see References 1-3, 6 and 7 for reviews. 


A rational application of multiparameter equations of the type 


D = Do + alXl + a2X2 + ... + a,X, (1) 


requires an a priori knowledge of the complexity of the studied solvent-dedependent 
phenomena, and sets of appropriate explanatory solvent parameters Xl, X2,  ... X,, for the 
various types of solute/solvent interactions. The number of the solvent-dependent data D (Do 
for the gas-phase or a reference solvent) used in the regression analysis has to exceed greatly 
the number of the explanatory solvent parameters. To reach a mathematical solution which 
reflects the chemical complexity of the investigated phenomenon, one has to be sure that 
multicolinearity of the explanatory solvent parameters is not important. Otherwise, the 
regression coefficients al, a2, ... a, are meaningless. To fulfill all these precautions at once is 
rather difficult and rarely possible. Various empirical solvent polarity scales are mutually 
linearly related,'.8 and this fact limits the value of multiparameter regression analysis 
considerably. 


The awareness of these limitations turned investigators to different statistical approaches 
such as characteristic vector analysis (CVA)9 or principal component analysis (PCA). lo  These 
mathematical analyses start with a given matrix of experimental data (e.g. various scales of 
solvent parameters) and lead finally to the minimum number of orthogonal principal 
component scores and principal component loadings which can reproduce the original data 
set. Applications of this mathematical tool in solving the problem of quantitative evaluation of 
solvent effects on chemical and physical processes are not numerous. We can refer to the 
publications by Chastrette et al. ,* Krygowski and Fawcett,6 Sjostrom and Wold," Cramer," 
Bohle et al. ,13 Svoboda et al. l4 and Carlson et al. .15 In some of these papers, the data matrices 
used were incomplete. In all papers, between two and five principal components were 
generated mathematically and more or less well explained chemically. 


The aim of this paper is to perform characteristic vector analysis with a set of six physical 
and empirical solvent parameters of 103 commonly used organic solvents, and to classify these 
solvents in a multidimensional space of principal axes using non-hierarchical cluster analysis.'6 


DATA COLLECTING AND PROCESSING 


First, we selected more than 120 frequently used organic solvents, covering a wide range of 
physical and chemical properties, and tried to collect all relevant and important physical and 
empirical solvent parameters. Unfortunately, this data matrix contained many empty places. 
Eventually, we decided to choose only a full data matrix without any empty places.17 In this 
way, we ended up with a data matrix of size 103 x 6 including 103 solvents and six solvent 
parameters (cf. Table 1). 


In the calculation, we used the following solvent parameters: boiling point (bp), dielectric 
constant (E,), dipole moment (p), refractive index (nD), normalized EF-values (derived from a 
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Table 1 .  Solvents and their physical and empirical parameters on which characteristic vector analysis was 
performed 


E; 
a) b) 


bp/OC cr P ~b 6n Solvents 


Water 
Formamide 
l12-Ethanediol 
Methanol 
- N-Methyl f ormamide 
Diethylene glycol 
Triethylene glycol 
2-Methoxyethanol 
Tetraethyleneglycol 
E-Methylacetamide 


Ethanol 
2- Aminoe than01 
Acetic acid 
Benzyl alcohol 
1-Propanol 
1-Butanol 
1-Pentanol 
2-Methyl-1 -propano1 
3-Methyl-1-butanol 
2-Propanol 


2 -But an01 
(22) Cyclohexanol 
(23) Propylene carbonate 
(24) 2-Pentanol 
(25) Nitromethane 
(26) Acetonitrile 
(27) 3-Pentanol 
(28) Dimethylsulfoxide 
(29) Aniline 
(30) Sulfolane 


Acetic anhydride 
2-Methyl-2-propanol 
Dimethylformamide 
Dimethylacetamide 
Propane nitrile 
1-Methylpyrrolidin- 
2-one 


Acetone 
Nitrobenzene 
Cyanobenzene 
1,2-Diarninoethane 


1.2-Dichloroethane 
2-Butanone 
Acetophenone 
2-Methyl-2-pentanol 
2-Pentanone 
Dichloromethane 
Morpholine 
HMPT 
3-Methyl-2-butanone 
Pyridine 
Methyl acetate 
Cyclohexanone 
4-Methyl-2-pentanone 
1,l-Dichloroethane 
Qu ino 1 ine 
3-Pentanone 
Chloroform 
3,3-Dimethyl-2- 


bu tanone 
2,4-Dimethyl-3- 


pentanone 
Diethylene glycol 


dimethyl ether 


100.00 
210.50 
198.00 
64.70 
182.50 
244.80 
278.30 
124.60 
327.30 
206.70 


78.50 
71 .DO 
17.90 
05.30 
97.40 
17.20 
37.80 
08.10 
30.50 
82.40 


99.50 
161.10 
241.70 
118.90 
101.20 
81 -60 
116.10 
189.00 
184.40 
285.00 


139.50 
82.30 
152.30 
166.10 
97.30 
202.00 
56.20 
210.80 
190.70 
116.50 


83.50 
79.60 
202.60 
102.00 
102.40 
39.80 


235.00 
94.20 
115.50 
56.30 
155.70 
116.80 
57.30 
238.00 
101.70 
61.70 
106.30 


124.50 


162.50 


128.30 


78.30 
11-00 
37.70 
32.70 
82.40 
30.90 
23.40 
16.93 
19.70 
79.00 


24.55 
37.72 
6.15 
13.10 
20.33 
17.51 
13.90 
17.93 
14.70 
19.92 


16.56 
15.00 
64.92 
14.72 
35.87 
36.00 
14.02 
46.70 
6.89 
43.30 


20.70 
12.47 
37.00 
37.78 
27.20 
32.00 
20.70 
34.82 
25.20 
12.90 


10.36 
18.51 
17.39 
5.82 
15.45 
8.93 
7.42 
29.60 
15.87 
12.30 
6.68 
18.30 
13.11 
10.00 
9.00 
17.00 
4.81 
13.10 


17.20 


5.80 


5.90 1.33 48.13 
11.20 1.45 39.30 
7.60 1.43 29.10 
5.70 1.33 29.70 
12.90 1.43 20.30 
7.70 1.45 29.13 
10.00 1.45 21.90 
6.80 1.40 22.10 
10.80 1.46 20.30*) 
14.70 1.43 29.90 


5.80 
7.60 
5.60 
5.50 
5.50 
5.80 
5.70 
6.00 
6.10 


.36 26.14 


.45 31.80 


.37 20.70 


.54 24.80 


.38 24.91 


.40 23.73 


.41 22.30 


.40 21.50 
-41 22.50 


5.50 1.38 23.50 


5.50 1.40 22.10 
6.20 1.46 23.30 
16.50 1.42 27.30 
5.50 1.41 22.00 
11-90 1.38 26.00 
13.70 1.34 24.77 
5.50 1.41 20.80 
3.70 1.48 24.50 
5.00 1.59 21.10 


1 .oo 
0.80 
0.79 
0.76 
0.72 
0.71 
0.70 
0.67 
0.66 
0.66 


0.65 
0.65 
0.65 
0.62 
0.62 
0.60 
0.57 
0.57 
0.57 
0.55 


0.51 
0.50 
0.49 
0.49 
0.48 
0.46 
0.46 
0.44 
0.42 


5.70 1.48 25.45**) 0.41 


9.40 1.39 21.10 
5.50 1.39 21.70 
3.00 1.43 24.80 
2.40 1.44 22.10 
1.90 1.37 22.10 
3.90 1.47 23.10 
9.50 1.36 
13.40 1.56 
13.50 1.53 
6.30 1.46 


6.20 1.44 
9.20 1.38 
9.90 1.54 
5.70 1.40 
9.00 1.39 
5.20 1.42 
5.00 1.45 
18.50 1.46 
9.20 1.39 
7.90 1.51 


20.50 
20.50 
17.20 
25.20 


20.00 
19.00 
21.65 
19.60 
18.20 
20.21 
22.10 
21.50 
17.20*) 
21.70 


5.40 1.36 19.60 
10.00 1.45 20.30 
9.20 1.40 17.20 
6.60 1.42 18.30 
7.30 1.63 22.10 
9.40 1.39 18.00 0.26 
3.80 1.45 19.42 **)0.26 
9.30 1.40 16.95 0.26 


0.41 
0.39 
0.40 
0.40 
0.40 
0.35 
0.35 
0.35 
0.35 
0.35 


0.35 
0.33 
0.33 
0.32 
0.32 
0.31 
0.32 
0.31 
0.31 
0.30 
0.29 
0.28 
0.27 
0.27 
0.27 


9.20 1.40 16.40 0.25 


6.60 1.41 19-30 .0.24 
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(Table 1 continued) 


a) b, E; bp/OC cr P "D 6n Solvents 


Diethyl carbonate 
1.2-Dimethoxyethane 
1,2-Dichlorobenzene 
Ethyl acetate 
Fluorobenzene 
2,6-Dimethyl-4- 


heptanone 
Iodobenzene 
Chlorobenzene 
Bromobenzene 
Tetrahydrofuran 


Me thoxybenzene 
l,l,l-Trichloroethane 
1,4-Dioxane 
Trichloroethene 
Piperidine 
Diphenyl ether 
Benzene 
1,2-Dimethylbenzene 
1,4-Dimethylbenzene 
1,3-Dimethylbenzene 


Diethyl ether 
Di-i-propyl ether 
Di-n-butyl ether 
Carbon disulfide 
Methylcyclohexane 
Tetrachloroethene 
Toluene 
Triethylamine 
Mesitylene 
Tetrachloromethane 


Cyclohexane 
n-Hexane 
n-Butyronitrile 
1.3-Dichlorobenzene 
Ethyl benzoate 
1-Octanol 
2,2,2-Trifluoro- 


ethanol 
Trifluoroacetic acid 
Diethylamine 
n-Pentane 


Cyclopentane 
- n-kle p t ane 
- cis-Decalin 


126.80 
85.00 
180.50 
77.10 
85.10 
169.40 
188.30 
131.70 
155.90 
66.00 


155.00 
74.10 
101.30 
87.20 
106.40 
257.90 
80.10 
144.40 
138.30 
139.10 


34.50 
68.30 
142.20 
46.20 
100.90 
121 -20 
110.60 
89.30 
164.70 
76.50 


80.70 
68.70 
118.00 
173.00 
213.00 
194.40 
74.00 


72.40 
56.30 
36.10 


49.20 
98.40 
194.60 


2.82 3.00 
7.20 5.70 
9.93 7.60 
6.02 6.30 
5.42 4.90 
9.91 8.90 
4.63 4.60 
5.62 5.10 
5.40 5.20 
7.58 5.80 


4.33 4.20 
7.53 5.20 
2.21 1.50 
3.42 2.70 
5.80 4.00 
3.69 3.90 
2.28 0.00 
2.57 1.50 
2.27 0.00 
2.37 1.00 


4.34 4.30 
3.88 4.20 
3.08 3.90 
2.64 0.00 
2.02 0.00 
2.30 0.00 
2.38 1.40 
2.42 2.90 
2.28 0.00 
2.24 0.00 


2.02 0.00 
1.88 0.00 


20.30 11.90 
5.04 4.b0 
6.02 6.60 
10.34 5.90 
26.14 8.40 


8.55 7.60 
3.58 3.70 
1.84 0.00 


1.97 0.00 
1.92 0.00 
2.15 0.00 


1.38 
1.38 
1.55 
1.37 
1.47 
1.41 
1.62 
1.52 
1.56 
1.40 


1.52 
1.44 
1.42 
1.48 
1.45 
1.58 
1.50 
1.51 
1.50 
1.50 


1.35 
1.37 
1.40 
1.63 
1.42 
1.51 
1.50 
1.40 
1.50 
1.46 


1.43 
1.37 
1.38 
1.55 
1.50 
1.43 
1.29 


1.29 
1.39 
1.36 


1.41 
1.39 
1.48 


18.00 0.24 
17.60 0.23 
20.56 0.23 
18.60 0.23 
18.56 0.19 
16.00 0.23 
20.70 0.17 
19.81 0.19 
20.19 0.18 
20.30 0.21 


19.50 0.20 
17.40 * )  0.17 
20.72 0.16 
19.00 0.16 
17.80 0.15 
20.66 0.14 
18.74 0.11 
18.00 0.07 
17.94 0.07 
18.00 0.07 


15.10 0.12 
14.40 0.08 
15.90 0.07 
20.29 0.06 
15.99 0.01 
19.00 0.10 
18.23 0.10 
15.18 0.04 
18.00 0.07 
17.49 0.05 


16.78 0.01 
14.87 0.01 
21.50 0.38 
20.00 0.18 
19.95 0.23 
21.10 **) 0.54 
25.25 **) 0.90 


21.58 1.08 
16.40 0.15 
14.36 0.01 


16.57 0.01 
15.20 0.01 
18-80 0.01 


In units of lom3' C m. b' In units of MPa1'2. Data for dH  are from 
reference (la), except those marked with * )  and **) which are 
taken from references (19) and (8c), respectively. 
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solvatochromic pyridinium-N-phenolate betaine dye)," and Hildebrand's cohesion parameter 
All physical data were collected from recently published s o ~ r c e s ~ ~ * ' ~  and are presented 


in Table 1 .  
The @-values can be considered as solvent Lewis acidity parameters. ' Unfortunately, it 


was not possible to include a solvent Lewis basicity parameter into the calculations because of 
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a lack of data. Commonly used Lewis basicity scales such as the donor numbers DN 
(Gutmann), and -AH&,-values (Gal, Maria), the BMeoD-values (Koppel, Palm),5 and the 
p-values (Kamlet, Taft)’ are known for a limited number of solvents only (see Reference l a  
for a review). In particular, they are not known for all solvents of Table 1. Provided that only a 
full dsta matrix without empty places should be used, the inclusion of a solvent Lewis basicity 
parameter would considerably reduce the number of solvents, and the solvent classification 
derived therefrom would be less valid. 


The method of characteristic vector or principal component analysis has been described 
previously,’ and only a brief description will be given here. Solvent parameters P for i = 
1,2, .. . n scales and m = 1,2, . . . k solvents form a data matrix of format ism. The experimental 
data matrix can be approximated by the CVA, equation (2 ) ,  


pi., = p, + VlqiLm,l + ... + Vl.dLm,l + Ez.m (2) 


where the characteristic vectors V are specific to the variation of scales i, and L ,  the 
characteristic vector loadings, describe their magnitudes which must be added to the mean 
data vector p, in order to reconstitute the experimental solvent parameter set. Characteristic 
vectors V are contained in the matrix V (i,l), and their loadings in the matrix t (mJ). The 
number of characteristic vectors, I, existing in space is equal to, or less than the number of 
solvent scales in the data set, n. The first characteristic vector is defined as the linear 
combination of variables which has the maximum variance of all linear functions derivable 
from the given variables. The second characteristic vector is the linear combination of 
variables having the maximum variance of all linear functions of the given variables that are 
orthogonal to the first characteristic vector, and so on. 


The importance of the particular characteristic vector is measured by the percentage of the 
total variability (TV) explained by this vector, % TV, and by the variance of the difference E , , ~  
between the experimental and the reconstituted data matrix. 


An appropriate program has been executed with the computer ODRA 1305. With the 
resulting matrix of characteristic vector loadings a standard non-hierarchical cluster analysis 
has been carried out using the ICL-1900 package.16 The classification started initially with 15 
solvent classes, the number of which was reduced by a mathematical analysis averaging the 
distance of points in a six-dimensional space. The advantage of this method is that, being 
non-hierarchical, it distributes all the individual solvents at a completely new classification 
level. The degree of fit in non-hierarchical cluster analyses can be measured by F statistics and 
is best if F = max. Finally, ten clusters of solvents appeared in the multidimensional space as 
the best solution (cf. Scheme 1). 


RESULTS AND DISCUSSION 


Starting with the experimental data matrix of the size 103 x 6 which includes the numerical 
data of boiling point bp, dielectric constant E ~ ,  dipole moment p, refractive index nD,18 the 
empirical solvent parameter EF.lc and Hildebrand’s cohesion parameter bH1* for 103 organic 
solvents (cf. Table l), the solvent classification given in Scheme 1 was finally obtained. As 
indicated by the correlation coefficients r given in Table 2, the mutual linear correlation 
between the six solvent parameters chosen is rather poor, as desired. The best, but still poor, 
correlation exists between BH and EF ( r  = 0.7640) as well as BH and E, ( r  = 0.6210). 


All the experimental solvent data, distributed over a six-dimensional space, can be 
described by only six characteristic vectors. The first characteristic vector accounts for 46.2% 
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Table 2. Correlation coefficients r for the mutual linear correla- 
tion between the six solvent parameters used in the characteristic 


vector analysis (cf. Table 1) 


bP Er F RD 6H ETN 


bp 1-oooO 0.3166 0.4634 0.5208 0.2844 0.2463 
Er I*oooO 0.5732 -0.1053 0.5690 0.5321 
P 1.ooOO -0-1006 0.3789 0.5104 
nD 1-ooOO -0.0737 -0.3357 
6H 1.oooO 0.7444 
ETN 1-oooO 


of the total data variability, the second for more than 28.2%, and the third for about 13%. All 
three vectors together describe 88.0% of the total data variability. Inclusion of a fourth 
characteristic vector increases this amount to 95%. The unexplained residue is less than 10% 
of the bp and EF-scale, less than 5% of the p and nD-scale, and less than 2% for the 8” and 
&,-scale. 


The resulting matrix of the characteristic vector loadings has then been used to conduct a 
non-hierarchical classification of the 103 organic solvents. To reduce the computer execution 
time, the classification started with the fifteen solvent classes and stopped with one. The 
goodness of classification was expressed by the function F, which reaches a maximum when 
the classification is best from the statistical point of view. A compromise between statistical 
demands and chemical sense forced us to accept finally only ten solvent classes (with F = 
2.0771) and not twelve (with F = 2.3249). 


This classification of solvents into ten classes (A)-(K) is presented in Scheme 1, together 
with the proposed group headings. Strange placements of solvents according to this 
classification are indicated by an asterisk. The solvent which is closest to the class center of 
each solvent class is underlined. 


According to Scheme 1, hydrogen-bond donor solvents (i.e. HBD or protic solvents) form 
two different classes (A) and (B). One of them, called ‘strongly associated HBD-solvents’, 
reasonably includes water, N-methyl amides and amides, various ethylene glycols, and as a 
strange member 1-octanol [no. (96) in Table 11. The grouping of (B) into three subclasses 
(a)-(c) is due to the difference in the magnitude of the characteristic vector loading The 
other class of HBD solvents, (A), includes highly acidic and common carboxylic acids and 
alcohols. The high acidity of the HBD-solvents no. (97) and (98) is caused by the CF3 group. 
Only two common alcohols, r-butanol (32) and c-pentanol (44) are surprisingly found in 
another solvent class (G), maybe due to steric hindrance of hydrogen-bonding. 


There are two classes, (C) and (D), of dipolar aprotic, i.e. dipolar non-HBD solvents: one 
of them, (C), includes highly polarizable dipolar non-HBD solvents such as propylene 
carbonate, DMSO, HMPT, and DMF, centered around 1-methylpyrrolidin-2-one. The other 
class (D) consists mainly of ketones and nitriles, centered around 3-pentanone. 


Satisfactorily, class (D) does not contain aromatic solvents, in contrast to the analogous 
class of ‘aprotic highly dipolar (AHD) solvents’ in Chastrette’s classification.” 


Dipolar aromatic solvents flock together in class (E), which includes mono- and 
disubstituted benzenes with electron-donating and electron-attracting substituents, pyridine 
and quinoline, the high polarizability of which may be similar to that of aromatic solvents. 
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This class (E) is well-separated from class (H) containing less dipolar and apolar aromatic 
solvents such as benzene and its methyl derivatives. The two perhalohydrocarbons no. (86) 
and (90) found in class (H) are also apolar (p = 0) but their high polarizability seems to be 
similar to that of aromatic solvents. 


Electro-pair donor (EPD) solvents such as ethers and amines, centered around 
triethylamine, form class (F) together with the aliphatic hydrocarbons. Presumably, this 
grouping stems from the fact that the six solvent parameters of Table 1 are not suitable to 
differentiate solvents according to their Lewis basicity. Introduction of an additional 
parameter of Lewis basicity should lead to a separation of the two solvent groups in class (F). 
In Chastrette's classification scheme the aliphatic hydrocarbons are also found in the group of 
EPD solvents.& 


The majority of halohydrocarbons constitutes class (G), centered around 1,1,1- 
trichloroethane, with solvents no. (32), (44), (40), (65), (70), (51), (47), and (75) as strange 
members. Fluorobenzene (65) should be located in class (E), and solvents no. (40), (70), (47), 
and (75) in class (F). 


Class (I) consists of six solvents which appear to have nothing in common; finally CS2 (84) 
forms a separate class (K). 


Altogether, 91 of the 103 organic solvents listed in Table 1 (i.e. 89%) are ordered into nine 
classes (A)-(]) which correlate to some extent with the chemist's intuition, by using a purely 
statistical method without any premises. The intuitive solvent classification of Parkerla (i.e. 
protiddipolar aprotic/apolar aprotic solvents) can be recognized in Scheme 1. 


The relative position of solvents in the multidimensional space gives information on the 
similarities and dissimilarities between the solvents. Solvents with similar properties are 
located close to each other in the space and form solvent classes. However, solvents located in 
between or at the border of such classes can be sometimes statistically classified against 
chemical intuition. Therefore, the results of purely statistical methods such as characteristic 
vector analysis need testing and interpretation by a chemist. 


The information given by characteristic vector analysis on the systematic variation in the 
solvent space can be used in different ways: (i) to classify solvents into classes of solvents with 
similar properties; (ii) to select a representative, typical solvent for each solvent class 
(underlined in Scheme 1); (iii) to select solvents with properties disirnilar to other solvents as 
much as possible, using maximum distances in the solvent space; and (iv) to select the best 
solvent for a particular chemical reaction by application of the simplex strategy in a 
three-dimensional solvent space.*" 


The results given in Scheme 1, and in References 8,12-15, should not be considered as final 
solutions of the solvent classification problem. It is very likely that the characteristic vector 
projection will change if other solvents or new physical solvent properties and empirical 
solvent scales are used in the calculations. It should be stressed, however, that our results, 
given in Scheme 1, are essentially similar to those obtained by Chastrette ct al. ,& in spite of the 
fact that we started with a different number of solvents with different sets of solvent 
parameters. 


An analysis of the plot of characteristic vector values V,  versus V, is shown in Figure 1. This 
plot indicates that the V ,  axis is mainly explained by E ~ ,  p, and aH, whereas the V ,  axis is 
strongly correlated with nD. This means that solvent dipolarity and polarizability are the most 
important descriptors. E$ and bp seem to correlate well with both axes. A plot of the 
corresponding vector loadings L2 and L I  gives a very complicated figure due to the large 
number of points. In a first approximation, this planar plot reflects the results of the 
non-hierarchical cluster analysis quite well. More information can be gained by a detailed 
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64 . 8 c, 


2 6 10 
"1 - 


Figure 1 .  Characteristic vector values V, versus VL 


exploration of these data for a particular solvent class with respect to the chemical structure of 
the solvents. For example, class (A) of HBD solvents includes various alcohols and two 
carboxylic acids. L1 varies very little in this solvent class, as compared to the large variation in 
L2. The magnitude of L2 depends mainly on the polarizability as measured by the molar 
refraction RM = (n2 - 1)Vm/(n2 + 2). This is shown in Figure 2a and reflects the influence of 
the structure of the alkyl group (fert < is0 < sec < normal). Consequently, methanol has the 
lowest value of L2 among the alcohols. Cyclohexanol(22) and the substituted alcohols (3), (8), 
and (12) do not follow the curve given in Figure 2a. On the same curve one can find points for 
the three nitriles (26), (35) and (93). A similar pattern can be seem for the dipolar non-HBD 
solvents of class (D). Again, the distribution of points along the L ,  axis is rather small, and the 
main variation occurs in a similar fashion as for alcohols and nitriles. Only cyclohexanone does 
not follow the curve for ketones. 


2.2 


L 
-0.1 0 0.1 


L2 - 
Figure 2a. Characteristic vector loadings versus molar refraction, RMr for 17 solvents (0 alcohols, 0 nitriles); 


cyclohexanol (22) excluded. Solvent numbering as in Table 1 
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RM 
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A different picture can be seen for alkanes and cycloalkanes, for which L1 and L2 values 
vary in a similar way. A corresponding plot of molar refraction RM versus L2 for these solvents 
is given in Figure 2b. 


1 1 , 


- 
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59 1 i A 85 


92 7 53 A91 X 52 


100 0 7"'". 
/x L2 


1 ° 3  -0.1 0 0.1 


Lz - 
Figure 2b. Characteristic vector loadings J+ versus molar refraction, RM, for 14 solvents ( X  ketones, 0 alkanes, A 


cycloalkanes). The curve represents the ketones; cyclohexanone (52) excluded. Solvent numhering as in Table 1 


CONCLUSION 


In conclusion, the present work illustrates the possibility of getting a fairly reasonable 
classification of organic solvents by application of purely statistical methods, i.e. characteristic 
vector analysis and non-hierarchical cluster analysis, to a matrix of 103 solvents with six 
physical and empirical solvent parameters. No other premises are needed, but the results 
deserve interpretation by a chemist, particularly in the case of the borderline behavior of some 
solvents. Certain limitations are obvious (solvents in wrong places; difficult interpretation of 
characteristic vector loadings with respect to chemical structure), particularly due to the 
limited number of physical and empirical solvent parameters, which do not express all possible 
solute/solvent interactions. In spite of these limitations, the solvent classification obtained in 
this work is very similar to those obtained by other authors with other sets of solvents and 
solvent parameters. '4 '*-I5 
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THERMODYNAMIC AND SPECTROSCOPIC PROPERTIES 
OF 2-PYRROLIDINONES. 3. * NMR SPECTROSCOPIC 


SOLVENTS 
STUDIES ON 2-PYRROLIDINONE IN DIFFERENT 


P. RUOSTESUO, P. PIRILA-HONKANEN AND L. HEIKKINEN 
Department of Chemistry, University of Oulu, SF-90570 Oulu, Finland 


ABSTRACT 


'H, 13C, "N and "0 NMR chemical shifts, 'JNH and ' J C H  coupling constants and line widths ( A v l / 2 )  
of the "N and "0 resonance lines were determined for 2-pyrrolidinone neat and for several 
2-pyrrolidinone-solvent systems. The "0 NMR chemical shift of 2-pyrrolidinone was clearly most 
sensitive to the solvent effects, but changes with the solvent were also observable in the I3C (C=O) and 


N NMR chemical shifts, the ' J N H  coupling constants and especially the line widths of the 14N and ''0 
resonance lines. In general, the results reflected a hydrogen bonding effect between the oxygen atom of 
2-pyrrolidinone and the proton-donating solvents and a weak molecular interaction of the NH proton of 
2-pyrrolidinone with the proton-accepting solvents. The results are compared with the NMR data for the 
corresponding binary mixtures of 1 -ethyl-2-pyrrolidinone. 


15 


INTRODUCTION 


Lactams have attracted special interest among chemists since they include important antibiotics 
such as penicillin. The molecular interactions in lactam mixtures are relevant to the 
pharmacological and other prospective uses of these compounds and also to a fuller 
understanding of their chemical properties. 


In earlier studies on  the polarity, complex formation and important spectroscopic properties 
of several carboxamides, sulphonamides and sulphinamides, '-' we confirmed the usefulness of 
multinuclear N M R  spectroscopy as a tool for investigating the molecular interactions between 
the solute-solute and solute-solvent molecules. Quadrupolar nuclei such as I7O and 14N are 
particularly sensitive probes of their environments. 


Systematic investigations of the hydrogen bonding of N-substituted 2-pyrrolidinones, 
1 -methyl-2-pyrrolidinone and 1 -phenyl-2-pyrrolidinone and its derivatives substituted in the 
benzene ring with various proton donors have been made in our  l a b o r a t ~ r y . ~ ~ ~  In this work we 
extended our studies to 2-pyrrolidinone, neat and  in various solvents, using N M R  spectroscopy 
to obtain detailed information on its interactions in solvent systems. 


* For Part 2, see P. Ruostesuo and P. Pirila-Honkanen, submitted for publication, J. Sol. Chern. 
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I 
H 


2-Pyrrolidinone ( 1 )  


The 2-pyrrolidinone molecule (1 ) contains two different types of interacting groups, a 
carbonyl group possessing electron-donor properties and an NH group possessing electron- 
acceptor properties. Hydrogen bond formation with proton donors occurs through the 
carbonyl oxygen atom, since i n  the IR spectrum the carbonyl band of the complexed lactam 
appears as a shoulder on the low-frequency side of the carbonyl band of the uncomplexed 
lactam. ' Information about the weak acidic properties of the NH groups is obtained from near- 
infrared spectroscopic studies. ' Marked self-association of 2-pyrrolidinone has been 
demonstrated both in precise near-infrared spectroscopic studies and in dielectric 
measurements. lo,' The solute-solute interaction between the 2-pyrrolidinone molecules 
should therefore also be observable in binary and ternary solution mixtures. 


EXPERIMENTAL 


2-Pyrrolidinone (purum, Fluka, Buchs, Switzerland) was distilled above CaO and stored over 
Type 4A molecular sieves. Acetone (analytical-reagent grade, E. Merck, Darmstadt, FRG) was 
first refluxed with KMn04 and, after cooling, N a ~ C 0 3  was added. It was then left to  stand for 
2 h, distilled and preserved over Type 4A molecular sieves. l 3  Dimethyl sulphoxide (purum, 
Fluka) was distilled above CaH2 and preserved over Type 4A molecular sieves. l 3  1,4-Dioxane 
(analytical-reagent grade, E. Merck) was refluxed for 12 h with dilute HC1 under a nitrogen 
atmosphere, dried with K2C03 and then refluxed twice with sodium and distilled from above 
sodium. l4 Dichloromethane (spectroscopic grade, E. Merck), nitromethane (puriss, Fluka) and 
carbon tetrachloride (IR spectroscopic grade, Fluka) were dried and preserved over Type 4A 
molecular sieves. Chloroform (Uvasol, E. Merck) was used as received. Benzyl alcohol (puriss, 
Fluka) was distilled from above CaO and preserved over Type 4A molecular sieves.13 
2-Propanol (reinst, E. Merck) was refluxed with CaO for 2 h, distilled and preserved over Type 
4A molecular sieves. l 3  2,2,2-Trifluoroethanol (puriss, Fluka) was distilled from above K2C03 
and preserved over Type 4A molecular sieves.' Water was distilled and deionized. 


Samples were prepared in a 1 : 1 molar ratio in the various solvents. All the NMR experiments 
were performed on materials of isotopically natural abundance in the observed nucleus. 
Measurements were made on Jeol JNM FX-100 and Jeol FX-200 NMR spectrometers with 
noise decoupling. An external 'Li lock was used to stabilize the field frequency ratio. 


The I4N, 13C, "N, "0 and 'H NMR spectra were obtained at operating frequencies of 7.14, 
25.00, 10.04, 13-46 and 199.50 MHz, spectral widths of 20, 6, 6, 10 and 3 kHz, pulse widths 
of 56, 7, 10, 30 and 8 1 s  and pulse repetitions of 0.1, 2.5, 8, 0-05 and 5 s, respectively. The 
chemical shifts of the I3C and 'H nuclei are reported relative to internal tetramethylsilane, 
those of the "0 nucleus relative to external water and those of the ''N nucleus relative to  
internal nitromethane doped with Cr(acac)3. All the NMR spectra were recorded at 301 k 2 K 
as especially the "0 NMR chemical shifts are sensitive to temperature. 
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RESULTS AND DISCUSSION 


Table 1 shows the "N, "0 and NH proton NMR chemical shifts and the 'JNH coupling 
constants and the line widths (A VI/Z) of the 170 and I4N resonance lines of 2-pyrrolidinone neat 
and in various solvents. The I3C NMR chemical shifts and the ' J C H  coupling constants are 
presented in Table 2, 'H NMR chemical shifts in Table 3 and the concentration dependences 
of the "N NMR chemical shifts and the line widths ( A V I / Z )  of the I4N resonance lines in 
Table 4. 


Table 1. I5N, "0 and 'H(NH) NMR chemical shifts and ' J N , ,  coupling constants and line widths ( A v l / z )  
of "0 and 14N resonance lines of 2-pyrrolidinone neat and in various solvents at 301 K 


Solvent 


Neat 
Acetone 
Nitromethane 
Dimethyl sulphoxide 
1,4-Dioxane 
Carbon tetrachloride 
Dichloromethane 
Chloroform 
Benzyl alcohol 
2-Propanol 
Water 
2,2,2-TrifluoroethanoI 


262.2 
264.1 
264.9 
263.4 
263.8 
261.7 
262.6 
261.8 
260.4 
262-2 
260- 1 
260.9 


282 
289 
282 
29 1 
288 
284 
283 
27 3 
274 
275 
27 1 
268 


7.94 
7.80 
7.70 
7.70 
7.78 
8.20 
7.93 
8.02 
7-78 
7-93  
7-77 
7.70 


92.2 
92.4 
92.4 
92-5  
92.4 
92.9 
92.3 
91 -1 
93.0 
92.8 
92.7 
93.1 


330; 265" 
138 
158 
253; 172" 
344; 430b 
660 
172 
487; 516b 
875 
258 
379 
273 


1174 
396 
417 
559 
435 
659 
430 
485 
41 7 
545 
796 
664 


"At 313 K .  
b A t  296 K .  


Table 2. 13C chemical shifts and carbon-proton coupling constants of 2-pyrrolidinone neat and in 
various solvents at 301 K 


6I3C (PPW 'JCH (Hz) 


Solvent c - 2  c - 3  c - 4  c - 5  c - 3  c - 4  c - 5  


Neat 


Acetone 
Nitromethane 
Dimethyl sulphoxide 
1,4-Dioxane 
Carbon tetrachloride 
Dichloromethane 
Chloroform 
Benzyl alcohol 
2-Propanol 
Water 
2,2,2-TrifluoroethanoI 


179.4 30.6 21.3 
(179.4=) ( 3 0 ~ 3 ~ )  (20.8") 
179.3 30-6 21.4 
180.2 30.8 21.5 
178.2 30.2 20.8 
179.4 30.5 21.3 
178.6 30.1 20.7 
179.5 30.7 21.2 
179.4 30.4 20.9 
179.8 30.3 20.7 
179.5 30.6 21-1 
180.6 30.8 21.2 
181 *7  31.1 21 *6 


42.7 133.8 133.5 142.0 


42.6 133.9 134.0 142.7 
43-1 133.8 133.1 142.1 
41.9 132-1 132.1 142.1 
42.6 133.3 133-3 141.8 
42.2 133.3 133.1 141.4 
42.7 132.3 134.3 141.6 
42.5 133.3 133.5 142.1 
42.4 135.3 134.5 141.4 
42.7 134.5 135.3 142-1 
43.1 134.4 133.5 142.6 
43.6 132.6 134.8 142.1 


(42 -4")  


"from Ref. 17. 
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Table 3. 'H NMR chemical shifts (ppm) for 
2-pyrrolidinone neat and in various solvents at 301 K 


Solvent H-3 H-4 H-5 


Neat 
Acetone 
Nitromethane 
Dimethyl sulphoxide 
1,4-Dioxane 
Carbon tetrachloride 
Dichloromethane 
Chloroform 
2-Propanol 
Water 
2,2,2-TrifluoroethanoI 


2-17 
2.12 
2.17 
2-11 
2.14 
2.14 
2.18 
2.25 
2.19 
2.25 
2-26 


2.05 
2.06 
2.07 
2.02 
2-03 
2.08 
2.06 
2.10 
2.06 
2.09 
2.10 


3.30 
3.31 
3.33 
3.26 
3-29 
3.36 
3.33 
3.36 
3.32 
3.36 
3.37 


Table 4. Concentration dependence of "N NMR chemical shifts 
and line widths of the 14N resonance lines of 2-pyrrolidinone in 


various mixtures at 301 K 


-6ISN A v I / ~ ( ' ~ N )  
Solvent X a m i d e  (PPm) (Hz) 


Acetone 0.3072 
0.4995 
0.7051 
0.8038 
1 * 0000 


Dimethyl sulphoxide 0.3038 
0.4987 
0.6956 
0.8030 
1 * 0000 


Carbon tetrachloride 0.1664 
0.5025 
0.7926 
1 .oooo 


265.1 
264.1 
263.6 
263.3 
262.7 
263.8 
263.5 
263.1 
263.0 
262.7 


525 
659 


1069 
1174 


The I3C NMR results are in good agreement with those of Fronza et at. l 5  and Marchal et 
al. l6 for lactam. The 13C NMR chemical shift of the carbonyl carbon of neat 2-pyrrolidinone 
is 179.4 ppm (Table 2)," which means that this carbon is slightly less shielded than in 
1-ethyl-2-pyrrolidinone (173 - 3 ppm) and 1-methyl-2-pyrrolidinone (173 a9 ppm). The effect of 
the proton-donating solvent on the chemical shift of this carbon is also smaller for the 
2-pyrrolidinone-2,2,2-trifluoroethanol mixture (2 3 ppm towards higher frequencies) than for 
the corresponding 1-methyl-2-pyrrolidinone (3 * 2 ppm) and 1-ethyl-2-pyrrolidinone (2.7 ppm) 
mixtures. Together these results show that the electron density of the carbonyl carbon is lower 
in neat 2-pyrrolidinone than in neat 1-methyl-2-pyrrolidinone and 1 -ethyl-2-pyrrolidinone. 
Proton-donating solvents further decrease the electron density of the carbonyl carbon in 
2-pyrrolidinone, as in 1-methyl-2-pyrrolidinone and 1-ethyl-2-pyrrolidinone. 
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The direct participation of the oxygen atom of 2-pyrrolidinone in the intermolecular 
hydrogen bonding suggests that "0 NMR spectroscopy would be a useful tool in studying the 
molecular interaction properties of 2-pyrrolidinone in mixtures. The shielding order of the "0 
nucleus of the carbonyl group is opposite to the shielding order of the carbon atom in the three 
lactams being compared. The most highly shielded oxygen atom is in 2-pyrrolidinone (282 ppm) 
and the shielding decreases from 294 ppm in 1-methyl-2-pyrrolidinone to 300 ppm in 
1-ethyl-2-pyrrolidinone. ' 


In general, the solvent effect on the NMR chemical shift of the "0 nucleus is notable 
(Table l) ,  being 14 ppm towards lower frequencies for the 2-pyrrolidinone-2,2,2-trifluoro- 
ethanol mixture compared with neat 2-pyrrolidinone. As already noted, hydrogen bond 
formation occurs through the oxygen atom of 2-pyrrolidinone, so that the shielding of the 
carbonyl oxygen atom increases in a proton-donating solvent and the amide resonance shifts 
more to the right: 


On the other hand, the "N nucleus is more shielded in the neat amide (-262.2 ppm) than 
in 2-pyrrolidinone-2,2,2-trifluoroethanol ( - 260.9 ppm) mixture, in agreement with the 
resonance form (b). A basic solvent, such as acetone, dimethyl sulphoxide or 1,4-dioxane, can 
interact with the NH proton of 2-pyrrolidinone, as is reflected in the greater shielding of the 
15N nucleus in 2-pyrrolidinone-basic solvent mixtures than in the neat amide. 


From the above, the NH proton appears to  be a sensitive probe for the study of specific 
molecular interactions, e.g. hydrogen bonding, in 2-pyrrolidinone mixtures. The nitrogen 
proton signal is normally fairly broad, however, because of a 'H- I4N scalar interaction, which 
is time modulated by the rapid relaxation of the quadrupolar 14N nucleus. A hydrogen bonding 
interaction at the amide proton would induce a shift of this proton signal towards lower or 
higher frequencies, depending on whether the interaction is weaker or stronger than the 
hydrogen bond interaction between self-associated 2-pyrrolidinone molecules. The 'H(NH) 
NMR chemical shifts of 2-pyrrolidinone neat and in various solvents (Table 1) clearly show that 
both the proton-accepting and the proton-donating solvents have a structure-breaking effect on 
2-pyrrolidinone association; the signal of the N H  proton is shifted towards lower frequencies 
in both the basic and acidic solvents (Table 1). Table 3 shows that the NMR chemical shifts 
of the other protons of the 2-pyrrolidinone ring are nearly independent of the solvent, within 
experimental error. The only exception is proton 3 adjacent to  the carbonyl group, the NMR 
chemical shift of which parallels the "N NMR chemical shift in moving slightly towards higher 
frequencies in proton-donating solvents and towards lower frequencies in electron-donating 
solvents, compared with the neat amide. 


The effects of solvents on NMR coupling constants are usually small. The values of ' J~H-I~c  
of CHC13 increase markedly, however, on formation of a hydrogen bond. Significant changes 
in the JNH values of aniline and related compounds with the solvent are also described in the 
literature. l9 It was of interest in this work, therefore, to  look for changes in the J N H  value with 
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change of the solvent in 2-pyrrolidinone-solvent mixtures. In the case of trigonal bonding to 
nitrogen, as in amides, the JNH value usually lies at about 90 Hz and varies with the solvent 
over a range comparable to that of  the substituent effects.20 As shown for acetamides, through 
enhanced delocalization, the protonation of amides increases the JNH Table 1 
shows a clear increase in the ' J N H  values of 2-pyrrolidinone in various solvents in proton- 
donating solvents whose proton donor ability exceeds that of the NH group of 2-pyrrolidinone. 
The values are about the same in some of the solvents as in the neat amide, but they increase 
again in the proton-accepting solvents, reflecting changes in the self-associated species of 
2-pyrrolidinone in mixtures. los ' l  


In all the experiments on mixtures discribed above we used a 1 : 1 molar ratio of amide to 
solvent. In an inert solvent such as carbon tetrachloride, however, the amount of self-associated 
species of 2-pyrrolidinone varies with the concentration of the amide. There is therefore both 
a concentration and a solvent dependence of the "N nuclear screening of 2-pyrrolidinone 
(Table 4). This is seen in the movement of the "N N M R  chemical shift from -265.1 to 
- 262.7 ppm for the Xamlde = 0.3072 mixture in acetone compared with the neat amide. The 
difference is smaller in dimethyl sulphoxide ( -  1 - 1  ppm), which is a more basic solvent. 
However, both of these aprotic solvents increase the shielding of the I5N nucleus relative to 
the neat amide (Fig. 1). In  general, the results show that the addition of a basic (or electron- 
donor) solvent, e.g. acetone or dimethyl sulphoxide, to 2-pyrrolidinone disturbs the self- 
association of 2-pyrrolidinone more in a dilute amide solution (the molar fraction of the solvent 
is then the greatest) than in a more concentrated solution. 


Whereas "N nuclei give sharp resonance lines, allowing accurate frequency measurements, 
N NMR studies suffer from quadrupoIar line broadening. The line widths of I4N resonance 


signals increase markedly and systematically with increased concentration of 2-pyrrolidinone 
in carbon tetrachloride, however (Fig. 2a), perhaps owing to the increasing amount of self- 
associated species of 2-pyrrolidinone. "*" They also increase with increasing amounts of 
proton-donating solvent-amide (2,2,2-trifluorethanol: amide = 1 : 1) or proton-accepting 
solvent-amide mixture (dimethyl sulphoxide : amide = I : 1 )  in carbon tetrachloride (Fig. 2b) 
and c), but less so than for corresponding increases in the amounts of the pure amide in carbon 
tetrachloride. The amount of self-associated species and the presence of other hydrogen- 
bonding partners therefore affect both the line widths and the chemical shifts of various nuclei 
of 2-pyrrolidinone. 
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Figure 1.  I5N NMR chemical shifts for (a) 2-pyrrolidinone-acetone mixture and (b) 2-pyrrolidinone-dimethyl 
sulphoxide mixture as a function of the molar fraction of the amide 
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Figure 2. ''N line widths for (a) 2-pyrrolidinone in carbon tetrachloride vs volume fraction of the a&de, (b) 
2-pyrrolidinone-2,2,2-trifluorethanol mixture (molar ratio = 1 : I )  in carbon tetrachloride vs volume fraction of the 
mixture and (c) 2-pyrrolidinone-dimethyl sulpnoxide mixture (molar ratio = I : I )  in carbon tetrachloride vs volume 


fraction of the mixture 


Taken together, the NMR spectroscopic results in Tables 1-4 clearly demonstrate the nature 
of molecular interactions between the solute-solute and the solute-solvent molecules in 
2-pyrrolidinone-solvent systems. The situation is complex, however, because proton-donating 
and proton-accepting solvents disturb the self-association of 2-pyrrolidinone in different ways. 
The forces of interaction may also be dielectric in nature. In view of this, Kamlet et al. 23 used 
a polarity-polarizability (T * )  parameter in addition to the hydrogen-bond donor (a) and 
hydrogen-bond acceptor ( p )  parameters. Thus, 


6 = 6 " + S T * + U C Y + b j 3  (1) 


where 6 = NMR chemical shift of the nuclei and s, u and b are constants obtained by fitting 
Eqn (1) to the experimental results and applying multiple linear regression analysis. 


For the ''N NMR chemical shifts of 2-pyrrolidinone, Eqn (1) takes the form 


6 = - 264.07 + 1 *06n* + 2 . 0 7 ~ ~  - 0.576 


6 = 280.3 + 8 .  In* - 14.301 + 3.56 


(2) 


and for the "0 NMR chemical shifts of 2-pyrrolidinone the form 


(3) 


Equations (2) and (3) show that both the dielectric and hydrogen-bonding interactions occur 
in the mixtures used in this study, the most dominant solvent effect being the hydrogen-bond 
donor property of the solvent on the carbonyl oxygen atom of 2-pyrrolidinone. 
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In addition to the changes in the 1 7 0  and "N NMR chemical shifts of 2-pyrrolidinone with 
the solvent, there are smaller differences in the other NMR parameters: the 'JNH values tend 
to increase with the proton-donating ability of the solvent, and the NH proton and C-2 and 
C-3 chemical shifts change in response to the different electronic densities on the atoms of 
2-pyrrolidinone induced by the solvents. Most sensitive to the solvent, however, are the line 
widths of the "0 and "N resonance lines, the former ranging from 138 to 487 Hz and the latter 
from very broad (1174 Hz for neat pyrrolidinone) to 396 Hz in our experiments. 
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School of Chemical Sciences, University of Georgia, A Ihens, GA 30602, USA 


ABSTRACT 


The MM2 force field has been extended so that calculations may be carried out 'on  siloxanes. The 
parameters chosen give a good fit to available experimental data. 


INTRODUCTION 


The MM2 force field was first published in 1977,293 and described molecular mechanics 
calculations on  hydrocarbon^.^ [The original version of the MM2 program, MM2(77), together 
with an operations manual, is available from the Quantum Chemistry Program Exchange, 
University of Indiana, Bloomington, IN 47401, USA). A later version which includes the 
subroutines designed to deal with conjugated systems, including those described in this paper, 
MM2(85), and an operations manual are available to commercial users from Molecular Design, 
Ltd, 2132 Farallon Dr., San Leandro, CA 94577, USA, and to academic users from the 
Quantum Chemistry Program Exchange, Department of Chemistry, University of Indiana, 
Bloomington, IN 47405, USA.] The calculations were subsequently extended to all of the 
common functional classes of organic molecules. A recent paper dealt with silanes. Silicon 
is more often found in an oxidized state than in the silane state, and this paper records the 
necessary parameters that were developed to permit calculations on molecules of the siloxane 
type. 


Since this work was completed, another research group has published MM2 parameters 
explicitly for siloxanes. Grigoras and Lane"' used ab initio calculations and a slightly modified 
version of MM2 to develop molecular mechanics parameters for siloxanes and other 
organosilicon compounds. In this work we utilized, exclusively, published experimental data. 


ELECTRONIC AND STRUCTURAL PROPERTIES 


In contrast to the silanes, the siloxanes exhibit a number of unusual structural and physical 
properties which had been ascribed, until recently, to the interactions of the oxygen lone pairs 
with the higher empty orbitals on silicon. 


* This paper is taken from Ref. 1. 
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One of the more dramatic effects in silicon structural chemistry occurs not in the siloxanes 
but in silylamines. Trisilylamine is found to be planar with SiNSi bond angles of 120" instead 
of pyramidal with bond angles close to tetrahedral. In addition, the SiN bond length is found 
to be 0-06 A shorter than that predicted by the Schomaker-Stevenson equation." 
[Discrepancies from the Schomaker-Stevenson equation are often cited as evidence of effects 
on bond lengths other than differences in electronegativity, which the equation is supposed to 
take account of: rAB = rA + rB - 0.08 1 X A  - XB I ,  where rAB is the expected bond length, r A  


and r~ are the covalent radii for the atoms A and B and X,A and X B  are the Pauling 
electronegativities (see Ref. 1 1). ] Tris(trimethylsily1)amine has no basic properties, which 
implies a strong interaction of silicon with the nitrogen lone pair.I2 


The siloxanes themselves also exhibit unusual structural effects. For instance, the average 
SiO bond length for the siloxanes (1.63 A) is shorter than that predicted by the 
Schomaker-Stevenson equation (1.69 A ) ,  i.e. a shortening of 0.06 A." Also, the SiOSi 
angles in disiloxane and hexamethyldisiloxane have been determined to be wide, 144" and 149", 
respectively, compared with the corresponding hydrocarbons, 112" and 123", respectively. l 3  


This is in spite of the reduced steric repulsions expected because the Si-0 bond is considerably 
longer thar. the C--0 bond (1.63 A and 1.41 A ,  respectively). 


Another interesting feature of this class of compounds is the unexpectedly low dipole 
moments. Dimethyl ether has a dipole moment of 1 *31 D compared with 0.99 D (calculated) 
for disilyl ether. l4 Now, some of this difference is undoubtedly due to the wider bond angle, 
but the bond moment parameter that we derived from experimental dipole moments of simple, 
low molecular weight siloxanes is smaller than the similarly derived parametcr for hydrocarbon 
ethers (0.40 vs 0-44 D, respectively). This occurs in spite of the longer SiO bond length relative 
to CC and the larger difference in electronegativity ( X O  - Xsi = 1.70 and X O  - XC = 1.0, 
Pauling scale). 


Finally, the SiO bond appears to be much stronger than would be expected. Vibrational 
spectra give force constants from 5.0 to 6 . 2  mdyne ,kl.''-'' Using the Seibert equation, this 
corresponds to a bond order of about 1 *45. (The Seibert equation is f = 7.2ZAZ~/nAnB, where 
f i s  the force-constant for an ideal single bond A-B, ZA and ZB are the atomic numbers and 
nA and nB are the principle quantum numbers for atoms A and B.j. 


It had been generally accepted that these effects were due to (p-d) a interactions.' Most 
theoreticians now seem to think that (p-d) ?r contributions to the observed structural features 
are minimal at best, 7 , 1 8 9 1 9  although there continues to be discussion of this point. ' O S 2 *  In any 
case, the final outcome of the debate may not be relevant to molecular mechanics. The results 
obtained here seem to indicate that structural properties of siloxanes may be calculated from 
molecular mechanics without direct consideration of electronic properties except as described. 


RESULTS AND DISCUSSION 


The parameters arrived at for treating the siloxanes are given in Table 1. The calculated and 
experimental structures which were studied in this work are summarized in Table 2. Unless 
explicitly stated, all staggered and symmetrical torsional geometries were assumed. 


The parameters here differ significantly from and are not directly comparable to the 
parameters developed by Grigoras and Lane, 7*8 with the exception of the stretching force 
constants. The differences are easily explained. The bending energy function of Grigoras and 
Lane' utilizes a cubic anharmonic term whose coefficients were optimized for each different 
angle type. Thus A-Si-B would have a different anharmonicity correction than A-Si-C, 
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Table 1. Force field parameters for the siloxanesaXb 


Bond Dipole 


Bond U 


0-Si  -0.40 


Stretching 


Bond lo k, (MM2) k, (exp .I Ref. 
- 


SiO 1.626 5-50 5.1,  5,6, 5.9 15-17 
cc 
Sic '  


Polarization correction for silicon = 0.015 A 
Polarization correction for oxygen = - 0.020 A 


Bending 


Angle 8 0  ke (MM2) k0 (Lit .) Type Ref. 


SiOSi 145.7 0.15 0.10, 0.15, 0.09 All 15-17 
OSiO 113-5 0.45 All 
CSiO 108.5 0.10 - All ~ 


OSiH 109-5 0.07 - Al I 
SiO(LP) 97.5 0.35 - All 
COSi 114.6 0.40 


~ - 


- 


- 
- All - 


Torsion 


Dihedral angle v1 v2 v3 


CCOSi 
HCOSi 
COSiC 
COSiH 
HCOSi 
OSiCC 
OSiCH 
COSiO 
(LP)OSiC 
HSiO(LP) 
CSiO(LP) 
CSiOSi 
OSiOSi 
OSiO(LP) 
HSiOSi 
HCSiO 


0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 


0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 


0.40 
0.40 
0.23 
0.132 
0.40 
0.167 
0.210 
0.15 
0.0 
0.0 
0-0 
0-  10 
0.10 
0.0 
0.10 
0-22 


a Parameters not mentioned are already in the program [MM2(85)]. See Introduction. The full current MM2 
parameter set is available from N.L.A. on request. Units: distances, A ;  dipole moments, D; bending angles, degrees; 
stretching constants, mdyn A - I ;  bending constants, mdyn A rad-*; torsional constants, kcal mol- ' deg-I. 


Oxygen here is atom type 6 ,  and has two lone pairs attached. 
A bond length correction added to the indicated bond due to the attachment of the indicated heteroatom; see 


discussion of polarization effects. 







Table 2. The siloxanesa 


Compound 
Structural 


feature Experimental MM2 


Disiloxane, SiH30SiH3 


Hexamethyldisiloxane, MesSiOSiMe3 


Hexamethylcyclotrisiloxane, (MezSiO):, 


Octamethylcyclotetrasiloxane, (MezSiO)4 


Cyclotetrasiloxane, (SiH20)4 


Methoxysilane, CH30SiH3 


Methoxytrimethylsilane, MeOSiMe3 


1,l-Dimethoxy- I -silacyclohexane 


SiO 
SiH 
SiOSi 
HSiO 
SiH 
Dipole 


SiO 
S ic  
OSiC 
CSiC 
SiOSi 
Dipole 


SiO 
S ic  
SiOSi 
OSiO 
Symm. 


SiO 
Sic 
SiOSi 
OSiO 
CSiC 
Symm . 
SiO 
SiH 
OSiO 
SiOSi 
Symm. 


SiO 
co 
COSi 
HSiH 
Barrier(Si0) 
Dipole 
SiO 
co 
Sic  
SiOC 
OSiC 
SiCH 
Barrier(Si0) 
Barrier(SiC) 
Dipole 
SiO 
cc 
CSi 
co 
CSiC 
COSi 
OSiO 


1*634(2)(ED)” 
1 .486( 10) 


144- l(9) 
109 1 9( 13) 
109- 1 (1 3) 
- 


1 . 626(2)(XR)23 
1 .85 1{4) 


108.9(2) 


148-8(2) 
0.78 


1 0635(ED)~~ 
1.845 


131.6(4) 
107 8(7) 


110.1(2) 


- 


1 -622(3) (ED)24 
1 * 844(3) 


144.8( 12) 
110-0(18) 
11 1 - 2( 18) 


- 


1 .628(4) (ED)25 
1 -48 


112.0 
148.6 


s 4  


I ~ O ( E D )  26 


1.418 
120.6 
110.1 


1 9 lo2’ 
1*16514 


1.639(4)(ED)’* 
1 *423(4) 
1 * 864(4) 


122.5(6) 
108.6(2) 
110.5 


1 - 0 2 ~ ~  
2.1429 
1-1830 


1 .632(2)(ED)30 
1 -527(3) 
1 * 866(2) 
1.408(2) 


107 - 4(2) 
122.3(2) 
123 O(4) 


1.627 
1.489 


145.0 
110.3 
108.7 


0.993 


1.628 
1.860 


108.6 
110.3 
147.5 


0.63 


1.641 
1.844 


131.3 
107.0 
c3 v 


1.631 
1.846 


145.2 
110.5 
110.4 
s4 


1.629 
1.49 


111.8 
143.7 
s4 


1.631 
1.418 


120-9 
108.6 


1.11 
1.145 


1.632 
1.417 
1.861 


122.1 
109.1 
- 
1.01 
2.01 
1.15 


1.635 
1.539 
1.856 
1-417 


103.2 
121-6 
113.9 


a Units: bond lengths, A;  bond angles, degrees; conformational barriers (‘barrier’), kcal mol-’; dipole moments, D. 
ED = electron diffraction; XR =x-ray. 
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and there is such an additional parameter for each bending degree of freedom. The MM2 
program used in this work utilizes a sextic term and has a fixed coefficient for all angle types, 
and comes into play only when bending is very severe, which it is not in any compounds 
discussed here. This means that neither the ke nor the 00 values are directly comparable to 
Grigoras and Lane's parameters. In order to reduce the total number of parameters needed for 
the siloxanes, Grigoras and Lane' also chose not to utilize torsional potentials at all for simple 
siloxanes. This meant that the van der Waals (non-bonded) potentials had to  be adjusted to 
reproduce satisfactorily the preferred conformations and torsional energies. Van der Waals 
radii were increased by 20% and the hardness factors were reduced by a smaller amount. 
However, utilizing these van der Waals parameters required that bonded interactions be 
separated mathematically from non-bonded (torsional) interactions during minimization, 
otherwise the geometries became too distorted. This strategy could prove useful in structural 
studies involving non-cyclic, relatively unstrained structures such as the acyclic siloxanes, where 
one would expect the torsional - bending interactions in the normal energy minimization to 
be small and where development of all of the torsional terms required would be an especially 
heavy burden. 


The bending parameters in general tend to be smaller than the related parameters involving 
ether fragments. However, this is consistent with a number of experimental observations made 
about disiloxane, for example, the Si-0-Si bond angle is easily deformed: it possesses a low 
barrier to  linearization (0.30 kcal mol-'), ' I  a low dipole moment and is easily polarized. 32 


Experimentally, it has also observed that a number of the cyclic siloxanes are 'flexible'24 
(perhaps more properly described as having large-amplitude bending vibrations), which would 
also suggest that small bending force constants are appropriate. 


The torsional parameters are also relatively small and barriers are well reproduced using only 
V3 terms. This parallels the observed trend that increasing central bond lengths reduces 
torsional barriers and allows the use of smaller torsional constants. 


Polarization corrections to the S ic  bond length 


Examination of the SIC bond lengths in Table 2 indicates the shortness of the bonds relative 
to the same bonds in the simple silanes.6 This is another example of the polarization effect 
discussed The C-C bond in an ether is also shortened (by about 0.008 A 3 3 )  by this 
effect. In the siloxanes, we found that a correction of about -0-020 A needed to be added 
to the natural bond length ( l o )  of an Si-C bond if an oxygen atom were attached to the silicon 
end of the bond (no information is available on attachments to the carbon end). For multiple 
substitutions on silicon, the usual treatment applies. 33 


Individual compounds in Table 2 


Hexamethylcyclotrisiloxane 


The workers who investigated this structure concluded that the molecule is very flat and flexible, 
and for this reason, only the conformationally independent structural features were assigned. 24 


In our calculations we assumed the probable conformation (C3,) and worked from there. This 
siloxane was reasonably well fitted. Even the polarization-corrected bond length for the 
dioxygen-substituted S ic  bond (geminally substituted on silicon) is close to the experimental 
value. 
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Octamethylcyclotetrasiloxane and cyclotetrasiloxane 


Again, these structures were reported to be very close to being planar and flexible, so that only 
the conformationally independent features are given. 24,25 Note that in these two compounds 
(in contrast to that above) the SiOSi angle is able to open up to its acyclic value. The methylated 
cyclotetrasiloxane and the parent cyclotetrasiloxane have very similar structures. 


Met h oxysilane 


This compound is interesting because of its relationship to disiloxane; one of the silicons of 
disiloxane is replaced with a carbon, which results in a much smaller angle at oxygen and, in 
fact, the COSi angle in methoxysilane and the SiOSi angle in disiloxane differ by about half 
as much as the difference between the corresponding angles in disiloxane and dimethyl ether. 


The calculated SiO bond length too short by about 0.009 A and the HSiH angle is too small 
by about 1.5".  The barriers to  rotation about the Si-0 bonds are fitted fairly well. There is 
also good agreement between the calculated and experimental structures for the related 
methoxytrimethylsilane. 


1,l -Dimethoxy-1 -silacyclohexane 


The results here are not as good as the qualified successes with most of the other compounds 
in Table 2 if we take the experimental quantities at face value. The calculated C-C bond length 
would be too long even when the polarization correction for a silicon attached to a C-C bond 
is taken to be zero. 


It is clear what is happening here. If we take the analogy of an amino group, which is an 
electron donor under most circumstances, and compare this with a nitro group, we find that 
the latter is a strong electron-withdrawing group. Alternatively, attaching the oxygens to the 
nitrogen makes the nitrogen much more electronegative. The same effect is observed here. The 
silicon of a silane (attached to carbons or hydrogens) is a strong electropositive group. 
However, attaching two oxygen atoms to the silicon converts it into a more electronegative 
group (the electronegativity shortening of a C- C bond by an SiOz group should apparently 
be about zero). The altered electronic character of the silicon atom may also explain why the 
CSiC angle is much more open here (107.4") than that in silacyclohexane itself (104-8").6333 


However, it is not clear that we should take the experimental numbers at face value. In this 
molecule there are a substantial number of bonds which are similar, but different, in length and 
that are not experimentally resolved. Hence the model chosen fits the data to  within the 
standard ,deviations suggested, but the model in fact may be much poorer than indicated by 
those standard deviations. If some bonds are too long and some are too short, the same electron 
diffraction pattern could well be obtained. 


It is not clear why the calculated OSiO angle should be so inaccurate (113.9" vs the 
experimental value of 123.0"). It is true that in assigning the 'natural' or equilibrium value for 
this bond angle we had no acyclic structures to  guide us. On the other hand, the 
octamethylcyclotetrasiloxane has features in common with the acyclics because of its large size 
and flexibility (note that the SiOSi angle in octarnethylcyclotetrasiloxane is close to the acyclic 
value of 145"). Overall, we mimic the structural features of this class well, considering that it 
represents something of a special case. 
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ABSTRACT 


The principal components factors F1 and F2 in the equation 


log K = BDP, + SiF1 + SzF2 


have been used to obtain S1 and Sz values for sets of hydrogen-bond bases against 32 reference 
acidsolvent systems. The constants S1 and Sz define an angle 0 = tan-’ S2/Sl that is a measure of the 
e1ectrostatic:covalent bonding ratio in the hydrogen-bond complex. It is shown that 8 can vary from 53 
(Cfluorophenol in CH2CI2) to 86 degrees (PhzNH in CCI4) depending on the reference acid and solvent. 
This variation in 9 can lead to family dependent behaviour in plots of log K for bases against a given 
reference acid system vs log K for bases against another reference acid system, and precludes the 
construction of any general scale of hydrogen-bond basicity using log K values. Amongst a quite wide 
range of reference acidkolvent systems 0 varies only from 64 to 73 degrees, and for bases against these 
reference systems a ‘reasonably general’ scale could be set up. Such a scale could be extended to bases 
against reference acid/solvent systems outside the 64-73 degree range provided that certain classes of 
base (e.g. pyridines, alkylamines) were excluded from the additional reference acidkolvent systems. 


Over the years there have been constructed numerous scales of basicity, both with respect to 
solutes and to solvents (see e.g. References 1-8). Because there are so many such scales, it is 
immediately clear that there is no completely general scale of basicity. However, it is still 
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possible that within a given area it might be feasible to construct a basicity scale that has some, 
but not total, generality. Suppose we have a basicity dependent property (BDP) that might 
consist of a set of log K values for complexation of a series of bases against a reference acid, or 
of a set of spectral data for an indicator in a series of solvents acting as bases, etc. Then a 
qualitative criterion for a general scale of basicity is that a plot of this basicity dependent 
property, (BDP)”, against any other BDP should yield a single line over the entire series of 
bases studied. Such behaviour is classified as ‘family independent’, in that all bases lie on the 
same line, no matter whether they are oxygen bases, nitrogen bases, etc. On the other hand if 
a plot of (BDP)= against (BDP)’ resulted in a series of lines, one for each family of base, then 
no general basicity scale is possible, and the plot would be classified as ‘family dependent’. 


Although the above considerations are well understood, it has proved difficult to analyse 
these effects quantitatively, although the work of Panchenko and co-workers’ represented a 
notable advance in the analysis of log K data. But recently, Maria, Gal and co-workers“’ have 
resolved this problem in a more general way. In essence, these workers analysed 10 sets of 
thermodynamic and spectroscopic basicity scales by principal component analysis (PCA) and 
showed that 95% of the total variance of the data could be accounted for by only two factors, 
Fl and F2. They suggested that Fl represented a blend of electron delocalization (or covalent) 
and electrostatic effects and that F2 represented essentially an electrostatic effect. Hence if 
some basicity property BDP, for a range of bases is correlated with F, and F2 in the double 
regression equation (l), the constants S1 and S, will reflect the sensitivity of the BDP to the 
covalent effect: electrostatic effect. Furthermore, 


BDP = BDPo + S1Fi + S2F2 (1 )  


an angle 8, defined as tan-’ (S2/S1), will provide a quantitative estimate of the relative amount 
of e1ectrostatic:covalent character in the base-acid complex. Only if 8 is the same for two 
basicity dependent properties, (BDP)” and (BDP)b, will a plot of (BDP)a against (BDP)b be 
linear over all the bases, and show family independent character. The angle 8 contains no 
more information than the ratio Sz/S1, but it is a rather useful quantity for the description of 
e1ectrostatic:covalent character, see Reference 10. But this is exactly the quantitative criterion 
needed to establish the generality or otherwise of basicity dependent properties. Maria, Gal 
and co-workers” then showed that over a wide range of basicity dependent properties, 8 was 
not constant (values ranged from -61 to +77 degrees) and hence that no completely general 
scale of basicity can be set up. 


A rather special area of basicity dependent properties is that of hydrogen-bonding, and an 
even more particular area is hydrogen-bonding in terms of log K values for complexation of a 
series of bases against a reference acid in an inert solvent, equation (2). We therefore set out 
to examine the feasibility of setting up a ‘general’ scale of hydrogen-bond basicity, using only 
log K values, via the Fl and F2 methodology, equation (1). It has been known for 


A-H - -.- - B’ (2) 
K 


+ B’ = 
some time that even within this restricted range of basicity dependent properties, family 
dependent character is found in plots of (BDP)“ against (BDP)b, where BDP = log K, in some 
instances especially when one of the reference acids is a weak Panchenko and 
co-workers’ analysed log K values using the two parameter equation (3); log KpFp is the 
logarithm of the complexation constant against 4-fluorophenol in carbon tetrachloride and log 
KI is the corresponding constant against iodine in either n-heptane or carbon tetrachloride. 
The term in C log KI was taken as a measure of 


log K = log KO + C log KI + B log K p ~ p  (3) 
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covalent interaction and the term in B log KpFp as a measure of electrostatic interaction, so 
that equation (3) is very closely related to equation (1). We note that the f3E f~rmalism, '~ or 
the EIC parameters of Drago et al. ,14 have also been used to investigate the problem of various 
basicity scales. 


Panchenko and co-workers' also showed that when log K values for bases against reference 
acids 5-fluoroindole, chloroform, diphenylamine, and N-methylaniline were plotted against 
log KpFp, family dependent character was observed. However, use of the two parameter 
equation (3) gave good correlations.' Although this work demonstrates that the electrostatic: 
covalent ratio in complexes with the above few weak acids must be substantially different to 
that in complexes with 4-fluorophenol, Panchenko and co-workers' did not attempt to suggest 
any general area in solute hydrogen-bonding that might provide a hydrogen-bond basicity 
scale. Kamlet and ~o-workers'~ later analysed log K values for bases against the same four 
weak acids studied by Panchenko and co-workers, and concluded that log K values contained 
important contributions from dipole-dipole interactions. If we include these latter interactions 
in the long-range electrostatic interaction,16 then this analysis follows closely that of 
Panchenko and co-workers. 


We start with the F, and F2 factors of Maria, Gal and co-workers; these are listed in Table 1 
for the 22 recorded bases. (We omit 1,4-dioxane, because of confusion in the literature as to 
whether or not recorded log K values are statistically corrected, leaving 21 available bases.) In 
many cases, results for all the 22 bases in Table 1 will not be available. Whether or not 
equation (1) can usefully be employed will depend largely on the orthogonality of the resulting 


Table 1. The F, and F2 parameters used in 
this worka 


Base Fi F2 


nitrobenzene -0.89 0.01 
acetonitrile -0.57 -0.04 
diethyl carbonate -0.52 -0.02 
1 ,4-dioxane -0.37 -0-16 


acetone -0.37 -0.02 
cyclohexanone -0.34 0.01 
diethyl ether -0.29 -0.11 
trimethyl phosphate -0.08 0.24 
tetrahydrofuran -0.21 -0.04 
2,6dimethylpyridine 0.47 -0.10 
2,4,6-tnmethylpyndine 0.53 -0.07 
dimethyl sulfoxide 0.15 0.20 


ethyl acetate -0.44 -0.02 


tetramethylurea 0.20 0.11 
N,N-dimethylaniline 0.11 -0.40 
N,N-dimeth ylformamide 0-05 0.12 
N,N-dimethylacetarnide 0.18 0.15 
N-methylpyrrolidone 0.15 0.16 


pyridine 0.42 -0.08 
Cmethylpyridine 0.49 -0.05 
trieth ylamine 0.85 -0.26 


"All values taken from Reference 10. 


hexamethylphosphoramide 0-48 0.38 







Table 2. Log K values used in the analysis* 


e 


1 Phenol 
2 4-fluoro- 


phenol 


phenol 


phenol 


phenol 


phenol 


phenol 


phenol 


phenol 


phenol 
11 4-Methyl- 


phenol 
12 CMethoxy- 


phenol 
13 4-Nitro- 


phenol 
14 4-Nitro- 


phenol 
15 Meleimide 
16 Succinirnide 
17 Methanol 
18 Ethanol 
19 n-Butanol 
20 t-Butanol 
21 l,l,l-Tri- 


3 4-Fluor0- 


4 4-Fluoro- 


5 4-Fluoro- 


6 CFluOrO- 


7 CFluoro- 


8 4-Chlor0- 


9 CBromo- 


10 4-Iodo- 


fluoro- 
ethanol 


22 HFIPt 
23 Water 
24 Trichloro- 


25 Trichloro- 


26 Pyrrole 
27 Indole 


indole 


aniline 


aniline 


amine 


methane 


methane 


28 5-Fluor0- 


29 CBromo- 


30 N-Methyl- 


31 Diphenyl- 


32 B U ~ N H +  


cc14 0.573"$ 0.847' 0.939' 1-033' 1.168' 0*946d 2.196' 1*210d 
CC14m 0.90 1 -09 1.32 1.01 2.45 1 -26" 


GHE 


ChHSCl"' 


O-C~H~CI~"' 1-02 


CICH2CH2CI" 0-52 


CH2CI2"' 


CC4 


CC14 


CC4 


CCI4 


CC4 


cc14 
CH-$Cl3"' 


ccp 
CCYh 
cc14 
eel, cc14 
CC14 
CC14 


cc14 
cc14a* 
CCI4 


C6H12bj 


CC4 
CCI4 
CC14" 


CC14"q 


C6H12 


CCI4 


O - C ~ H ~ C ~ ~ " ~  


0.50 


1.199" 1.385P 


1 -423" 


0-986" 1.037" 


0.716"' 


1 *23 


0.398 
0-301 
0.101"' 


- 
0-743"s 


1 -0204 1.4654 


1.43 1-61 1.70 1-69 


0.602 
0.602 


0. 147"j 0.257'j 0-073ak 0.999"' 
0.015" 0.088"' -0-12tiak 


.0.073a' 0-01.5'' -0. 152dk 
O.84las 0.950"' 0*7LjaS 2.170" 1~002"" 


0.114": 0.263"' 0-079'4 0.04 1 "q 


1 .542'u 1.568"Y 1 -690"" 
0.205 


-0.398'' 


-0-153 -0.107 0.028 


0.279"q 0.362"q 
0-249bq O.33Ob" 0*421bq 


0.75 


-0-031 0.145 


-0.051"' 0.025'' 0.053" 


0*041"" -0-293ho 0.342"q 0.255"" 


1-410 2.410 2.398 


1 .432'" 1 *890"" 
0.117 0.896 


-0.848& -0.448bd 


-0.361 'k -0.221'k 


0-176"q 
O-28Sbs 


0.23 1.49 0.34 


-0-148b' 


-0.301"" 


2.182 


*All values refer to 298 K, except set 29 which are at 293 K.  
tHexa fluoroisopropanol. 
$For all lettered References to this table see page following Table. 







1.892' 2.043' 2.262' 2.134h 
2.53" 2.30 


2.56 


2.20 


2.18 


1 -65 


1.44 


2.703' 2.624s 


2.769' 2.656s 


2.826' 2.658" 


2.176' 2-029' 


2.176' 2-033= 


3.558' 3*483s 


346  3.19 


1-778 
1.813 


0*505am 0-521""' 0-910"' 
0.732"O 


1~781~"  2.170"' 2*OOla0 


3.036"" 3.156" 3.1 14a0 
0.91 1 
0477k 


-04J74bd 


0.442'"' 0.612b" 1.217b" 
1 -3@ 
1-49 1-43 


0.041 0.653 


0*836b' 0.672"s 


1 432' 
0.45 2-06" 


2.30 


1.74 


1.70 


1 -27 


1.18 


2.156' 


2.81 


0-74Oaj 
0.542"' 


0.46281 
1 *613"s 


0.555 
-0*058be 


0*865bo 
1-085b" 


0.17 1-25 


0-398 


-0-337bS 


0*396b0 


2-104h 2.138j 3018.5~ 1.690' 1.821' 
2.38" 3-56" 1-88'' 2.03" 


3.80 2.03 


3.06 1 *60 


3.06 1.63 


2.55 1.29 


2.37 1.26 


2.522" 2.688' 3.785" 2.086' 


2.573" 2.736' 3.924"" 2.076"' 


2.676' 3.955"" 1.934' 


1.913" 2.097" 3-158Id 1.563' 


1,972" 2-130' 3.137"" 1.544' 


3.423" 3.157' 


3.12 2-52 2.78 


1-505 2.407 1-255 1.342 
1 -342 2-225 1.342 1.312 


1.591"" 0.467""' 0.490"" 
0-657h 1.484"" 0-381a' 


0.322"" 
1.204"" 0.16laj 


1 *999a0 3.090"" 1.548"" 


3.182"" 4.37CJ"" 2-7MdW 
0.787 0-963h" 0.415 


-0.058'' 0+Mbg -0*41.?ibh 


0*732b' 0.537 1-075'g -0.039bd 


0.423'"' 0-599'"' 
0-559h 


1.47 2.31 0-75 


0.511 O-OOO 


00867~' 0-117'S 


0.621b' 1.288" 0.176" 0.246'" 


4-491 6.352 3.140 3.510 


1 -8861 
1.93" 


1-99 


1.84 


1-93 


1-70 


1-67 


2.204y 


2.176"' 


2.272"' 


1.726"' 


1-633" 


2.863"' 


0.759' 
0-594a" 
0-398a'' 


0.686 
-0.4.44" 


-0.342 


0.406t.P 


0.53 


-0-495b1 


-0.432aq 


4.568 
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set of Fl and F2 factors. By definition, the correlation coefficient, r ,  between the original set of 
22 F, and F2 factors is zero (and for the 21 bases excluding 1 ,4-dioxane r = -0-040), but if the 
six nitrogen bases in Table 1 are left out, the Fl and F2 factors for the remaining 16 bases are 
now well correlated with t = 0.764, and nothing useful can be obtained through equation (1). 
For reasons we have outlined before, we consider only log K values, equation (2), in our 
BDP's, and list in Table 2 values for as many sets of bases against reference acids as we could 
find, excluding all sets of bases for which the log K values for the nitrogen bases were missing. 
In many cases, more than one experimentally determined log K value was available for a given 
complexation reaction: all the log K values given in Table 2 were taken from a much larger 
database and are known to be reasonably self-consistent. We include in Table 2 values for 
4-fluorophenol in various solvents as separate sets, since we must consider each reference 
acid-solvent system as a separate 'reference acid'. 


Our analysis of the 32 sets in Table 2, using the F1 and F2 parameters in equation (1) is given 
in Table 3. The standard deviations of the constants log KO (equivalent to BDPo), S1 and S2 are 
given, together with our estimated standard deviation in 8. The latter is calculated through 
equations (4) and ( 5 ) ,  where u1 and a2 are the standard deviations in S1 and S2 as given in 
Table 1. 


-1.Okcal mol I (estimated). 


= -3.0kcal mol ' (estimated). 


A. Kivinen, J. Murto and B. Silvennoinen, Acru Chem. S c u d  , Ser. A., 28, 695 (1974). 


o(S~/S~)  180 a(0) = - 
1 + (S*/S,)' Ic 


Since the right hand side of equation (5) is the first term only in a Taylor expansion, the 
equation will yield reasonable estimates of o(0) for cases in which o(S2/Sl) is small. However, 
inspection of Table 2 shows that our computed values of a(8) are usually only around 2 or 3 
degrees. In but two sets, n o s  19 and 30 the overall standard deviation in log K and the 
correlation coefficient are not at all good, and lead to very large computed errors in 8. In the 
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case of n-butanol, this is of little consequence, and in the case of N-methylaniline the set is so 
important that a larger-than-usual error in 9 can be tolerated. Maria, Gal and co-workers” 
listed a number of 0 values for hydrogen-bond complexations. In general, our values agree 
well, however we find a 9 value of 78 for CHC13 in CC14 whereas Maria and Gal record a much 
lower value of 56. We have traced the source of this discrepancy to the data used by Maria and 
Gal, taken from the compilation of log K values by Benoit and Louis.” These workers give log 
K values for complexation some of which are based on molar K values, and some on mol 
fraction K values, so that the overall set of log K values given by Benoit and Louis cannot be 
used as such. There is also a difference for CHCl3 in cyclohexane, we find 8 = 83 for n = 11 
whereas Maria and Gal found 8 = 60 for n = 6. 


Before dealing with hydrogen-bond complexation constants as such, we first compare 0 
values obtained from log K for various BDP’s, see Table 4. Values of 9 for the I2 complexation 
or the H30+ proton transfer are far more negative than any of the hydrogen-bond 0 values we 
have obtained, and show that for both of these acids, there is a much larger covalent character 
in their adducts than with the hydrogen-bond complexes. The difference in 8 between BDP’s 
against 4-fluorophenol (9 = 70) and H30+ (9 = -52) is extremely large, and leads to family 
dependent behaviour in plots of log KpFp vs pKA values in water, as observed many years ago 
by Taft et al. l8.I9 


Our analysis of the hydrogen-bond complexation constants follow on from the above 
results. We know that a substantial difference in 0 for two BDP’s leads to family dependent 
behaviour in plots of (BDP)a against (BDP)b. We know also that a criterion for a general scale 
of hydrogen-bond basicity using log K values is that all the relevant BDP’s should be linearly 
related and should show family independent behaviour. Hence we are now in a position to 
answer the fundamental question, ‘Is it possible to construct a completely general scale of 
solute hydrogen-bond basicity using log K values for complexation in inert solvents, and, if 
not, is it possible to construct a scale that would still cover a wide area without being 
completely general?’ In Table 5 are given 8 values for BDP’s against reference acids in the 
inert solvents CCI4, cyclohexane, and 1,l .l-trichloroethane (TCE). These values range from 
64 up to 86, that is a much smaller range than that encountered in the 4-fluorophenol/H30+ 
plot mentioned above. Thus, although in principle it is clear that 9 alters over the 
hydrogen-bond BDP’s and hence that no completely general scale of solute hydrogen-bond 
basicity can be set up, in practice the loss of chemical information in setting up a general scale 
may be small enough to be tolerated. For example, in a plot of log K against a reference acid 
with 8 = 80 vs log K against a reference acid with 8 = 70, the family dependent behaviour, 
although not very pronounced, is apparent and indicates that if a completely general scale of 
hydrogen-bond basicity were to be set up over the reference acids in Table 5 ,  the scale could 
not reproduce experimental log K values to less than about 0.2 or 0.3 units. An analysis we 
have carried out on published log K values suggests that the so-called level of exhaustive fit is 
about 0.07 units, so that there would be quite a loss in chemical information if a general 
hydrogen-bond scale was set up. Inspection of Table 5 indicates that, somewhat arbitrarily, the 
reference acids can be divided into two groups, with the dividing line between methanol and 
5-fluoroindole. For the large group of reference acids from hexafluoroisopropanol (HFIP) in 
ccI4 to methanol in CC4, 9 varies by only 9 degrees, and plots of (BDP)” vs (BDP)h within 
this set of acids yield essentially family independent behaviour. (Thus Taft et al. I9 showed that 
BDP using log K values for 4-fluorophenol were strictly linear with BDP’s using log K for 
ethanol, methanol, I-naphthol, TFE, phenol and HFIP.) Hence a solute hydrogen-bond 
basicity scale covering quite a large number of reference acids can be set up; in a subsequent 
publication we shall describe the construction of such a ‘reasonably general’ scale,*” and will 
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Table 4. Comparison of 8 values for some 
hydrogen-bond complexation reactions, with 
those for other processes, all based on log K 


values 


Reference Acid Solvent 


Diphenylamine CCI4 
CFluorophenol CC14 
HFIP cc14 
CFluorophenol CH2Clz 
I2 heptane/CCI4 
H30+ H20 


8 


86 
70 
64 
53 


-21" 
-52" 


aReference 10. 


Table 5. Calculated values of 8 for various 
reference acids in some nonpolar solvents 


Reference Acid Solvent 8 


Diphenylamine 
4-Bromoaniline 
N-Methylaniline 
Trichloromethane 
Indole 
t-Butanola 
Pyrrole 
Trichloromethane 
5-Ruoroindole 


Methanol 
TFE 
Maleimide 
4-Methoxyphenol 
CFluorophenol 
Water 
CFluorophenol 
4-Bromophenol 
CChlorophenol 
CNitrophenol 
Phenol 
CIodophenol 
CMethylphenol 
CNitrophenol 
Ethanol 
n-Butanol 
Succinimide 
HFIP 


--______________________ 


CC14 
CCl4 
c6H12 


CC14 
cc14 
CC14 
CC14 
CC14 


CC14 
CC14 
cc14 
CC14 
CC14 
cc14 
GH12 
cc14 
cc14 
CH3CC13 
cc14 
cc14 
cc14 
CC14 
CCt 


C6H12 


.-------__------_--__________. 


cc1; 
CC14 
CC4 


86 
86 


-85 
83 
82 
80 
78 
78 
77 


73 
72 
70 
70 
70 
69 
69 
69 
68 
68 
67 
67 
67 
67 


-67 
65 
64 
64 


._--____ 


"Over a large set of bases, this hydrogen-bonded 
acid behaves as though it was in the lower set of 
acids. 
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then concentrate on chemical aspects. The generality of such a scale can be extended to the 
reference acids with 8 > 73, provided that bases such as pyridines, aliphatic amines, and some 
ethers are excluded. Alternatively, a second, independent, solute basicity scale could be 
constructed based just on log K values against the reference acids from 5-fluorindole to 
diphenylamine. The great advantage of the use of the Fl and F2 factors, equation (l), is that 
sets of bases against various reference acids can be assembled in a quantitative order and 
grouped in terms of the e1ectrostatic:covalent ratio, as in Table 5, where the dashed line is 
intended to separate categories. The varying nature of this ratio, quantitatively given by 8, 
explains why, for example, plots of log K against 4-fluorophenol show family dependent 
behaviour with respect to log K against diphenylamine.’ 


Solvent effects on log K values €or sets of bases against the reference acid 4-fluorophenol 
were first examined by Taft er ~ 1 . ’ ~  These workers showed that as the solvent became more 
polar, there arose systematic deviations in log K values for pyridines and triethylamine 
ascribed to an increased stretching of the OH bond in the 4-fluorophenollpyridine and 
4-fluorophenoVEt3N complexes brought about by the more polar solvents. Later work15 by the 
same group suggested that these solvent effects were due to various solute/solute and 
solute/solvent dipole/dipole interactions. We have mentioned earlier that in the overall 
e1ectrostatic:covalent ratio, the former effect included long range interactions of the 
dipole/dipole type. (betwen dipolar hydrogen-bond acid and dipolar hydrogen-bond base). For 
nonassociated solvents, these interactions are proportional to pA pBk, where pA and pB are 
the dipole moments of the acid and base, and E, is the solvent dielectric constant. Now if, say, 
DMSO(pB = 4-1 D) and EtJN(pB = 0.7 D) complex with 4-fluorophenol partly by long range 
dipole/dipole interactions, the effect of a more polar solvent will be to reduce log K for DMSO 
more than log K for Et3N. If the covalent effect is the same in the two solvents, the decrease in 
the electrostatic interaction will lead to a reduction in the value of 8 on transfer to a more polar 
solvent. In Table 6 is a comparison of the relevant values of 8 and also of S2/S1 with solvent 
dielectric constant. Bearing in mind that 8 is only good to about +4 degrees for the various 
base sets in Table 6, there is a quite reasonable connection between 8 or Sz/Sl and the quantity 
1001~. Thus the same analysis that explains the variation of 8 amongst different reference 
acids, serves also to explain the variation with the same reference acid and different solvents. 
(Values of 8 for 4-nitrophenol in CC14 (E, = 2.015) and TCE (E, = 7-53) are almost identical, 
but this is probably due to the two sets of bases not being well matched.) Although couched in 
other terms, the analyses of Taft er al. 1s,2’ can probably be reworded using our concepts of 
e1ectrostatic:covalent ratios. The results given in Table 6 lead to another important 
conclusion, namely that in the construction of even a ‘reasonably general’ scale of 
hydrogen-bonding basicities, reference acids that give rise to 8 between about 64-73 degrees in 
solvents CCI4 or cyclohexane may have to be excluded when used in other solvents where they 
yield very different 8 values. Thus a set of bases against 4-fluorophenol in chlorobenzene 
would be included in a ‘reasonably general’ scale, Table 5 ,  but would be excluded in 
dichloromethane, at least with regard to bases such as pyridines and alkylamines, (see Table 


We conclude by stating that no completely general scale of solute hydrogen-bonding basicity 
can be constructed, but that it is possible to devise a ‘reasonably general’ scale that could be 
used to reproduce and to predict log K values of all bases against reference acidholvent 
systems with 8 between 64 and 73 degrees, and of certain classes of base against reference 
acid/solvent systems with 8 outside these limits, see Table 5. We note also that the results of 
this investigation into basicity scales has considerable implications with regard to the 
construction of a general scale of solute hydrogen-bond acidity based on log K values. Thus log 


6). 
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Table 6. Comparison of 6 and &/Sir for 
Cfluorophenol reference acid in various sol- 


vents with solvent dielectric constant 


Solvent 0 S,lS, l o o I E ,  


Tetrachloromethane 70 2.79 44-88 
Cyclohexane 69 2-54 49.63 
Chlorobenzene 64 2.03 17.79 
o-Dichlorobenzene 63 1.95 10.07 
1,2-DichIoroethane 57 1.51 9-78 
Dichloromethane 53 1.34 11.20 


~~~ ~ 


K values for acids with 64 < 8 < 73 against all reference bases (at least in solvents CC14 and 
cyclohexane) can be used to define a ‘reasonably general’ hydrogen-bond acidity scale for 
solutes, but log K values for acids with 8 > 77 against particular bases such as pyridines and 
alkylamines cannot be included in this ‘reasonably general’ scale. 
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ANIONIC NUCLEOPHILE-CATION RADICAL COMBINATION 
REACTIONS. THE SUPER-ELECTROPHILIC PROPERTIES OF 


CATION RADICALS IN SOLUTION 


VERNON D. PARKER,* BJORN REITSTOEN AND MATS TILSET-~ 
Department of Chemistry and Biochemistry, Utah State University, Logan, Utah 84322, USA 


ABSTRACT 


Rate constants were determined for the combination reactions of a series of cation radicals derived from 
substituted anthracenes with acetate, p-nitrobenzoate, trifluoroacetate, nitrate and perchlorate ions. Rate 
constants, depending on the identities of the cation radicals and the nucleophiles, ranging from about 200 
to 2 x 10" Imol- ' s - '  were observed in acetonitrile at 293 K .  The key steps in the reaction are (1) 
reversible complex formation between the anion and the cation radical followed by ( 2 )  irreversible bond 
formation. 


A r + ' + X -  S A r + ' / X -  (1 )  
(2) 


The preliminary results show that cation radical-anionic nucleophile reactions can be very facile. The 
cation radicals of 9-nitro- and 9-cyanoanthracene are particularly reactive, giving rise to rate constants 
close to the diffusion-controlled limit with all anionic nucleophile studied and even react moderately 
rapidly with perchlorate ion. The reaction with perchlorate ion can be compared to the behavior of stable 
carbenium ions that coexist with the anion in solution and in crystalline salts. 


A r + ' / X -  + Ar' - X 


1 2 3 


The reactions of cation radicals in solution are of intense current interest. Pertinent 
publications since our reviews have described extensive studies of cation radical acidity, 2 


evidence for a cation radical mechanism for electrophilic aromatic substitution, evidence for 
the existence of carbene cation radicals in s ~ l u t i o n , ~  and conflicting views on the reactivity of 
cation radicals toward nucleophiles. 5 - 7  
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The conflicting views on cation radical-nucleophile reactivity arise from the fact that 
reactions of cation radicals derived from substituted anthracenes (1) and from certain 
heteroaromatic compounds (2) with neutral nucleophiles such as pyridine are often second 
order in cation radical, implicating the formation of dicationic intermediates. ' This has been 
interpreted to be a general phenomenon' and a theoretical explanation was offered. Our earlier 
interpretation ' was that the sometimes slow cation radical-nucleophile kinetics are due to 
unfavourable equilibria involving the stable cation radicals and the nucleophiles rather than 
inherently low reactivity of cation radicals in general. In particular, if the nucleophile has an 
easily expelled proton or is negatively charged, rearrangement of the initially formed n-complex 
to  the covalently bonded adduct would be expected to  be more favorable than further oxidation 
to the dication. It is also important to realize that the early studies purposely employed cation 
radicals of low reactivity in order to make kinetic measurements possible. 


More recently, it has been shown that equilibrium constants for the reactions of 
9,IO-diphenylanthracene dication with nucleophiles are of the order of lozo greater than those 
of the cation radical with the same nucleophiles.6 Hence it appears that the much greater 
reactivity of the dication compared with the cation radical derives from thermodynamic rather 
than intrinsic barriers. Also, it has been shown that cation radicals of 9-phenylanthracene, 
which are unhindered sterically toward nucleophilic attack at the 10-position, undergo reactions 
with nitrogen-centred nucleophiles at rates up to the diffusion-controlled limit. 


We now report kinetic studies of the combinations of transient cation radicals with anionic 
nucleophiles. The cation radicals studied are those derived from a series of substituted 
anthracenes (1). The reactions of the cation radicals with acetate, p-nitrobenzoate, 
trifluoroacetate, nitrate and perchlorate ions were studied in acetonitrile-Bu4N' PF; (0.1 M) 
at 293 K. 


The kinetic methodss-'' used to  study the reactions are illustrated in Figure 1. The derivative 
linear sweep voltammogram (A) is for the oxidation of 9,lO-diphenylanthracene (APh2) 
(0-5  mM) in the presence of p-nitrobenzoate ion (0- 125 mM) at 40 mVs-'. The rate constant 
for the reaction can be calculated from the difference in peak potentials for the prepeak (0;) 
and the main oxidation peak (01).7.8 We shall refer to this as the 'prepeak' method. The 
derivative cyclic voltammogram (B) is for the same process measured at 500 V s - '  with a 
nucleophile concentration of 1 a 0  mM. In this case the rate constant is obtained from Rf , the 
ratio of derivative peak heights Rl/Ol. We shall refer to this method as DCV.9>10 The prepeak 
method is applicable for second-order rate constants ranging from about lo6 rnoll-'s-' up to 
the diffusion-controlled limit while DCV can be applied to reactions having rate constants up 
to about lo7 lmol- 's- ' .  


Prepeaks are a result of the kinetic potential shifts due to reactions of the electrochemically 
generated intermediates with reactants in limiting concentrations. In the present case, a prepeak 
is only observed when insufficient nucleophile is present to react with all the cation radical 
generated in the diffusion layer. The potential of the prepeak depends on the voltage sweep rate 
and as the latter is increased the prepeak moves toward and in the limit merges with the main 
oxidation peak. An additional significant feature of the prepeak method is that the mere 
observation of a prepeak shows that the chemical follow-up reaction is first-order in both the 
electrode generated intermediate and the limiting reagent. ' 


Rate constants for the processes studied are summarized in Table 1.  The values without 
parentheses were obtained by the prepeak method and those in parentheses by DCV. The 
anthracenes are identified by the symbols AR and AR2 when the substituents are in the 9- and 
10- positions, respectively. For example, APh refers to 9-phenylanthracene and APh2 to 
9,lO-diphenylanthracene. AC12-1,5 identifies 1,5-dichloroanthracene. The products of many, 
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Figure 1. Derivative linear sweep and cyclic voltammograms for the oxidation of 9,10-diphenylanthracene (0.5 mhi) 
in CN3CN-Bu4NPF6 (0.1 M) at 293 K, (A) in the presence of OzNC4H1C0; (0.125 mM) at a voltage sweep rate of 
40 m V s - '  and (B) in the presence of O Z N C ~ H ~ C O F )  ( I  .O mM) at a voltage sweep rate of 500  V s - ' ,  The potential 
scale refers to (A) and I '  is the first derivative of the current-potential curve 


Table 1. Second-order rate constant for anion-cation radical combination a 


Cation Nucleophile/log k(1 mol - l s - ' )  
radical 
from CHSOF O Z N C ~ H ~ C O T  CF3C02 NOT C104 


APh2 7.96 6.42 (3.48) (2.34) 


A P h  9.53 9 -  10 6-56 6.18 
AClz 9.11 9.66 6 - 6 4  6-70 
ABrz 9.15 9.48 7.11 6.15 


(7 * 26) 


9.96 9-30  
(6 * 58) 
8.42 7.30 


A N 0 2  10.28 9.86 9.89 8.80 (2.46) 
ACN 10.11 9.99 10.15 9-00 (2-32) 


~ ~ ~~ 


a In CH~CN-BWNPF~ (0. I M) at 293 K. Values in parentheses are from DCV and those 
without parentheses are from prepeak measurements. Acetate ion and p-nitrobenzoate ion 
were used as salts of the corresponding conjugate ion (A-/HA). 


A indicates anthracene and the substituents are in the 9- or 9,lO-positions unless noted 
otherwise; APh is 9-phenylanthracene and APhz is 9,lO-diphenylanthracene. 
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but not all, of the reactions have been characterized and in most cases these are consistent with 
the stoichiometric equation 


2Ar" + 2X- + ArXz + Ar (1) 


as the primary reaction. The final products of the reactions of the cation radicals of AC12-1,5 
and ACN with perchlorate ion are 3 and anthraquinone, respectively. The acetamide derivative 
3 has previously been found to be the major oxidation product from AC12-1,5 under similar 
conditions. The products are readily accounted for by an initial attack of perchlorate ion on 
the cation radical followed by further oxidation, addition and elimination reactions. The 
oxidation of ACN is an overall four-electron process in which 9-hydroxy-10-cyanoanthracene 
is presumably an intermediate that is more easily oxidized than substrate. 


The most outstanding feature of the data is that the reactions are very rapid. The last three 
lines in Table 1 show that three of the cation radicals are exceptionally 'hot' electrophiles. These 
react at diffusion control, or nearly so, with all those anions usually considered to  be good 
nucleophiles (acetate, p-nitrobenzoate and trifluoroacetatej, very rapidly with nitrate ion and 
reasonably fast with perchlorate ion. Another feature of the data requires comment. In the two 
cases where it was possible to evaluate rate constants by both kinetic methods, the prepeak 
method was observed to give higher rate constants. The cause of this discrepancy is being 
investigated. 


In analogy with other recent work,' we suggest that the reactions follow a two-step 
mechanism involving a pre-equilibrium complex formation [equation (2)] followed by 
irreversible bond formation [equation (3)] . The product-forming reactions do  not take part in 
the kinetics. 


Ar' ' + X- Ar+ ' /X-  
A r t ' / X -  -+ Ar. - X 


A rate constant has been reported for the combination of DPA" with chloride ion, but the 
reaction was observed to be second order in cation radical, leaving some doubt as to the 
interpretation in terms of the primary step in the reaction. More recently, geminate ion pairs 
obtained by photoexcitation of charge-transfer complexes of tetranitromethane with 
anthracene derivatives (A-Rj were observed to undergo cage combination when R is NO2, 
CHO or H [equation (4)] but to diffuse apart when R is phenyl. l 3  


[A-R-', C(NOz)Y] --t R-A'-C(N02)3 (4) 


In conclusion, this work has shown that the reactivity of cation radicals derived from 
substituted anthracenes with anionic nucleophiles is generally high and very dependent on 
structure. Some of the cation radicals are very reactive even with C104, which serves as an inert 
counter ion for carbenium ion salts such as those derived from triarylmethyl cations. 
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ABSTRACT 


The photostimutated reaction of neopentyl halides with different nucleophiles by the SRNl mechanism of 
nucleophilic substitution has been studied. Neopentyl halides do not react with carbon nucleophiles, 
diethylphosphite, diphenylphosphonite and azide ions, but they react with arsenide and selenide ions. 
The photostimulated reaction of neopentyl bromide with diphenylarsenide ions gave only the 
straightforward substitution product neopentyldiphenylarsine. On the other hand, the photostimulated 
reaction of bromobenzene with dineopentyl arsenide ions gave three arsines: dineopentylphenylarsine, 
neopentyldiphenylarsine and triphenylarsine. Neopentyl chloride reacts under irradiation with 
diphenylphosphide ions giving good yields of the substitution product. 


Radical nucleophilic substitution, or S R N l ,  is a well known process,' and several different 
types of substrates react by this mechanism. The main steps of the propagation cycle are 
outlined in Scheme 1. 


SCHEME 1 


R' + Nu- - (RNu)' (2) 


(RNu)'+ RX - RNu + (RX)' 


(RNu)' + RX - RNu + R' + X- 


(3) 


(1.3) 


In aliphatic systems with no low lying n* molecular orbitals, such as bridgehead halides,' 
perfluoroalkyl  iodide^,^ halocycl~propanes~ and neopentyl  halide^,^ the radical anion (RX)' 
may not be formed at all as intermediate," and equations (1) and (3) occur simultaneously 
(equation (1, 3)). 
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Recently we have reported5 the photostimulated reaction of neopentyl bromide with 
benzenethiolate, benzeneselenate, diphenylphosphide and diphenylarsenide ions by the SRNl 
mechanism of nucleophilic substitution.. Also, the reaction of lithium propiophenone with 
l-iodo-2,2-dimethyl-5-hexene, a neopentyl halide with a radical probe has been reported, and 
it was proposed that this reaction occurs by a single electron transfer (SET) mechanism.’ 


We now report the photostimulated reaction of neopentyl halides with other nucleophiles in 
order to know the scope and limitations of these substrates in SRNl reactions. 


RESULTS AND DISCUSSION 


The photostimulated reaction of neopentyl bromide 1 with carbanionic nucleophiles, such as 
acetone enolate ion, picolyl anion, cyanomethyl anion, the enolate ions of acetyl morpholine, 
diethyl malonate and nitromethane gave only a small dehalogenation reaction of 1, but no 
substitution products were found. This behavior parallels the behavior of bridgehead halides, 
where only dehalogenation with reduction and the formation of dimeric products were formed 
in the photostimulated reaction with carbanions nucleophiles. Neopentyl bromide in 
photostimulated reactions with diethyl phosphite, diphenylphosphonite and azide ions did not 
react either (Table 1). 


Table 1.  Photostimulated reaction of neopentyl halides with nucleophiles in liquid ammonia 


Neo-X” Irradiation Yield, % 
Expt X (M X lo2) Nu- (M x 10’) Time (min) X- Products (%) 


1 
2 
3 
4 
5 
6‘ 
7d 


8 


9 


CI 
Br 
Br 
Br 
Br 
Br 
Br 


I 


I 


(0.40) 
(0.80) 
(0-80) 
(0.80) 
(0.80) 
(0.80) 
(0.55) 


(1.28) 


(0.13) 


‘Se-2’ (2.21) 


225 
I80 
90 
90 


I20 
10 
30 


150 


240 


76 
4-29 


8 
4 


48 
90 
L. 


L. 


0.3 


PhzNeoPO (69) 


NeosAs (33) 
NeoPh’As (82) 
Neo2PhAs (16%) 
NeoPh2As (29%) 


NeoSeSeNeo (83) 
NeoSeNeo (10) 


Ph3As (19%) 


~~ ~~~ ~ 


"Nee = neopentyl; 
hCarbanions derived from acetone, picoline, acetylmorpholine, acetonitrile, diethylmalonate and nitromethane were 
formed by acid-base reaction in liquid ammonia in cu. ~ I ~ ~ K ~ ~ ~ ~ O I O M / I ;  
‘See Reference 5; 
dBromobenzene; 
‘Not quantified. 


The nucleophiles   AS-^'^ and rSe-2’9 are formed by reaction of the metals with sodium in 
liquid ammonia, and they react under photostimulation with aromatic  halide^^.^ and 
l-haloadamantanes2b to give good yields of arsines and selenides. 
In the photostimulated reaction of 1 with  AS-^' 2 in liquid ammonia, we found that Br- 


ions were formed in 48% yield while tri(neopenty1)arsine 3 was isolated in 33% yield 
(equation (4)). 
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(4) 


1 2 3 


t = neopentyl [(CH3)3CCH2-] 


In the photostimulated reaction of neopentyl iodide 4 with ‘Se-2’ in liquid ammonia, we 
found after oxidation of the reaction product high yields of dineopentyl diselenide 7, together 
with a small amount of dineopentyl selenide 6 as by product, which was obtained by the 
reaction of 4 with the nucleophile 5 formed in the reaction (equations (5-7)). There was no 
reaction at all during the irradiation of 4 in liquid ammonia in the absence of nucleophiles 
(Table 1). 


4 5 


-h / + - + I  
4 + 5  - 


Se’ 
6 


The photostimulated 
with diphenylarsenide 


reaction of several haloaromatic compounds, such as p-halotoluenes 8 
ions 9 gave the expected p-tolyldiphenylarsine 11, together with 


triphenylarsine 10, di(p-to1yl)phenylarsine 12 and tri(p4olyl)arsine 13 (equation (8)). lo 


ToX + Ph2As- hv Ph3As + ToPh2As + To,PhAs+ To3As (8) 
8 9 10 11 12 13 


This reaction occurs by the SRNl mechanism and the scrambling of phenyl rings was ascribed 
to the fragmentation of the radical anion intermediates formed in the coupling of radicals with 
9. However, in the photostimulated reaction of aromatic substrates with low lying JI* 
molecular orbitals, such as 4-chlorobenzophenone, no scrambled products were found. This 







258 E. R. N. BORNANCINI E T A L .  


result was explained in terms of the radical anion intermediate formed in the coupling of 
4-benzoylphenyl radical with 9, the odd electron is located in the low lying x* molecular 
orbital of the 4-benzoylphenyl moiety, which prevents the C-As bond fragmentation. l 1  


In the photostimulated reaction of 1 with 9 only the straightforward substitution product 14 
is formed (equation (8)).5 


1 + 9  - hv $\ + Br- 


14 


AsPhz 
(9) 


This lack of scrambled products cannot be ascribed to the formation of a stable x* radical 
anion 14' in the coupling of neopentyl radicals 15 with 9 in order to prevent the fragmentation 
of the C-As bonds. Another possibility to explain the formation of only 14, is that the 
fragmentation rate of the C-As bonds are quite different if the C-As bond is aliphatic or 
aromatic. If the fragmentation rate is faster in the aliphatic C-As bond, 14 is the only product 
that can be formed (equation (11)). 


1' - Neo' + Br- 
15 


(11) 
kPh 


15 + 9 (NeoAsPh,)' y NeoPhAs- + Ph' 


14' 
k p e o  


14 + 1' 
Neo = neopentyl 


If k p e o  >> k p h  no scrambled products would be formed since the radical anion 14T has 
only two competitive reactions: regression to starting 15 and 9, or electron transfer to 1 to form 
the substitution product 14. 


In order to demonstrate if the required condition is that k p e o  >> kfPh, we studied the 
photostimulated reaction of bromobenzene with dineopentylarsenide ions 16, and we found 
dineopentylphenylarsine 17 (16% yield), neopentyldiphenylarsine 13 (29% yield) and 
triphenylarsine 10 (19% yield) (equation (12)). 


hv 
(12) PhBr + Neo2As- - Neo2PhAs + NeoPhzAs + Ph3As 


16 17 13 10 


The fact that in equation (9) only one product is formed, and in equation (12) three arsines 
were formed, is indicative that the rate of fragmentation of the C-As bonds of the radical 
anion intermediate 14T is faster when the arsenic atom is bonded to the aliphatic moiety than 
when it is bonded to the aromatic moiety." 
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1-Chloroadamantane reacts sluggishly under photostirnulation with diphenylphosphide ions 
in liquid ammonia by the SRNl mechanism,2"* whereas other bridgehead chlorides, such as 
l-chlorobicycl0[2.2.2]octane,'~ l-chlorobicyclo[2.2.1]heptane's and 4-chlorotricyclane" do  
not react at all in the same experimental conditions. The lack of reactivity was ascribed to the 
increase in strain energy of the bridgehead halides, making their reduction potentials more 
negative as the strain increased. As neopentyl chloride has no strain energy, it was desirable to 
know what the reactivity of alkyl chlorides without strain energy in S,,l reactions was, 
although neopentyl chloride is a primary alkyl chloride, and the bridgehead chlorides are 
tertiary alkyl chlorides. 


We found out that in the photostimulated reaction of neopentyl chloride 18 with 
diphenylphosphide ions 19,76% of chloride ions were formed in 225 min. of irradiation, along 
with 69% yield of the substitution product, isolated as the oxide 21 (equations (13, 14)). 


t\ + c1- (13) 
hv + PhZP- - 


PPhz 
18 19 20 


These results show that indeed, the reactivity of neopentyl chloride is higher than 
1-chloroadamantane as well as other bridgehead chlorides, and the decrease of the reactivity is 
due to the strain energy of the bicyclic compounds, l5 


EXPERIMENTAL SECTION 


General methods 


NMR spectra were recorded on a Varian T-60 nuclear magnetic resonance spectrophoto- 
meter. Mass spectral measurements were obtained with a Finnigan Model 3300 mass 
spectrometer and gas chromatographic analyses were performed on a Varian Aerograph series 
1400 instrument with a flame ionization detector by using a column packed with 3% SE 30 on 
Chromosorb P (0.5 mt X 3 mm) or 5% OV 17 on Chromosorb P (1.5 mt x 3 mm). Irradiation 
was conducted in a reactor equipped with four 250 W pv lamps emitting maximally at 350 nm 
(Philips Model HPT, water refrigerated). 


Materials 


Neopentyl bromide was synthesized by the reaction of neopentyl alcohol (Aldrich) with 
Ph3PBr2 in DMF. l6 Traces of DMF (1-2%) were present in the neopentyl bromide employed. 


'The photostimulated reaction of lchloroadamantane with diphenylphosphide ion gave, after 4 hr of irradiation, 36% 
yield of substitution product. This yield was not increased in liquid ammonia-t-butylamine (7:3). as ~ l v e n t . ' ~  
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Neopentyl iodide was prepared by treating neopentyl tosylate with KI in DMF. l7 Neopentyl 
chloride (Aldrich) was used as received. Selenide and arside ions were prepared from the 
metals by the previously reported p r ~ c e d u r e . ~ , ~  Diphenylphosphide ions were prepared from 
triphenylphosphine (Sigma) and two equivalents of sodium metal in liquid ammonia, and the 
amide ion formed was neutralized with one equivalent of tert-butyl alcohol Diphenylphos- 
phonite ion was prepared from triphenylphosphine oxide and two equivalents of sodium metal 
in liquid ammonia, the amide ion was neutralized with f-butyl alcohol." Acetone, acetyl 
morpholine and 2-picoline were purified by distillation and stored over molecular sieves 
according to standard procedures. Diethyl phosphite ion was prepared from the acid with K 
metal. Sodium azide, nitromethane and diethyl malonate were used without further 
purification. The enolate ions of acetone, diethyl malonate and nitromethane were prepared 
by acid-base reaction of potassium t-butoxide (formed in situ from t-butyl alcohol and K metal 
catalyzed with FeCI3).l9 The carbanions derived from 2-picoline, acetonitrile and acetyl 
morpholine were generated by acid-base reaction of their conjugated acid with potassium 
amide (obtained in situ by reaction of K metal in ammonia catalyzed by FeC13). 


Photostimulated reactions of neopentyl chloride with diphenylphosphide ions 


The following procedure is representative of these reactions: into a three-necked 500 ml 
round-bottomed flask, equipped with a cold finger condenser charged with dry ice-ethanol, a 
nitrogen inlet and a magnetic stirrer, was condensed 250 ml of ammonia previously dried 
under nitrogen. Triphenylphosphine (1 mmol) and sodium metal (2 mmol) was added to the 
ammonia to form diphenylphosphide ions, and then tert-butyl alcohol (1 mmol) was added to 
neutralize the amide ions formed. Neopentyl chloride (1 mmol) was added and the solution 
irradiated for 225 minutes. The reaction was quenched by the addition of excess ammonium 
nitrate and the ammonia was then allowed to evaporate. Water (100ml) was added to the 
residue and the mixture was extracted with diethyl ether. The chloride ions in the aqueous 
phase were determined potentiometrically (76% yield). The ether extract was quantified by 
GLC with Ph3Sb as internal standard compared with an authentic sample. 


Photostimulated reaction of neopentyl bromide with potassium arsenide 


Neopentyl bromide (0.5 ml, 4-0 mmol) was added to an orange solution of potassium arsenide 
in dry liquid ammonia freshly prepared from arsenic metal (79.1 mg, 1.05 mmol) and K metal 
in excess (271 mg, 6.9 mmol), and t-butyl alcohol (0.5 ml, 5.3 mmol),' and then the solution 
was irradiated for three hours. After quenching the reaction with ammonium nitrate in excess, 
the ammonia was allowed to evaporate under a nitrogen atmosphere. The residue was 
extracted with methylene chloride (previously degassed) and immediately evaporated trying to 
avoid the oxidation of the trineopentylarsine. The arsine was stored under nitrogen 
atmosphere until it was used in the reaction with bromobenzene (trineopentylarsine was 
isolated in 33% yield). The alkaline salts were extracted with water and the Br- ions were 
determined potentiometrically (48% yield based on the arsenic metal used). Trineopentyl 
arsine: Mass spectrum, mle relative intensity) 288 (14); 218 (13); 147 (9); 141 (9); 125 (5 ) ;  111 
(9); 97 (19); 85 (33); 71 (100); 57 (100); 'H-NMR was run for the trineopentylarsine oxide, 
(DMSO-d6, TMS) 6 1.07 (27H, s);  3-04 (6H, s ) .  
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Photostimulated reaction of bromobenzene with potassium dineopentylarside 


To a 250 ml of freshly distilled ammonia and under a nitrogen atmosphere, trineopentylarsine 
(122.7 mg, 0-43 mmol) and an excess of potassium metal (154 mg, 3.94 mmol) were added until 
we could get the solution to remain blue for one hour. Then, t-butyl alcohol (0.04m1, 
0.43mmol) was added, and the final color of the solution was yellow. To this solution 
bromobenzene was added (0-145 ml, 1-38 mmol) and irradiated for 30 minutes. After 
quenching the reaction with ammonium nitrate, the ammonia was allowed to evaporate, and 
the reaction was extracted as described above. The ether extract was analyzed by GLC. 
Triphenylarsine and neopentyldiphenylarsine were quantified by the internal standard method 
compared with authentic samples, and dineopentylphenylarsine was quantified considering 
equal molar response to neopentyldiphenylarsine. Almost the same results were obtained in a 
duplicate run. 


Photostimulated reaction of neopentyl bromide with carbanions, diethylphosphite and azide 
ions 


The nucleophiles were prepared as described in Materials. The procedure was similar to those 
previously described (Br- ions were titrated in the aqueous solution, see Table 1). No 
products derived from coupling of neopentyl radicals with these nucleophiles (GLC and mass 
spectra of the ether solutions) were found. 


Photostimulated reaction of neopentyl iodide with disodium selenide 


Neopentyl iodide (0.43 ml, 3.20 mmol) was added to a solution of disodium selenide in 
ammonia, freshly prepared from selenium metal (436mg, 5-52 mmol) and sodium metal 
(270mg, 11-7 rnmol), and then the solution irradiated for 150min. After quenching the 
reaction with ammonium nitrate, the ammonia was allowed to evaporate, and the reaction was 
extracted as described above. The iodide ion was determined potentiometrically in the water 
layer and the ether extract was evapored. The residue was column chromatographed on silica 
gel and eluted with petroleum ether. The products isolated were dineopentylselenide 
(20-7 mg, 10.2%) and dineopentyldiselenide (1 14.5 mg, 83%). Dineopentylselenide: liquid 
isolated by column chromatography. Mass spectrum, mle (relative intensity) 222 (2.0); 220 
(2-0); 85 (7-3); 83 (4.2); 71 (100); 69 (8.3); 67 (3.1); 57 (24.5); 55 (12.0); 53 (4.2); 51 (26); 43 
(67); 41 (14.6). 'H-NMR (CC14, TMS), 6 1-00 (9H,  s), 3.0 (2H, s). Dineopentyldiselenide: 
liquid isolated by column chromatography. Mass spectrum, mle (relative intensity) 305.54 
(0.6); 304.00 (2.34); 301.98 (7.1); 299.98 (6.75); 297.88 (4.08); 295.98 (1.6); 233.92 (2.0); 
231.92 (6-6); 229-92 (6.0); 227.92 (4-0); 225.90 (1.5); 71.12 (100); 43.04 (86). 'H-NMR (CCl4, 
TMS), 6 0.90 (9H, s), 3.5 (2H, s).  


Photostimulated reaction of neopentyl iodide in liquid ammonia 


Neopentyl iodide (0-43m1, 3.20mmol) was added to a 250ml of dry liquid ammonia under 
nitrogen, being the solution irradiated for 4 hours. Ether was added to the solution and the 
ammonia was allowed to evaporate. Finally distilled water was added to the residue and in the 
aqueous solution iodide ions was determined potentiometrically (0.3% yield). 
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REACTIVITY OF DIALKYL 2-(DIMETHYLAMINO)ETHYL 
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Department of Chemistry, Unviersiiy of Pretoria, Pretoria 0 0 2 ,  South Africa 


ABSTRACT 


Reactivity of dialkyl2-(dimethylamino)ethyl phosphates, (R0)2P(0)OCH2CH2NMe2 (R = Me, PhCH2) 
was studied in aqueous solutions. Depending on the initial substrate’s concentration, reaction can involve 
the unimolecular fragmentation to N,N-dimethylaziridinium dialkylphosphate, or the bimolecular 
isomerization to the zwitterionic derivative. The latter reaction proceeds via two consecutive SN2 steps 
and involves the formation of two ionic intermediates which were synthesized independently and allowed 
to react to give the zwitterionic product. Rate constants for the isomerization of the dimethyl ester (R = 
Me), as well as rate constant for the reaction between the corresponding intermediates have been 
determined, and the reactivity of the dimethyl ester has been compared with that of the dibenzyl 
derivative. 


Spontaneous decomposition of dialkyl2-(dimethylamino)ethyl phosphates (1) can follow two 
pathways-isomerization to the zwitterionic product 2, and fragmentation to the aziridinium 
dialkylphosphate 3, which then undergoes fast dimerization to N,N,N’,N’- 
tetramethylpiperazinium bis-dialkyl phosphate, 3’ (Scheme 1). 


(R’O)P(02-)0 &Me2R 
(RO)(R’O)P(O)O\NM~ 2 


1 
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(RO)(R’O)PO2- c r j H e 2  
3 


c 
n+ 
/NMe2] 112 [2(RO)( R’O)P02- Me2& 


3’ 
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Lacey and h e w ’  employed the isomerization of methyl phosphates (1, R = Me) in the 
synthesis of phospholipids. Isomerization pathway (a) gives good results only when high 
concentrations of 1 (or neat 1) are used; in dilute solutions fragmentation (b) prevails. 
Manninen’ studied the reactions of dimethyl 2-(dimethy1amino)ethyl phosphate l a  (1, R = R’ 
= Me) and found that at concentrations about 1 M la reacts according to pathway (a), which, 
as demonstrated by ‘H-NMR spectroscopy, involves transient formation of some intermediate 
products. On the basis of this observation Manninen proposed’ for reaction (a) the 
bimolecular mechanism illustrated in equation (1). 


2 la  (MeO)2P(0)O/\, &Me3 + MeOP(02-)0 %NMe2 


4a Sa 


-% 2 MeOP(02-)O\&Me3 


As a continuation of our interest3 in the alkylating properties of organic phosphates, we 
decided to reinvestigate the reactivity of la from the following points of view: (i) independent 
preparation of intermediates 4a and 5s in order to provide support for the bimolecular 
mechanism of isomerization; (ii) rate measurement of the isomerization l a  + 2a, and of the 
formation of 20 from authentic 4a and Sa (k2, pathway a); (iii) extension of the isomerization 
to another system containing easily removable ester g r o ~ p s , ~  namely dibenzyl 2- 
(dimethy1amino)ethyl phosphate l b  (1, R = R‘ = PhCH2). 


RESULTS AND DISCUSSION 


la can be easily prepared from dimethyl phosphorochloridate and sodium 2- 
(dimethy1amino)ethanolate’ and identified by ‘H-NMR spectroscopy. Because of the high and 
diverse reactivity of la, its storage presents however a problem. As a neat compound (oil) at 
room temperature, l a  soon changes to a transparent gel insoluble in organic solvents; 
‘H-NMR spectrum (D’O) revealed that the gel consists of a mixture of la, 2a, 4a and Sa, 
which, after cu. one week, is transformed completely into 2a. The gel can be however stored in 
a refrigerator without any noticeable change, most likely because of the high viscosity 
preventing further reaction. l a  cannot be stored as a dilute solution in polar solvents, as it 
undergoes complete fragmentation to 3 (Scheme 1, pathway b). This tendency for the 
unimolecular fragmentation involving the 1,3 attack of the amine nitrogen atom at the 
a-carbon atom rather than for the unimolecular isomerization was also confirmed under 
conditions of the electron-impact induced fragmentation. Mass spectrum of la reveals that 
one of the major fragmentations involves expulsion of the dimethylphosphoryloxy radical and 
the formation of the N,N-dimethylaziridinium ion (rel. abundance 30%; equation (2)). 


la+’ I -(MeO)2W2. b & M e z  
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Substrate l a  is however quite stable as a < l ~  solution in hexane at 5-10°C. In this case the 
low polarity of the solvent slows down the formation of ionic products of reactions (a) and (b), 
but if the solution is cooled below 5 "C, la separates out and undergoes fast isomerization. 


Although zwitterion 2a can be prepared by allowing neat la to isomerize completely, it 
always contains some quantities of the intermediates 4a and Sa, complete conversion of which 
to 2a is very slow because of the system's viscosity. Pure samples of 2a could be obtained by 
the isomerization of l a  catalysed by sodium iodide. In this case the iodide ion (a better 
nucleophile than amine nitrogen5) is responsible for the demethylation step, while 
iodomethane formed for the quaternization of the 2-dimethylamino group (equation (3)). 


la + NaI - 5a Na+ + Me1 + 2a + NaI 


Under these conditions 2a (a very hygroscopic substance) precipitates out from acetone 
solution as a stable, 1:l complex with sodium iodide, and can be easily identified by 'H-NMR 
spectroscopy. 


The cationic intermediate 4a can be prepared as its iodide salt by N-methylation of l a  with 
iodomethane in n-hexane. The product contains however up to 10% of 2a, formed by the 
subsequent 0-demethylation by the iodide ion (equation (4)). 


l a  + Me1 + 4a I -  + 2a + Me1 


Pure 4a can be prepared as a nitrate salt by carrying out reaction (4) at 0 "C in dry acetonitrile 
containing silver nitrate. The iodide ion is then removed immediately as a silver salt, and the 
nitrate counterion left in the solution is too weakly nucleophilic5 to significantly demethylate 
4a to 2a. 


The anionic intermediate 5a was prepared as a highly hygroscopic tetramethylammonium 
salt according to equation (5 ) .  


(3) 


(4) 


la + NMe3(excess) + NMe4+ 5a ( 5 )  


Each of the compounds (la, 2a, 4a and Sa) present in the reaction mixture (D20) could be 
easily identified and determined in the presence of others due to the characteristic signals in 
the 'H-NMR spectrum. For example, l a  and 5a can be distinguished by their NMe2 group 
signals (s, 6 2-25 k 0-02 and 2-35 k 0.02, respectively); 2a gives a characteristic signal of the 
trimethylammonio group (s, 6 3-22 k 0-Ol), and the methyl ester group of 4a gives rise to a 
signal at the lowest value of the magnetic field (d, 6 3.86) relative to the other methyl 
phosphate groups. 


At 25"C, the half-life of the 3 . 4 7 ~  solution of la in D 2 0  is ca. 50min. It was therefore 
possible to follow the course of the reaction by periodically monitoring the 'H-NMR spectrum 
of the reaction mixture and determining the relative concentrations of all species present. 
Under these conditions only the isomerization reaction (Scheme 1, pathway a) is observed and 
the intermediate formation of ions 4a and 5a can be easily demonstrated. The plot of the 
concentrations of all species involved in reaction (a), typical for systems in which transient 
intermediates are formed, is presented in the Figure. 


Disappearance of l a  follows the second-order kinetic law and yields the rate constant, kobs 
= 1-42 (k0.06) X l O W 4 ~ - l  s-'. We found no evidence for any contribution from the 
intramolecular isomerization of la, and we believe that this system, like the previously studied 
dimethyl 2-pyridylmethyl p h ~ s p h a t e , ~  isomerizes exclusively via the bimolecular mechanism 
involving a sequence of two SN2 reactions. At very high concentrations of l a  (e.g. 6 . 7 ~ )  
strong deviations from the second-order kinetics were observed and only the initial rate gave 
good agreement (kobs = 1-44 x 1 0 - 4 ~ - 1  s-') with the value obtained at lower substrate 
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Y 


Figure. Reaction of la in D20 at 25°C: composition of the mkture at different times. (0) la; (0) 4a + 5a; (V) 2a 


concentrations. It is worth noting that under such conditions the second step of isomerization 
(reaction between 4a and 5a to give 2a) is very slow, and the full conversion could not be 
achieved even after 60 h. It seems most likely that in the highly viscous, ionic solution the 
conformational freedom of 4a and 5a is limited to a degree that hinders the proper orientation 
of the functional groups, necessary for the second substitution step. At lower concentrations 
the reaction between 4a and 5a followed the second-order kinetic law and gave, at 25 "C, the 
rate constant for the second step of equation (l), kI2 = 3.20 (+0-12) X 1 0 - 4 ~ 2 - '  s-'. The 
reaction between 4a and 5a is therefore cu. 2.2 times faster than is the disappearance of la. 
The greater reactivity of 4a and 5a in the nucleophilic methyl group transfer relative to that of 
two molecules of la  results certainly from the ionic centres introduced in the first step and 
increasing both the nucleophilicity of 5a and the alkylating ability of 4a. The difference in the 
rates of these two SN2 reactions, equation (t), is however not large and allows for a significant 
accumulation of the intermediates 4a and 5a in the reaction mixture. 
Dibenzyl2-(dimethylamino)ethyl phosphate (lb) was prepared according to Scheme 2. 


l b  showed greater reactivity and lower selectivity than la. When l b  was heated as a neat oil or 
refluxed in acetone solution in the presence of sodium iodide, the zwitterionic product 2b (2, R 


worth noting that in the mass spectrum of (lb) the N,N-dimethylaziridinium ion formed by the 
loss of the dibenzylphosphoryloxy radical from the molecular ion of (lb), cf. equation (2), 


- - R' = PhCH2) formed always contained piperazinium salt 3'b (3', R = R' = PhCH2). It is 
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(iii) 
PC13 + 2 PhCHzOH (ii) ('I > (PhCHzO),P(O)H 


(PhCHzO)*P( 0)Cl  ('") > (PhCHz0)2P(0)O\NMe2 


l b  


(i): 2 PhNMez, ChH6, 0 ° C ;  (ii): aq. NH,;' (iii): SOZCl2? 


(iv): MezN\ONa, ether-hexane 


Scheme 2 


occurs as a base peak. The cationic and anionic intermediates, 4b and Sb, however were 
prepared easily from l b  by N-benzylation with benzyl chloride and 0-demethylation with 
trimethylamine, respectively. Examination of the 'H-NMR spectra of the solutions of lb  in 
D20/acetone-d6 (1 : 1) produced analogous results as for la, revealing the transient formation 
of intermediates 4b and Sb. We conclude that the bimolecular mechanism of isomerization is 
common for the dialkyl 2-(dimethy1amino)ethyl phosphates. 


Since the rate constant for the isomerizatior, of lb  could not be measured because of the 
parallel fragmentation, the reactivity of lb  was determined relative to that of la. Solutions of 
l a  and l b  in DzO/acetone-d6 (1:l) at concentrations at which both reactions (Scheme 1, 
pathways a and b) occur (e.g. 0.7 M), were incubated at 25 "C and the 'H-NMR spectra of the 
solutions were periodically recorded. In this way the relative conversions, as well as relative 
proportions of the two products possible (2 and 3') were determined for both substrates. 
Under identical conditions the ratio of the conversions of l b  and la to the corresponding 
products 2 and 3 is 1-5. The greater reactivity of l b  is reflected in both the isomerization and 
the fragmentation reactions; the corresponding relative rates being 1.3 and 2.7, respectively. 
Rate acceleration in the bimolecular reaction results from the greater susceptibility of the 
benzyl group for nucleophilic displacement. The difference is however very small; although 
the average relative rate of benzyl and methyl substrates in SN2 reactions is estimated as krel = 
4, in some cases the two substrates show identical reactivity.* The greater reactivity of l b  in 
the unimolecular fragmentation stems from the higher nucleofugality of the dibenzyl 
phosphate ion relative to the dimethyl phosphate ion, as indicated by the 0*54pK, unit 
difference' in the acidities of the corresponding dialkyl phosphates. In conclusion, it seems 
that reaction (a) (Scheme 1) may have no general application to the synthesis of the 
zwitterionic systems 2 because the competition from the fragmentation reaction is the function 
of not only the substrate's concentration, but also of the relative nucleofugalities of the 
phosphate ions involved in both reactions. 


EXPERIMENTAL 


NMR spectra were recorded on a superconducting FT Bruker AC300 spectrometer with 
sodium 3-(trimethylsilyl)-propanesulphonate as internal standard. Mass spectra were recorded 
on a VG Micromass 16F spectrometer. Dimethyl phosphorochloridate was prepared from 
PCI3 and methanol." Bp. 39-41 "C (5mm). Dibenzyl phosphite was prepared from PC13 and 
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two mole-equivalents of benzyl alcohol in the presence of dimethylaniline, followed by 
hydrolysis with aq. ammonia.6 'H-NMR (CDC13): 6 5.05 (4H, d, JH-P 9.6 Hz, 2 X CHz); 6-93 
(lH, d, J H - ~  706-5 Hz, P-H); 7.20-7.50 (lOH, m. 2 x Ph). Dibenzyl phosphorochloridate 
was prepared from freshly prepared dibenzyl phosphite by treatment with sulphuryl chloride 
in CC4 at 0°C.' 'H-NMR (CDC13): 6 5.18 (4H, d, JH-p9.2Hz, 2 X OCH,); 7.35 (10H, bs, 2 
X Ph). N,N-Dimethylethanolamine (Aldrich) was dried over KOH and distilled; bp. 4042 "C 
(20 mm). All reagents and solvents were purified by conventional methods immediately before 
use. 


Dimethyl 2-(N,N-dimethylamino)ethyl phosphate, la 


Small pieces of clean sodium (0.16g, 0407mol) were added to the solution of 
N,N-dimethyiethanolamine (0.61 g, 0-007 mol) in anh. ether (lorn]), the mixture was stirred 
for 1 h and then heated under reflux for another hour. The solution was cooled to 0 "C, and the 
solution of freshly distilled dimethyl phosphorochloridate (l-Og, 0.007 mol) in anh. ether 
(5ml) was added dropwise within five min., and the mixture was stirred at 0°C for 1 h. The 
solution was filtered through layers of sea sand and anh. magnesium sulphate and the ether 
was removed under reduced pressure. l a  was obtained as a colourless oil, 1-15 g (85%). Anal. 
Found: C, 36.05; H, 8-53; N, 7.24%. Calcd. for CJdI6O4NP: C, 36.55; H, 8.20; N, 7.10%. 
'H-NMR (CDC13): 6 2-29 (6H, S ,  NMe,); 2.61 (2H, d oft, J H - H  5-9 Hz, JH-P 0.7 Hz, NCH,); 
3.78 (6H, d, JH-P 11*3HZ, 2 X OMe); 4-14 (2H, d of t, JH-H 5.9 Hz, JH-p 7.5 Hz, OCHZ). 
The reaction can be carried out in n-hexane and the 0 - 1 5 ~  solution of l a  can be stored in a 
refrigerator without significant isomerization. 


Dibenzyl2-(N,Ndimethylamino)ethyl phosphate, l b  


This substrate was prepared as la ,  using anh. etherln-hexane (1:l) as a solvent. Colourless oil; 
81%. Anal. Found: C, 60.00; H, 7-34; N, 4.12%. Calcd. for Cl8HZ4O4NP: C, 61-87; H, 6-92; 
N, 4.00%. 'H-NMR (DzO/aCetOne-d6; 1:l): 6 2.18 (6H, s, NMe2); 2-49 (2H, d of t ,  JH-H 


(4H, d, JH-p 8.1Hz, 2 X PhCHz); 7.20-7-50 (lOH, m, 2 x Ph). Solutions of l b  in 
etherln-hexane were stored in a refrigerator before further use. 


5.9 Hz, J H - ~  0.9 Hz, NCH,); 4.05 (2H, d of t, JH-H 5.9 Hz, JH-p 7.8 Hz, OCHZCHZ); 5-06 


Methyl 2-(N,N,N-trimethylammonio)ethyl phosphate, 2a 


Dry sodium iodide (0-20 g, 04013 mol) is added to the solution of l a  (0.108 g, 0.00055 mol) in 
anh. acetone (20ml) and the solution is heated under reflux for 8h. The white precipitate is 
filtered off, washed with anh. acetone and dried under reduced pressure, yielding almost 
quantitatively (0-188g, 99%) the double salt, 2a Nal. 'H-NMR (DzO): 6 3-23 (9H, s, 
NMe3'); 3.60 (3H, d, JH-P 10*8Hz, OMe); 3-61-3-73 (2H, m, NCH2); 4.15-4-45 (2H, m, 
OCHZ). 


Benzyl2-(N,N-daimethyl-N-benzylammonio)ethyl phosphate, 2b 


This product could be prepared as (2a) or by heating neat lb; in all cases zwitterionic 
compound 2b contained some quantities (ca. 10%) of 3b. 'HNMR (D@/aCetOne-d6, 1:l): 6 
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3.13 (6H, s, NMe2'); 3.50-3-70 (2H, m, CH2CH2N'); 4.15-4-45 (2H, m, OCH2CH2); 4-60 
(2H, S, PhCH2N'); 4.97 (2H, d, JH-p 7*9Hz, OCH2Ph); 7-3S7.56 (lOH, m, 2 x Ph). 


Trimethyl %(dimethylphosphoryloxy)ethylammonium nitrate, 4a NO3 


la (0-115 g, 040058mol) was dissolved in anh. acetonitrile (15 ml), silver nitrate (0.15 g, 
0.00088 mol) was added and the mixture stirred at 0 "C for a few minutes. Excess iodomethane 
(0-5m1, 0.0080mol) was added at once to the solution which was then stirred at room 
temperature for 1 h. The solution was filtered through layers of Celite and anh. magnesium 
sulphate, and the solvent was removed under reduced pressure, yielding 4a NO3 as a 
transparent gel, 0*155g, 97%. Anal. Found: C, 31-49; H, 6.68; N, 10.34%. Calcd. for 
GH19O7PN2: C, 30.66; H, 6.98; N, 10.22%. 'H-NMR (D20): 6 3-22 (9H, s, NMe3'); 
3.71-3-87 (2H, m, NCH2); 3.86 (6H, d, JH-P 11.3Hz, 2 x OMe); 4-45-4-71 (2H, m, OCH2). 


Dimethyl benzyl2-(dibenzy$h~horyloxy)ethylammonium chloride, 4b C1 


Benzyl chloride (0.20g, 04079mol) was added to a solution of l b  (0.175g, 0.00050mol) in 
anh. acetonitrile (10mI) and the solution was stirred at room temperature for 1 h. Solvent and 
excess of benzyl chloride were removed under reduced pressure and 4b C1 was obtained as a 
transparent, highly hygroscopic gel; 0.238 g, 100%. 'H-NMR ((D20/aCetOne-d6, 1:l): 6 3.17 
(6H, s, NMe,'); 3.65-3-85 (2H, m, CH2CH2N+); 4.55470 (2H, m, OCH2CH2); 4-66 (2H, s, 
NCH2Ph); 5.16 (4H, d, JH--~ 9-2HZ, 2 X OCH2Ph); 7.30-7.50 (IOH, m, 2 x OCH2Ph); 7.58 
(5H, S, NCH2Ph). 


Tetramethylammonium methyl 2-(N,N-dimethylamino)ethyl phosphate, NMes+. 5a 


la (0.39 g, 0-00198 mol) was dissolved in anh. acetonitrile (20 ml) containing trimethylamine 
(0-03 mot) and the solution was incubated at room temperature for 5 days. Solvent and excess 
of trimethylamine were removed under reduced pressure yielding NMe4+* 5a as a white, 
highly hygroscopic crystalline substance, 0.505 g, 100%. Anal. Found: C, 32-84; H, 9.63; N, 
8.00%. Calcd. for CgHzsO4PN 4H20: C, 32-92; H, 10.13; N, 8.53%. 'H-NMR (D20): 62.25 
(6H, S, NMe,); 2-61 (2H, t, JH-H) 6-0H2, NCH2); 3.16 (12H. S ,  NMe,'); 3-55 (3H, d, JH-p 


10*9Hz, OMe); 3-92 (2H, d of t ,  JH-" 6*0Hz, J H - ~  6.1 Hz, OCH2). 


Benzyltrimethylammonium benzyl2-(N,Ndimethylamino)ethyl phosphate, PM3H2NMe3+* 5b 


lb  (0.337g, 040114mol) in anh. acetonitrile (2ml) was added to a concentrated ( 1 . 8 8 ~ )  
solution of trimethylamine in acetonitrile (20 ml, 0.0376 mol Me3N) and the solution was 
incubated at room temperature for 4 days. Solvent and excess of amine were removed under 
reduced pressure to give the product as white, highly hygroscopic crystalline material, 0-393 g, 
100%. 'H-NMR (D2O/acetOne-d6, 1:l): 6 2-23 (6H, s, NMe,); 2-52 (2H, t, JH-H 5-8Hz, 
CH2NMe2); 3-17 (9H, s, NMe,'); 3.94 (2H, d oft ,  JH-H 5.8Hz, JH-p 5-9Hz, OCH2CH2); 
4.57 (2H, S, CHZN'); 4.94 (2H, d, JH-p 6*5Hz, OCH2Ph); 7.58-7.59 (lOH, 2 X Ph). 
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N,N,N' ,N'-tetramethylpiperazinium dimethylphosphate, 3'a 


This product of the dimerization of N,N-dimethylaziridinium dimethyl phosphate (3, R = R' 
= Me), produced by the unimolecular fragmentation of la was prepared in solution, in order 
to identify signals characteristics of this compound in the 'H-NMR spectra of the reaction 
mixtures. 0.010 M solution of l a  in D20 was incubated at room temperature and the 'H-NMR 
spectrum of the solution was recorded periodically. After 93 h la was absent in the reaction 
mixture which consisted of cu. 92% of 3'b and 8% of 2a. 3'b: 6 3-40 (12H, s, 2 x NMe2'); 3-57 
(12H, d,  J H - ~  10.5 Hz, 2 x (Me0)2P02-); 3.99 (8H, bs, 2 X CH2CH2). 


Rate measurement 


Second-order rate constant for the isomerization of la, equation (l), was obtained by 
incubating the 3-47 M solution of la  in D 2 0  at 25.0"C and monitoring the progress of reaction 
by 'H-NMR spectroscopy. The value of k2 was then determined from a slope of the plot of the 
term x,luo(ao - xt) vs. time (xt corresponds to the total product concentration, i.e. [4a] + [5a] 
+ [za]). The required concentrations were calculated from the relative values of integrals for 
selected signals of the species involved, corrected to the number of hydrogen atoms 
responsible for a signal. For all four species involved in reaction (l), the most accurate results 
were obtained by following the changes in the relative intensities of the signals of the N-methyl 
groups (NMe2 for l a  and 5a, and NMe3+ for 4a and 2a). The reaction was followed to cu. 80% 
conversion; duplicate runs gave the rate constant, kobs = 1.42 (f0.06) x 1 0 - 4 ~ - '  s-'; r = 
0.991. 


Second-order rate constant for the reaction between 4a and 5a to produce 2a (second step of 
equation (1)) was determined in analogous manner, by incubating the D 2 0  solution of the 
equimolar quantities of 4a and 5a (total concentration 0.181 M) at 250°C and periodically 
recording the 'H-NMR spectrum of the reaction mixture. The reaction was followed to cu. 
60% conversion; duplicate runs gave the rate constant, kf2  = 3.20 (f0-12) x 1 0 - 4 ~ - '  s-'; r = 
0.995. 


The relative reactivities of l a  and lb  were determined by incubating D 2 0  solutions of both 
substrates at identical concentrations (0.72 M) at 25.0 "C and recording the 'H-NMR spectra of 
these solutions at identical time intervals, in order to determine the reaction progress and the 
relative proportions of products formed. The ratio of conversions, together with the ratio of 
the corresponding products of isomerization, 2a and 2b (Scheme 1, pathway a) and of 
fragmentation, 3'a and 3'b (Scheme 1, pathway b), gave the average relative (total) reactivity 
of lb  and la, k,,, = 1.5; for the isomerization and the fragmentation reactions the relative 
reactivities are 1.3 and 2.7, respectively. 
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CATION RADICAL PERICYCLIC REACTIONS: 
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ABSTRACT 


Triarylarniniurn salts smoothly catalyze the cyclopropanation of dienes, styrenes and tetrasubstituted 
alkenes by ethyl diazoacetate. The reactions are regioselective and, in the case of additions to conjugated 
dienes, cyclopropane-periselective. A cation radical chain mechanism involving carbene transfer from 
ethyl diazoacetate to a substrate cation radical is proposed. 


The cation radical chain mechanism, a fundamentally new mechanistic type, was first 
established by Crellin, Lambert and Ledwith in 1968 in the specific context of the 
cyclobutadimerization of N-vinylcarbazole. Shortly after that (1969), Schutte and Freeman’ 
and then, independently, Hammond el al. observed the y-radiation-induced cation radical 
chain Diels-Alder cyclodimerization of 1,3-~yclohexadiene. The (apparently) originally very 
narrow scope of the cation radical cyclobutadimerization reaction has since been appreciably 
extended by Farid and many  other^.^ The scope and synthetic utility of the cation radical 
Diels-Alder reaction have been recognized and developed intensively in this laboratory. The 
observation that a reaction which is symmetry forbidden on the neutral (uncharged) potential 
energy surface (i.e. cyclobutanation, a [ 2 + 21 cycloaddition) and one which is symmetry 
allowed on the neutral potential surface (i.e. Diels-Alder addition, a [4+  21 cycloaddition), 
are both powerfully accelerated when executed on the cation radical potential surface led to  the 
proposal that cation radical mechanisms might potentially represent the long-sought general 
catalytic principle for pericyclic reactions. This proposition received significant support from 
a series of semi-empirical and ab initio SCF MO theoretical studies of cation radical pericyclic 
reaction paths, including not only prototype cycl~butanat ion~” and Diels-Alder additions, 6*8 


but also the Cope reaction. Extraordinarily low activation barriers were calculated for all of 
these pericyclic reactions. Since then, not only has the cation radical Cope reaction (an allowed 
sigmatropic reaction) been exemplified experimentally, but, in the category of forbidden 
sigmatropic reactions, the cation radical vinylcyclobutane rearrangement has been found to be 
both very facile and quite general.” The paper concerns experimental studies which were 
initiated to  explore the possibility of hole catalyzed 1,3-dipolar cycloadditions to  diazo 
compounds. ’’ In reality, such reactions are found to lead to net cyclopropanation. However, 
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as such, they further augment the growing repertoire of useful cycloaddition types which can 
be executed via the cation radical format. 


RESULTS 


The stable aminium salt tris(4-bromopheny1)aminium hexachloroantimonate (Ar3N + ' SbCls, 
1 + ') has been found, in earlier studies, to be a highly effective initiator for a variety of cation 
radical pericyclic proce~ses..~ The reactions are typically carried out in dichlorornethane (DCM) 
solvent at or below 0 'C, usually for ca 2-10 min. They normally require 3-10 mol-To of 1 + .  
as initiator. Organic substrates which are sufficiently ionizable to produce the requisite small 
amounts of chain-carrying cation radicals by electron transfer to 1" include a variety of 
conjugated dienes, styrenes and electron-rich alkenes (e.g. vinyl ethers, vinyl sulfides and N- 
vinylamides). It is noted that an exothermic initiation step is unnecessary and undesirable (high 
concentrations of cation radicals lead to chain t e r r n i n a t i ~ n ~ ~ ) .  Indeed, most of the substrates 
induced by 1 + ' to  undergo efficient cation radical chain pericyclic reactions have oxidation 
potentials from 0.2 to 0.5 V more positive than 1 (the neutral triarylamine, Ar3N:) Ethyl 
diazoacetate (2) was selected as the diazo component for these initial studies, in part because 
of its ready availability, but also partly because the presence of the electron-withdrawing 
carbethoxy function renders this diazo component much less ionizable than the typical diene, 
styrene or electron-rich alkene substrate. * l2  This circumstance would presumably favor a 
mechanism involving substrate cation radical-neutral diazo compound (a [ 4 + 1 ] cation 
radical cycloaddition) in preference to a neutral substrate-diazo compound cation radical 
mechanism (a [ 3 + 21 cation radical cycloaddition). This role selection mode was considered 
to be at least slightly preferable on the basis that the cation radical Diels-Alder is ideally 
symmetry allowed in the 14 + 11 role selection mode but forbidden in the [ 3 + 21 mode.6 


Of the several substrates included in this study, trans-anethole (3) is the most readily 
ionizable (E1/2 = 1 * 11 V). When 10 mol-% of 1' '-DCM was added over 5 min to a 1 : 1 molar 
ratio of 3 and ethyl diazoacetate (2) in DCM at 0 'C, decolorization of the aminium salt 
occurred rapidly and was accompanied by vigorous nitrogen evolution. Two cyclopropane 
adducts (Scheme 1) were formed, but were accompanied by large amounts of the trans, 
anti,trans head-to-head cyclobutane dimer of 3. l 3  The formation of this latter product, 


2 - 


Scheme 1 


antt:syn = 2.2: 1 


*The oxidation potential of  2, corrected to S.C.E., is found to be 2 . 1 0 V ,  at least 0.5 V higher than the typical 
substrate of this study and fully 1 V greater than that of 1. 
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incidentally, decisively confirms the presence of 3' ', and the predominance of the cyclodimer 
of 3 over the cyclopropane adducts suggests that the caticophilicity (reactivity toward a cation 
radical) of 3 toward 3" is greater than that of 2 toward 3". This undesirable competition 
is, however, largely suppressed by using a 5:1 molar ratio of 2:3, under which conditions a 64% 
yield of cyclopropanation products is achieved. The possibility of a Brmsted acid-catalyzed 
reaction under aminium salt conditions is definitively excluded by the observation that the same 
cyclopropane adducts are formed, and in the same anti:syn ratio (2.2:1), in the presence of 
added 2,6-bis(tert-butyl)pyridine. l4 A cation radical mechanism is further indicated by the 
observation of formation of the same cycloadduct mixture under PET (photosensitized electron 
transfer) conditions. 5g The specific involvement of the cation radical 3' ' is supported not only 
by the formation of the cyclobutadimer of 3 in major amounts when 3 and 2 are present in 
equimolar proportions, but also by the observation that 2 alone does not decolorize the 
aminium salt, nor is it significantly decomposed or converted to detectable products within the 
usual reaction interval. 


The reaction of 2 with a second substrate of the general styrene type, viz. trans-stilbene (4), 
was also investigated, this time using the more powerful initiator tris(2,4-dibromophenyl)- 
aminium hexachlorantimonate (Ar3N' . = 5' ', El/2 = 1 . 4 7  V). In this case, a single 
cyclopropane isomer was isolated in 81 To yield (Scheme 2). Reaction with cis-stilbene also gives 
the same product in identical yield, and quenching of this reaction at early or intermediate 
reaction times (after incomplete reaction) reveals no trans-stilbene. Although it is possible that 
the cyclopropanation reaction is simply non-stereospecific and highly trans-stereoselective, it 
must be noted that cation radicals of the cis-stilbene type are known to rearrange rapidly to 
the more stable trans isomer, and it is considered highly possible that this unimolecular reaction 
may indeed be considerably faster than the bimolecular cyclopropanation. l 5  That trans-4 is not 
detected in the cis-stilbene reaction mixtures after partial reaction is also not surprising, since 
quenching of trans-4 ' by electron transfer from cis-4 is substantially endothermic. Trans-4 + . 
would therefore be likely to persist until cyclopropanation occurs, but would be unlikely to be 
converted to neutral trans-4 and cis-4' ' via electron transfer from cis-4. 


Although the generation of cation radicals of organic substrates by electron transfer to  1 ' ' 
and 5 +  . is well known, an experiment in which a persistent cation radical is generated by use 
of the aminium salt and then subsequently cyclopropanated by 2 would be most attractive. The 
more powerful hole catalyst (5") used in the previous experiment makes the generation of 
such a persistent cation radical feasible. Reaction of 5 + ' with 1,1,2,2-tetraphenyIethene (TPE) 
produces the well known cation radical TPE' ', identified by optical spectroscopy. l 6  This 
cation radical is, of course, highly stabilized by conjugative and steric effects. Subsequent 
addition of 2, however, fails to effect cyclopropanation of TPE, indicating that even cation 
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radical/neutral reactions can have substantial activation energies when the cation radical is 
highly stabilized. 


Simple olefins, including tetraalkyl-substituted ethenes, are unreactive toward 2 in the 
presence of the mild catalyst l", but 5 ' ' induces a smooth cyclopropanation of 
2,3-dimethyl-2-butene (6, Scheme 3). Cyclohexene and tetrachloroethene, both more difficult to 
ionize alkenes than 6, are unreactive even under the more stringent conditions (using 5 + '). An 
inverse correlation of cyclopropanation reactivity with substrate oxidation potential relative to 
initiator oxidation potential emerges (styrenes, dienes > 6 > cyclohexene, tetrachloroethene) 
and is construed as additional evidence for the obligatory involvement of a substrate cation 
radical-neutral diazo compound mechanism. Further, if the ionization of 2 were feasible using 
1 + ' under the conditions of a typical successful cyclopropanation reaction, it should also be 
feasible in the presence of cyclohexene, a less readily ionized substrate than those successfully 
cyclopropanated by the 1 + ' + 2 system. It would then be difficult to  explain the complete 
unreactivity of cyclohexene, in contrast to  the facile reactivity of 6 toward 2". The 
unreactivity of cyclohexene also rules out the intermediacy of carbethoxycarbene and, in all 
likelihood, its cation radical. These cation radical cyclopropanations are, incidently, extremely 
clean with regard to products volatile enough to be detected by gas chromatography (GC).  
Specifically, they produce none of the diethyl maleate and furnarate formed, e.g. in the 
rhodium acetate-catalyzed reaction of 6 and 2, and which are considered to be derived from 
free or complexed carbethoxycarbene. Moreover, the insertion reactions expected of a free 
carbene are also absent in the cation radical reaction. Synthetically, the dependence of 
reactivity on ionization potential sharply distinguishes the new cyclopropanation reaction from 
transition metal-catalyzed cyclopropanations in general in that the latter typically exhibit high 
reactivity toward both electron-rich and electron-deficient ?r bonds. Further, in carbene 
transfer reactions to neutral substrates, such as are involved in the Simmons-Smith reaction, 
tetrasubstituted alkenes have slightly diminished reactivity, as a result of steric effects, 
compared with trisubstituted alkenes and are only slightly more reactive than disubstituted 
alkenes. 


The remainder of the substrates which were successfully cyclopropanated in the study are 
conjugated dienes. The reaction with a-terpinene (7) is particularly interesting in relation to 


Scheme 3 


r3 1 - 
Scheme 4 
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regioselectivity. The cyclopropanation of 7 occurs smoothly (71%) with either 1' ' or 5' ' 


(Scheme 4). Incidentally, the much greater solubility of 5" than 1" in DCM makes it 
possible to effect this cyclopropanation at - 78 "C when the former initiator is used. Under 
either set of conditions ( l+- ,  0 "C; 5 +  ', - 78 " C )  the reaction is essentially completely 
regioselective for the less sterically hindered double bond. It is also of interest that this highly 
ionizable, rigidly s-cis-diene is not susceptible to  aminiurn salt-catalyzed cation radical 
Diels-Alder cyclodimerization, apparently as a result of severe steric retardation. The reaction 
of 7 and 2, incidentally fails to yield any of the bicyclo[2-2* 11 heptene product which would 
result from concerted or stepwise conjugate addition to 7. This observation suggests that a 
purely acyclic allylic intermediate, which could cyclize to either a vinylcyclopropane or a 
cyclopentene is not involved in this reaction. Further diagnostic studies were carried out with 
this interesting substrate. Lorenz and BauldSf have established that added neutral triarylamine 
(Ar3N) is a specific inhibitor for cation radical chain reactions. The cyclopropanation of 7 in 
the presence of 5' . is indeed rendered less efficient (45% yield) in the presence of 100 mol-To 
(relative to 7)  of 5 .  As shown by Lorenz and Bauld,Sf this inhibition involves the quenching 
of chain-carrying cation radicals by electron transfer from the neutral amine. They also 
established that the triarylamine is not sufficientIy basic to inhibit Brernsted acid-catalyzed 
reactions. On the other hand, 2,6-bis(fert-butyl)pyridine does suppress Br~nsted acid-catalyzed 
reactions,I3 but does not suppress cyclopropanation of 7 by 2 (using 1' ' as initiator). 


Cyclopropanation of the hindered s-trans-diene, 2,5-dimethyl-2,4-hexadiene (8) is also facile, 
even using 1 + ' as initiator (67% yield; Scheme 5 ) .  The anti isomer of the product mixture is 
ethyl chrysanthemate, the acidic component of which is that present in pyrethrin I, a potent 
and mammal-safe, natural insecticide. l 9  An even more potent pyrethroid insecticide is syn-15, 
which is produced (together with the corresponding anti isomer) in the regiospecific 
cyclopropanation of diene 9 (Scheme 6 ) .  A second, methyl migration, product (16), however, 
also accompanies these cyclopropanes. The cyclopropanation of 9 is feasible only when 5 + ' is 


anti: syn = 1.1 : 1 
a - 


t? 
Scheme 5 
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used as the initiator, since the electron-withdrawing bromo substituents on the diene elevate its 
oxidation potential. Even 5' ', however, is ineffective in promoting the cyclopropanation of 
hexachloro- 1,3-butadiene. 


The final class of substrates surveyed in this study, the electron-rich alkenes, proved not to  
be amenable to efficient cyclopropanation. Phenyl vinyl ether, phenyl vinyl sulfide and 
1-methoxycyclopentene, among others, caused immediate decolorization of the aminium salt 
(indicating electron transfer) and nitrogen evolution, but no cyclopropane or other volatile 
products were formed in significant amounts. Two potential problems have previously been 
noted in aminium salt-initiated cation radical cycloadditions involving such functionalities. 5g 


First, the enol ethers and vinyl sulfides are exceptionally effective caticophiles, so that any 
cation radicals formed are most likely to react with the neutral enol ether or vinyl sulfide. Since 
cyclopropanation reactions appear to involve substrate (as opposed to diazo compound) cation 
radicals, a highly probable result is cyclodimerization of the substrate, in preference to  or in 
competition with cyclopropanes. Secondly, the presence of a directly attached heteroatom 
donor substituent on the cyclopropane product may well render these products unstable to both 
electron-transfer agents (Ar3N' ') and to the Brransted acid present during aminium salt- 
initiated cation radical cycloadditions. 


DISCUSSION 


Synthetic aspects 


The scope of the new, cation radical cyclopropanation reaction appears reasonably well defined 
by the present reasearch. In a general sense, olefinic n bonds which have oxidation potentials 
less than about 1 - 6  V (vs SCE) are potentially susceptible to cyclopropanation by 2, when the 
mild initiator 1" is used. In a synthetic context, this includes a variety of styrenes and 
conjugated dienes, the oxidation potentials of which are not elevated by an electron- 
withdrawing substituent and which, preferably, have a number of alkyl substituents attached 
to the conjugated functionality. In the case of styrenes, donor groups attached to the aromatic 
ring are especially advantageous. When the stronger intiator 5 +  ' is used, the scope is further 
extended to include tetraalkyl-substituted simple olefins, but apparently not olefins which have 
fewer aLkyl substituents. Conjugated dienes containing one or two electron-withdrawing 
substituents can also be cyclopropanated using 5' '. This latter initiator is not only valuable 
for the cyclopropanation of less readily ionizable olefinic functionalities, but is also uniquely 
useful for reactions which must be run at - 7 8  OC, e.g. for enhanced selectivity or for the 
preservation of thermally unstable functionalities. The special effectiveness of 5 + ' in this 
context is based on its much greater solubility than 1 + ' at such low temperatures and on the 
greater rates of initiation achieved by 5" .  


The cation radical cyclopropanations are frequently characterized by high regiospecificity, as 
has been established with 7 and 9. These reactions, respectively, reveal the sensitivity of the 
reaction to steric effects and to charge distribution in the cation radical. With 7, the positive 
charge in the dienic cation radical (7") is presumably nearly equivalent at the two dienic 
termini, so that differential steric effects prevail in determining regioselection. In 9 +  ' the 
methylated terminus is undoubtedly the site of greater positive charge density and this factor 
evidently prevails against both opposing steric effects and product development character in the 
transition state. Although site selectivity in the case of multiple isolated olefinic functionalities 
has not been studied in this present work, this element may be considered to be potentially the 
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strongest aspect of the selectivity profile of cation radical cyclopropanation. Assuming the 
validity of the mechanism proposed here, site selection should be determined by site ionizability 
and thus should be both predictable and highly developed. 


The reactions presented in this paper occur in yields that are comparable to those attainable 
by transition metal-catalyzed cyclopropanation, e.g. the rhodium acetate-catalyzed procedure, 
and the regioselectivities of the two reactions appear to be parallel. l 7  As mentioned previously, 
site selectivity in molecules containing more than one alkene function is predicted to be superior 
in the cation radical version, although this remains to be demonstrated experimentally. The 
ability to execute the reaction at - 78 “C has potential advantages in terms of selectivity and 
the preservation of thermally unstable functionalities. On the other hand, the rhodium- 
catalyzed procedure appears to be compatible with a wider range of alkenic functionality (e.g. 
electron-rich alkenes and strained alkenes). 


Mechanistic aspects 


The cation radical mechanism of these cyclopropanation reactions is affirmed by several 
independent observations. First, two well established cation radical initiating systems, the 
aminium salt and PET systems, afford the same cyclopropanation products and in es5entially 
the same isomer ratios. 5g Hindered bases, which completely suppress Br~nsted acid-catalyzed 
reactions, fail to suppress these cyclopropanations. l4 Moreover, a specific diagnostic test for 
cation radical chain reactions, developed in this laboratory, and applied to cation radical 
Diels-Alder cycloadditions, has also been applied to cation radical cyclopropanation. S f  The 
neutral triarylamine corresponding to the aminium salt initiator used was found to inhibit 
cation radical cyclopropanation. These triarylamines have previously been established as being 
too non-basic to retard Bransted acid-catalyzed reactions. The chain nature of the cation 
radical mechanism is clearly reflected by the catalytic quantities of initiator which suffice in 
these reactions. 


That the initiation step of the cation radical chain reaction involves ionization of the 
substrate as opposed to ethyl diazoacetate (2) is strongly indicated not only by the relative 
oxidation potentials of 2 and the various substrates studied, but also by several independent 
observations. First, in  instances where the substrate is subject to cation radical chain 
cyclodimerization (e.g. trans-anethole) via the substrate cation radical, these cyclodimerization 
products are observed in major quantities when the substrate and diazo compound are present 
in equimolar amounts. The use of a 5:l excess of diazo compound suppresses the formation 
of the cyclodimer in these cases. Secondly, although each of the substrates successfully 
cyclopropanated in this study decolorizes and quenches the appropriate aminium salt catalyst 
in the absence of 2, 2 does not quench 1 ”  and is not extensively decomposed during the 
approximately 10 min reaction time typical of cyclopropanation. Finally, the relative order of 
substrate reactivities is that of a reaction which succeeds when the substrate oxidation potential 
is within 0.5 V of the oxidation potential of the initiator. The reactivity behavior is therefore 
parallel to cation radical chain oxidation, a cation radical chain process which undoubtedly 
involves substrate cation radicals. 2o For a hypothetical mechansim involving diazo compound 
cation radical, moreover, it does not appear reasonable to expect that the reaction between 2 
and a specific substrate should depend on the initiator ionization potential. 


The previous analysis characterizes the aminium salt initiated cyclopropanation reaction 
essentially as a cation radical chain carbene transfer to a substrate cation radical (Scheme 7). 
The further details of the reaction path, such as its concerted or stepwise nature, are less clear 
and cannot be unambiguously assigned at present. The product studies do, however, provide 
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Scheme 7 


some valuable insights into some aspects of this reaction path. Especially interesting is the 
observation of 1,2-rearrangement (methyl migration) in the case of 9. This competing reaction 
suggests that carbene transfer to the substrate cation radical (9+ .) does not occur in a wholly 
concerted manner to give an intact cyclopropane cation radical, at least in these instances. 
Rather, an intermediate, either an acyclic propanediyl cation radical (17) or a long-bond 
cyclopropane cation radical (18), appears to be implied. Either of these might plausibly explain 
the observed competition between methyl migration and closure to  a cyclopropane adduct. The 
choice between these two alternatives is influenced by the observation that cation radical 
carbene transfer reactions appear to be highly cyclopropane pericyclic when, as in additions to 
cisoid dienes such as 7, either vinylcyclopropane or cyclopentene adducts could be formed. This 
selectivity appears most consistent with an intermediate which, at least for 7, is at least not 
purely acyclic, but which maintains a significant interaction between the cation and radical 
sites. Nevertheless, the complexity of cation radical energy surfaces and the concomitant 
mechanistic diversity suggest that it is highly inappropriate to generalize the proposed 
mechanism or to be more precise about the nature or strength of the interaction between the 
cation and radical sites. The stereochemical information provided by the cisltrans-stilbene 
cyclopropanation study appears irrelevant to the pericyclic step, so that additional 
Ftereochemical studies will be of interest. It appears to follow from the tentatively proposed 
long-bond mechanism that suprafacial stereospecificity is the predominant expectation. 
Nevertheless, if the long bond is indeed weak, a small random stereochemical component may 
well be introduced in at least some systems as a result of thermal dissociation of the long bond, 
rotation and re-closure of the long bond. No information is available on the possible 
intervention of other intermediates, such as a diazonium cation radical (19), and such 
intermediates are not necessarily presumed here, i.e. concerted formation of a long-bond 
cyclopropane cation radical is most simply consistent with the present data. 


The incorporation of pericyclic reactions into radical chain processes is one of the 
noteworthy features of cation radical chain pericyclic reactions, including the present 
cyclopropanation reaction. Detailed kinetic studies have previously established activation 
enthalpies of 0.8 and 1.8 kcal mol- '  for the pericyclic step of the cyclobutadimerization of 
trans-anethole and the Diels-Alder cyclodimerization of 1,3-~yclohexadiene. 5f Presumably the 
constraints of radical chain processes militate against any propagation step with a barrier of 
more than a few kilocalories per mole. 
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Analysis 


Proton magnetic resonance (PMR) spectra were recorded in deuterated chloroform or carbon 
tetrachloride on either a Varian EM-390 spectrometer for routine spectra at 90 MHz or a 
Nicolet NT-200 multi-nuclear spectrometer for 200 MHz Fourier transform (FT) spectra and 
proton decoupling NMR studies. High-field and COSY (2D NMR) spectra were recorded on 
a General Electric GN-500 for 500 MHz FT spectra. PMR chemical shifts are reported as 
6 (ppm) downfield from an internal tetramethylsilane standard. Carbon magnetic resonance 
(CMR) spectra were determined in deuterated chloroform on either a Varian FT-80A for 
routine spectra or a Bruker WH-90 FT spectrometer for smaller amounts requiring a greater 
accumulation of transients for acceptable spectra. Again, chemical shifts are reported as 
6 (ppm) downfield from tetramethylsilane. 


Low-resolution mass spectra (LRMS) were obtained on a DuPont 21-471 mass spectrometer. 
High-resolution mass spectra (HRMS) were recorded from a DuPont (CED) 21-llOB mass 
spectrometer. Gas chrornatography-mass spectrometry (GC-MS) was performed on a 
Finnigan EI-Cl instrument using an SE-30 coated 50 m capillary column with helium as carrier 
gas. LRMS and GC-MS data processing was performed on an INCOS data system. . 


Analytical GC analyses were obtained either on a Gow-Mac Series 550 gas chromatograph 
(thermal conductivity detection and helium as carrier gas) using a 4 ft x 1/8 in i.d. column 
of 5 %  OV-101 on Chromosorb P, or on a Varian Model 3700 gas chromatograph (flame 
ionization detector with nitrogen as carrier gas) using a 4 ft x 1/8 in i.d. column of 5 %  OV-101 
on Chromosorb G-HP. Preparative GC was performed on the Gow-Mac instrument utilizing 
a 5 ft x 1/4 in i.d. column of 10% SE-30 on Chromosorb W. GC yields were calculated with 
the aid of a Hewlett-Packard 3390A reporting integrator (Gow-Mac GC) or a Varian SP4270 
integrator (Varian GC). Capillary GC analyses were conducted on the same Varian Model 3700 
gas chromatograph equipped with an SE-30 coated 25 m column. 


Infrared (IR) spectra were recorded on a Beckman Acculab 7 infrared spectrometer using 
polystyrene film as a standard. Melting points were determined on a Mel-Temp capillary 
melting point apparatus. All melting points and boiling points reported are uncorrected. 


UV-visible spectra and kinetic results were obtained on a Hewlett-Packard Model 8450A 
diode-array spectrometer equipped with an HP  98100A temperature controller and an H P  
89101A thermostated cuvette holder (with a dry nitrogen purge and chilled water). 


High-performance liquid chromatography (HPLC) was performed on a Waters Model 
6000A solvent delivery system equipped with a Waters Model R401 differential refractometer. 


Preparation of reagents and standards 


The dichloromethane (DCM) (Aldrich, HPLC grade) used in these studies as a solvent was 
distilled from P205 (Aldrich) under dry nitrogen. It was then stored over 4 A molecular sieves 
(Aldrich, 8-12 mesh) in an aluminium foil-wrapped round-bottomed flask. The flask was kept 
in a desiccator between uses. 


Tris( p-bromopheny1)aminium hexachloroantimonate (1 + ') (Aldrich) was washed with 
anhydrous diethyl ether (Fisher) prior to its use to remove traces of acid. The tris(p- 
bromopheny1)aminium (1) (Aldrich) was recrystallized from hot ethanol and vacuum dried 
before use. All substrates and ethyl diazoacetate were of reagent grade (Aldrich). 
Tris(2,4-dibromophenyl)amine (5) was prepared according to  literature procedures. 21  The 
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white precipitate obtained was purified by Soxhlet extraction and rccrystallized from ethanol: 
m.p. 214-216 "C (lit., 216-218 "C), 1,,,= 301 nm (lit., 301-5 nm).*' 
Tris(2,4-dibromophenyl)aminium hexachloroantimonate (5 + .) was prepared according to a 


literature procedure. 22 The only modification was that the aminium salt was precipitated and 
washed with pentane rather than diethyl ether. The green crystals were stored in a light-proof 
bottle in a desiccator: I,,, > 800 nm (lit.,20 880 nm). 


Generalized aminium salt-initiated cyclopropanation procedure 


To a flame-dried 10 ml round-bottomed flask containing a magnetic stirrer bar and with a dry 
nitrogen purge is added 0.3-0.5 mmol of the substrate to be cyclopropanated, a 3-4-fold 
excess of ethyl diazoacetate (ETDA) (Aldrich), and 3-5 ml of freshly distilled DCM via a 
syringe. The solution is cooled to 0 "C in an ice-salt bath while stirring. A sufficient portion 
of the aminium salt (10-40 mol-%) is added by spatula (or powder addition funnel, if 
available) in small portions. The nitrogen purge is used to exclude adventitious water during 
the additions of aminium salt. As a portion of the salt is added, decolorization of the salt and 
concurrent evolution of nitrogen bubbles (as a by-product of the cyclopropanation) from the 
solution will be observed as a positive sign of the desired reaction. When evolution of the 
nitrogen slows or ceases, a second portion of the salt may be added. The amount of salt 
ultimately added will depend on the efficiency of cyclopropanation. 


Work-up proceeds as in other aminium salt-initiated reactions. The solution is quenched with 
the addition of a solution of sodium methoxide in methanol. More DCM is added to dissolve 
all of the products and the reaction mixture is extracted in a separating funnel successively with 
water, saturated sodium chloride solution and water. The DCM solution is then dried and 
filtered by passing it through a plug of cotton. The solution is concentrated on a rotary 
evaporator and the product mixture analyzed by GC using a 1 f t  column of 5 %  OV-101 for 
separations. 


The GC analysis (typically with a thermal gradient program from 100 to 250 "C at 
25 "C min- ') reveals that a successful cyclopropanation reaction shows a decrease or absence 
of starting olefin or diene, concurrent with a new peak(s) at longer retention times. However, 
these new products generally have shorter retention times than competing dimerizations or 
oligomerizations of the olefin or diene. The last component to elute generally is the 
tris(2,4-dibromophenyl)amine. 


The GC analysis, if promising, is followed by preparative thin-layer chromatography (TLC) 
to remove both excess of ETDA and the free amine. (Some of the free amine can be removed 
by decanting the product mixture from the precipitated free amine. The insolubility of the free 
amine becomes evident as the solution is concentrated and subsequently cooled. In large-scale 
syntheses the recovered free amine can be recycled to the aminium salt.) The product usually 
runs at RF values between that of the front-running free amine and the lagging ETDA. 
Isolation of the product fractions is effected by cutting the product-impregnated band of silica 
gel from the TLC plate and eluting the product from the silica gel with chloroform. 
Evaporation of the chloroform is followed by characterization with three or more of the 
following methods: PMR, COSY PMR, CMR, GC-MS, HRMS and IR. 


In some cases, a comparative cyclopropanation reaction is run using a known catalyst for 
cyclopropanations with ETDA. The catalyst, rhodium(II)acetate, is known for carbene-type 
additions of ETDA; however, a major side-reaction to these reactions is coupling of ETDA 
carbenes to give both diethyl fumarate and diethyl maleate. This comparison is useful in 
determining the utility and scope of the cation radical cyclopropanation (CRCP) procedure. 







CATION RADICAL PERICYCLlC REACTIONS 595 


Cyclopropanations of 2,3-dimethyl-2-butene (6) 


As described in the generalized procedure above, 250 pl(2.13 mmolj of 2,3-dimethyl-2-butane, 
880 pl(8-37 mmol) of ETDA, 12 ml of DCM and 665 mg (30 mol-Yo) of the aminium salt were 
combined and the reaction was initiated at 0 "C. The aminium salt was instantly decolorized 
together with the evolution of copious amounts of nitrogen. GC analysis (90-250 "C at 
10 "C min-') of the reaction mixture shows one new product at a retention time of 1.77 min. 


The work-up was as described above. Isolation of the product was performed by preparative 
GC on a 4 f t  x 1/4 in i.d. SE-30 column at 80 OC (isothermal). Using exactly 33% of the 
homogeneous reaction mixture, the second GC fraction was collected as the product fraction, 
giving 50-0 mg of sample. In this way a projected isolated yield of 150.0 mg (41 -95% yield) 
of a clear, mobile, pleasant-smelling oil was obtained. Analytical GC of this oil attested it to 
be greater than 95% pure. PMR and CMR spectra confirmed the identity of the product as ethyl 
2,2,3,3-tetramethylcyclopropanecarboxylate (12). 


mol), once confirmed to  be pure, was prepared as a 
solution with 3 -1  mg (2.01 x mol) of biphenyl (Eastman) as an internal standard. A GC 
detector response factor of 0.742 was determined for the cyclopropane ester relative to the 
biphenyl. This value was used to obtain a GC yield of 60.3% in a parallel run using 50ml 
(0.421 mmolj of 10, 176 ml (1 -67 mmol) of ETDA, 2 ml of DCM and 443 mg (41 mol-%) of 
the aminium salt. The reaction in this case was initiated at - 78% C and allowed to warm to 
0 "C before GC analysis. PMR (CDC13): 6 4.025 (4, 2H, J =  7.2 Hz), 1 a20 (t, 3H), 1.195 
(s,6H), 1.133 (s,6H), 1.12 (s , lH) (lit.23). CMR (CDC13): 6 172.08, 59-38, 35-7, 29-66, 
23.41, 16-39, 14.24. HRMS: (C10H1802) m/zcalculated 170.13067, measured 170- 13103 amu, 
error 0.36/2- 1 AMUppm-'. LRMS m/z [Vo of base peak (B)] : 170 [ 1.1 1 ( M ) ] ,  125 (21 *2), 


The product (9.1 mg, 5-345 x 


109 (20*7j, 97 (B,-CO2Et), 55 (69.04). 


Cyclopropanation of cis- and trans- stilbene (4) 


As in the generalized procedure, 102 mg (0.566 mmolj of cis-stilbene (Aldrich), 250 pl 
(2.38 mmol) of ETDA, 3 ml of DCM and 230 mg (40 mol-To) of the aminium salt were 
combined and initiated at -78 'C, then allowed to warm to 0 "C. The aminium salt was 
gradually decolorized, followed by nitrogen evolution to given an orange-yellow solution. GC 
analysis (80)-250 "C at 10 "Cmin- ')  showed a new peak at a retention time of 12.94 min. 


Work-up proceeded as usual, with isolation being performed by preparative TLC, using 
carbon tetrachloride-chloroform (4: 1) to  elute the sample. After stripping the isolated band 
of silica gel with chloroform, and subsequent evaporation of the solvent, 121 39 mg (80.8% 
yield) of a clear, mobile oil was isolated. This compound was identified by PMR, IR, LRMS 
and HRMS to be ethyl trans-2,3-diphenylcyclopropanecarboxylate (11). 


In a parallel run, using 34 mg (0-  189 mmolj of trans-stilbene (Aldrich), 80 p1 (0.761 mmol) 
of ETDA, 2 ml of DCM and 79-6 mg (40 mol-Yo) of the aminium salt, combined and initiated 
at 5 "C, an identical product was obtained (established by GC spiking with the previously 
isolated sample). In addition, all of the starting trans-stilbene was completely gone. No attempt 
was made to  isolate this product: PMR (CDC13): d 7-30 (s, IOH), 3-93 (q,2H, J = 7 . 5  Hzj, 
3-20 (dd, lH,  J =  5*25,6*75), 2.86 (dd, lH ,  J =  6.75,9.8), 2-25 (dd, lH,  J =  5-25,9*8),  0.99 
(t, 3H, J =  7.5 Hz). IR (CCL): 3075, 3040 cm-' (cyc1oprop.-Hj, 2995 cm-I (C-H), 
1730 cm-' (C=O); 1603 cm-I, 1500 cm-'  (C=C, aromatic), 1180 cm-' (C-0), 780 cm-' 
(C-H, aromatic). LRMS: m/z (070 of base peak): 266 [4.22 (Mj], 237 (4.88), 221 (9.01), 193 
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(B), 115 (77.63), 91 (19.6). HRMS: (C18H1802) m/z  calculated 266.13067 amu, measured 
266.13030 amu, error -0.37/ - 1-4  mamuppm-'. 


Attempted cyclopropanation of cyclohexene 


As in the generalized procedure, 18 pl(0.178 mmol) of cyclohexene (MCB), 75 pl(0.712 mmol) 
of ETDA, 1.5 ml of DCM and 47 mg (25 mol-%) of the aminium salt were combined and 
initiated at 0 "C. There was no decolorization of the aminium salt, and no apparant nitrogen 
evolution. GC analysis (100-250 "C at 10 "Cmin- ')  showed only starting material and the free 
amine. 


Attempted cyclopropanation of ethyl vinyl ether 


As in the generalized procedure, 25 pl (0.126 mmol) of ethyl vinyl ether (Aldrich), 94.5 p1 
(0.899 mmol) of ETDA, 2 ml of DCM and ca 35 mg (12.7 mol-Yo) of the aminium salt were 
combined and initiated at 0 "C. There was little apparent reaction from either visual or GC 
(100-250 "C at 10 "C min-I) analysis. 


Attempted cyclopropanation of phenyl vinyl ether 


As in the generalized procedure, 20 pl (0.163 mol) of phenyl vinyl ether (PolySciences), 50 ml 
(0.475 mmol) of ETDA, 2 ml of DCM and ca 35 mg (20.4 mol-%) of the aminium salt were 
combined and initiated at 0 "C. There was decolorization of the aminium salt and some 
nitrogen evolution; however, GC analysis (80-250 "C at 10 "C min-I) showed no evidence of 
any products, and the ETDA was significantly decomposed. 


Attempted cyclopropanation of 1-methoxycyclopentene 


As in the generalized procedure, 35 pl (0.30 mmol) of the vinyl ether,24 150 pl (1 -425 mmol) 
of ETDA, 2 ml of DCM and 80 mg (40 mol-%) of the aminium salt were combined and 
initiated at 0 " C .  Decolorization of the aminium salt and vigorous evolution of nitrogen 
occurred; however, GC analysis (100-250 "C at 25 "Cmin- ')  showed only long retention time, 
oligomeric (multiple, low-intensity) peaks and decomposition of the starting vinyl ether. 


Attempted cyclopropanation of 1,1,2,2,-tetraphenylethene (TPE) 


As in the generalized procedure, 63 mg (0.189 mmol) of tetraphenylethene (Commercial 
Organic Chemical), 100 pl(O.95 mmol) of ETDA, 2 ml of DCM and 80 mg (40 mol-%) of the 
aminium salt were combined and initiated at 5 "C. The aminium salt was instantly decolorized, 
being replaced by a deep purple color. In addition there was no nitrogen evolution from the 
reaction mixture. GC analysis (100-260 "C at 25 "Cmin- ')  confirmed that no products were 
formed and the starting materials remained intact. A UV-visible spectrum of the solution 
revealed the formation of a compound that has a maximum absorption at 480 nm and a weak 
broad absorption at ca 600 nm. This is in accord with cited values for the cation radical of 
1,1,2,2-tetraphenylethene, which is a metastable species in DCM. 25 







CATION RADICAL PERICYCLIC REACTIONS 597 


Attempted cyclopropanation of 1,1,2,2-tetrachloroethene (11) 


As in the generalized procedure, 35 pl (0.343 mmol) of the tetrachloroethene (J. T. Baker), 
100 ml (0.95 mmol) of ETDA, 2 ml of DCM and 50 mg (15 mol-%) of the aminium salt were 
combined and initiated at - 78 " C .  No decolorization of the aminium salt or apparent nitrogen 
evolution occurred. No attempt at GC analysis was made. 


Attempted cyclopropanation of phenyl vinyl sulfide 


As in the generalized procedure, 20 p1 (0.153 mmol) of phenyl vinyl sulfide (Aldrich), 50 +I 
(0-475 mmol) of ETDA, 2 ml of DCM and 40 mg (25 mol-To) of the aminium salt were 
combined and initiated at 0 "C. Decolorization of the aminium salt and nitrogen evolution 
occurred; however, GC analysis (80-250 "C at 10 "Cmin- ')  showed that the only peaks which 
appeared are at too long retention times (9-10 min) to be seriously considered as 
cyclopropanation products. No attempt was made at isolation. 


Cyclopropanation of a-terpinene (7) 


As in the generalized procedure, 500 mg (3-67 mmol) of 17 (Aldrich), 1-675 g (14.6 mmol) of 
ETDA, 5 ml of DCM and 1-932 g (50 mol-To) of the aminium salt were combined and initiated 
at - 78 "C. Immediate decolorization of the aminium salt and vigorous nitrogen evolution were 
observed. The solution was allowed to warm to 0 "C to complete the reaction and then 
quenched and worked up in the usual way. GC analysis (100-250 "C at 20 "Cmin- ' )  showed 
only two potential product peak\. 


The products were isolated by flash chromatography on silica gel (Kieselgel 60, 230-400 
mesh, EM Reagents) using carbon tetrachloride-chloroform ( 5 :  1). The second fraction (RF 
0.26) was collected as the product fraction. Capillary GC (100-250 "C at 20 "Cmin- ')  on a 
25 ft SE-30 column showed that predominantly one isomer was collected. After evaporation 
of the solvent, 355 mg (43.5% yield) of a pale yellow oil were obtained. PMR anaIysis of 
product showed the presence of only one olefinic proton, which indicated selective 
cyclopropanation of one of the double bonds. 


After PMR [200 MHz, 500 MHz (with COSY)], CMR and IR analyses, one isomer was 
characterized as the cyclopropanation product 13. This regioisomer at the methyl-substituted 
double bond with an anti configuration (relative to the two protons on the cyclopropyl ring) 
was the only adduct eluted. 


The GC response factor using 27.0 mg (0.1214 mmol) of the cyclopropyl compound and 
19.5 mg (0.1094 mmol) of phenanthrene (Aldrich) wa5 determined to be 0.8475 for the 
cyclopropane ester. A parallel run was carried out, using 30 ml (0.184 mmol) of 7, 77.5 ml 
(0.737 mmol) of ETDA, 2 ml of DCM and 76 mg (40 mol-To) of the aminium salt. Utilizing 
the calculated response factor, a GC yield of 72.0% was obtained. PMR (CDCl?): 6 5-63 
(dd, lH ,  J =  5 - 6  Hz, 1 - 0  Hz), 4-09 (mult./500 MHz), q ,90 MHz,2H), 2.10 (septet, IH, J =  
6.9  Hz), 1.96 (m, lH), 1.91 (m, lH),  1.72 (m, lH),  1.52 (m, lH),  1.87 (d, lH ,  J =  4.2 Hz), 
1.73 (t, l H , J = 3 > 2 H z ) ,  1 .29 (~ ,3H) ,  1*24(t ,3H,  J = 9 . 6 H z ) , 0 . 9 4 ( d , 3 H , J = 2 . 1  Hz),0.92 
(d, 3H, J = 2.1 Hz). CMR (CDC13): 172*36,141~94,117~06,60~14,34-85,29~30,28-88, 
28.49,27-54,23*08,21-25,20*83,18~6,14.41 HRMS: (C14H220) m/z calculated 
222.16197 amu, measured 222.16239 arnu, error 0-4211.9 mamuppm-'. LRMS: mlz (To of 
base peak) 222 [ 18.9 ( M ) ] ,  149 (59-9), 105 (B), 93 (72). IR (CCL): 3050 cm- '  (cyclopropyl 
C-H), 2960,2920,2870 cm-* (aliphatic C-H), 1725 cm-I (C=O), 1155 cm-'  (C-0); 
770cm-' (=C-H),cis); 1645 cm-' (C=C,cis, v .  weak). 
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Control experiments for the cyclopropanation of a-terpinene (7) 


Addition of tris(2,4-dibromophenyl)arnine. 


As in the generalized procedure, 30 p1 (0- 1843 mmol) of a-terpinene, 77.5 pI (0.737 mmol) of 
ETDA, 132.4 mg (100 mol-%) of tris(2,4-dibromophenyl)amine, 77.6 mg (40 mol- Vo) of the 
aminium salt and 2 ml of DCM were combined and initiated at - 78 " C .  The aminium salt was 
decolorized and nitrogen evolution was observed. The reaction was run for 10 min and 
quenched, as in the generalized procedure. To the reaction mixture were added 14mg 
(0.079 mmol) of phenanthrene as an internal standard. GC analysis (100-250 "C at 
25 "Cmin- ')  produced a GC yield of 44.7% 


GC yield with tris(p-bromopheny1)aminium hexachloroantirnonate. 


As in the generalized procedure, 30 pl(0.1843 mmol) of a-terpinene, 77.5 pl (0.737 mmol) of 
ETDA, 77 * 6 mg (40 mol-%) of tris(p-bromopheny1)aminium hexachloroantimonate (Aldrich) 
and 2 ml of DCM were combined and initiated at -78 "C and allowed to  warm to 0 "C over 
a 10 min period. The decolorization of the arninium salt was slower than the corresponding 
experiment. using the dibromophenylaminium salt, and evolution of nitrogen was not as 
vigorous. The usual quenching and addition of 20 rng (0.112 mmol) of phenanthrene, followed 
by GC analysis (100-250 "C at 25 "Cmin-I), showed a 71.3% GC yield of the desired 
product. 


Addition of 2,S-di-tert-butylpyridine. 


As in the generalized procedure, 30 pl (0- 1843 mmol) of or-terpinene, 77-5 pl (0.737 mmol) of 
ETDA, 23 mg (65 mol-%) of 2,5-di-terr-butylpyridine, 63 mg (42 mol-To) of tris(p- 
bromopheny1)aminium hexachloroantimonate (Aldrich) and 2 ml of DCM were combined and 
initiated at 5 "C.  Decolorization of the aminium salt was slow and nitrogen evolution was 
decreased. The reaction was quenched after 10 min, and 11 mg (0.062 mmol) of phenanthrene 
were added. GC analysis (100-250 "C at 25 "Cmin- ')  produced a 3.8% GC yield of the 
desired product. 


Attempted CRCP of 1,1,2,3,4,4-hexachloro-1,3-butadiene 


As in the generalized procedure, 37 pl (0-236 mmol) of the hexachlorobutadiene (Aldrich), 
100 ml(O.951 mmol) of ETDA, 75 mg (30 mol-To) of the aminium salt and 2 ml of DCM were 
combined and initiated at 0 "C. No decolorization or nitrogen evolution was observed. No 
attempt was made at GC analysis. 


Synthesis of 3-methylcrotonaldehyde 


A Iiterature procedure was used to oxidize 3-methylbut-2-en-1-01 to the corresponding 
aldehyde.26 To a flame-dried three-necked flask, equipped with a magnetic stir bar, a dry 
nitrogen purge (through a calcium chloride drying tube outlet) and an addition funnel were 
added 200ml of dry DCM. The DCM was cooled to 0 "C in an ice-bath while 37.5 g 
(0.174 mol) of pyridinium chlorochromate (PCC)27 were dissolved in the reaction flask. To the 
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addition funnel were added 30 ml of DCM and 10 g (0.116 mol) of 3-methylbut-2-en-1-01 
(Aldrich). The alcohol solution was added quickly to  the PCC solution with rapid stirring. The 
reaction was monitored by analytical GC (80 'C, isothermal), which showed the product at a 
retention time of 0.59 min. 


The work-up proceeded by extraction with anhydrous diethyl ether (Fisher) and filtration of  
the solid residue and ether eluate through a plug of cotton. The ether was subsequently passed 
through a pad of Florisil and concentrated to a volume of ca 30 ml. Finally, distillation of the 
solution under a water aspirator vacuum (60-70 "C) gave 5.45 g (56% yield) of a yellow oil 
whose PMR spectrum was consistent with 3-methylcrotonaldehyde [ lit.,28 b.p. 66 "C 
(65 mmHg)]. PMR (CDCh: 6 9.91 (d, lH),  5.82 (d, lH), 2.19 (s,3H), 1.97 (s,3H). 


Synthesis of l,l-dibromo-4-methylpenta-1,3-diene (9) 


A literature procedure29 for the addition of the dibromomethylene unit was used . The reaction 
proceeded by adding 24.97 g (95.2 mmol) of triphenylphosphine (Aldrich), 11 a 5 5  g 
(47.6 mmol) of carbon tetrabromide (Eastman) and 200 ml of dry DCM to a flame-dried three- 
necked flask equipped with a magnetic stirrer bar and a dry nitrogen purge. This solution was 
stirred for 30 min while a solution of 2.0 g (23.8 mmol) of 3-methlycrotonaldehyde and 25 ml 
of DCM was prepared. The aldehyde solution was then syringed slowly into the red betaine 
solution, resulting in a deep red-brown solution in which a white precipitate 
(triphenylphosphine oxide) was readily visible. The solution was stirred for an additional 
30 min. 


Work-up proceeded by repeated extraction of the reaction solution (and the resulting solids) 
with portions of hexane. Concentration of the hexane extracts resulted in more of the by- 
product triphenylphosphine oxide, in addition to the unreacted triphenylphosphine, 
precipitating from the solution. In this way, three cycles of concentration, extraction and 
filtration gave a yellow oil after evaporation of the solvent. This oil was then flash 
chromatographed on silica gel (Kieselgel 60, 230-400 mesh, EM Reagents) using hexane as 
eluent. The product (RF 0.41) was easily separated from the residual triphenylphosphine (RF 
0.16), giving 3.415 g (59.8% yield) of a mobile yellow oil. The PMR spectrum (CDCl,) gave 
the expected proton absorptions for the dibromodiene, with no residual aldehyde: 6 7.1 
(d, lH ,  J =  9.6 Hz), 5.8 (br. d, lH), 1.86 (s, 3H), 1.79 (s,3H). 


Cyclopropanation of l,l-dibromo-4-methylpenta-1,3-diene (9) 


As described in the generalized procedure, 225 -0 mg (0.695 mmol) of 9, 280 hl (2.66 mmol) 
of ETDA, 292 mg (40 mol-%) of the aminium salt and 8 ml of DCM were combined and 
initiated at 0 "C. The immediate decolorization of the aminium salt concurrent with vigorous 
evolution of nitrogen signaled a positive reaction. GC analysis (100-250 "C at 25 "Cmin- ' )  
showed that the starting diene (retention time 2.72 min) was gone and four new peaks appeared 
in a 22:15:14:48 ratio (retention times 3*85,3.90,4*28 and 4.48 min, respectively). 


Work-up was as described in the generalized procedure. Isolation of the products was 
initiated by first passing the product mixture through a plug of silica gel (Aldrich, grade 12, 
28-200 mesh) using hexane-ethyl acetate (5:l) to  remove most of the unreacted starting 
materials, that is, the dibromodiene and the ETDA. A second chromatographic separation was 
done on silica gel using hexane-ethyl acetate (1O:l) to isolate 193.5 mg (79.1% yield) of a light 
yellow oil. GC (as above) showed the four isomers to be the only compounds present. CG-MS 
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(100-260 "C at 25 "C min-'; 25 ft SE-30 capillary column) showed that all four isomers had 
a parent ion of m/z  326 (one 81Br present) in roughly equal proportions. The first two isomers 
showed the loss of the carbethoxy group as the first fragmentation, while the latter two isomers 
showed the loss of only the ethoxy radical as the first fragmentation. This product mixture was 
the3 further separated on a preparative TLC plate (Analtech, 2000 mm thickness, 200-400 
mesh) using a carbon tetrachloride-chloroform (5:l) to  isolate the first isomer in pure form. 
The other fraction was still a mixture of the four original isomers, although not much of the 
first isomer was present. The PMR and CMR spectra confirmed that the first isomer is the 
desired all cis-dibromomethylene cyclopropane (cis-15). The PMR and decoupled PMR 
(200 MHz) spectra indicated that the second isomer is the trans-dibromomethylenecyclo- 
propane (trans-15) and the other two isomers are dienes in which the carbethoxymethylene 
component has been inserted at the 1-methyl and 1 '-methyl positions [ (E)-16 and (Z)-16]. 
The ratio of cyclopropane to insertion products is 47:53 by capillary GC (as above). PMR 
(CDC13): cis-16 6 6-80 (d, lH,  J =  8.4 Hz), 4.13 (q, 2H, J =  6.7 Hz), 1.94 (t, lH,  J =  8.4 Hz), 


( d , l H , J = 8 * 2 H z ) ,  4.13 (q,2H), 2-17 ( d d , l H , J = 5 . 5  and 8.2Hz),  1.63 
1.83 ( d , l H , J = 8 * 4 H ~ ) ,  1.28 ( t , 3 H , J = 6 ' 7 H z ) ,  1.27 ( s , ~ H ) ,  1 * 2 4 ( ~ , 3 H ) ,  trans-16 66.16 


(d, lH,  J =  5 . 5  Hz); (E)-17 6 7.20 (d, lH,  J =  8.62 Hz), 5.93 (d, lH,  J =  8.62 Hz), 4.13 
(q, 2H), 3.62 (4, lH,  J =  7.36 Hz), 1.76 ( s ,  3H); (2 ) -17  6 7.13 (d, IH, J =  8.20 Hz), 5.96 
( d , l H , J = 8 * 2 0 H z ) ,  4.13 (q,2H), 3.19 ( q , l H , J = 7 * 3 6 H z ) ,  1.76 ( s , ~ H ) .  CMR (CDC13; 
cis-16 1 7 0 ~ 4 7 , 1 3 3 ~ 6 8 , 8 9 ~ 0 4 , 6 0 ~ 3 8 , 3 5 ~ 4 8 , 3 1 ~ 9 5 , 2 8 ~ 4 1 , 2 7 ~ 3 4 , 1 4 ~ 2 9 , 1 4 ~  11, LRMS: m/z (Vo 
of base peak) 324 [4.63 (Iw)], 253 (B), 217 (34), 174 (71), 172 (73), 93 (61), 91 (55). HRMS: 
( C ~ O H M O ~ B ~ Z )  m/z calculated 323 -93604 amu, measured 323 -936984 amu error 0.8/2-5 
mamu/ppm- '. 


Cyclopropanation of trans-anethole (3) 


To a solution of 2 (3.033 g, 26.6 mmol) and 3 (0.788 g, 5.32 mmol) in 10 ml of dry DCM at 
0 "C was added 1 + '  (0.412 g, 0.504 mmol; 9 .5  mol-To of 3) in 15 ml of dry DCM. The blue 
solution turned brown quickly. GC analysis showed that the cross cycloadducts were formed 
in a greater amount than the cyclodimer of 3. The GC yield was 64.0% (corrected). After dry 
column chromatography on silica gel [ Skelly B-ethyl acetate (3: 1) as eluent] and preparative 
TLC [Skelly B-ethyl acetate (3:l) as eluent] the isomer mixture was subjected to preparative 
GC, which yielded 10, with a greater than 9 5 5  anti:syn ratio. PMR (CDC13): 6 7.2-6.79 
(q,4H), 3.87 (q,2H), 3-77 (s, 3H), 2.29 (dd, lH), 2.12 (dd, lH),  1.76 (dd, lH), 1-26 (d, 3H), 
1.05 (t,3H). CMR (CDC13: 171.0, 158.2, 130.1, 128.7, 113.3, 60.1, 55.2, 33.6, 30.0, 19.8, 
17.7, 14.1. IR (CDCI3): 1720cm-' (C=O). HRMS for C14HlgOJ: m/z  (calculated) 
234.125585 amu, m/z  (measured) 234.125895 amu, error 0.31/1-32 mamu ppm-'. 


Cyclopropanation of 2,5-dimethyl-2,4-hexadiene (8) 


To a solution of 2 (1 -512 g, 13-2 mmol) and 8 (1.734 g, 15.7 mmol) in 6 ml of dry DCM at 0 "C 
was added 1" (1.098 g, 1-34 mmol; 8.6 mol-Yo of 8) in 20 ml of dry DCM. The product 
isomer mixture was isolated in a yield of 67.3% using dry column chromatography. 
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EFFECTS IN 1,l-DIMESITYLVINYL PROPELLERS 
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ABSTRACT 


The crystal and molecular structures of dimesitylketene (1) and bis(3,5dibromo-Z,4,6- 
trimethylpheny1)ketene (2), the first free ketenes to be studied by X-ray diffraction, have been 
determined. The molecules of 1 and 2 have crystallographic C, and C, symmetry, respectively, and exist 
in a propeller conformation. Molecular mechanics calculations of 1 and 2 using a modification of 
Allinger’s new allene parameters reproduce satisfactorily the structural parameters of the ketenes. The 
torsional angles of the aryl rings in 1 and 2 are similar (cu. 500) and are regarded as ‘intrinsic’ values for a 
1,l-dimesitylvinyl propeller. From the similarity in aryl torsional angles in 1 and 2 it is concluded that the 
buttressing effects in 2 (if any) are not markedly manifested in the structural parameters of 2. 


INTRODUCTION 


Conspicuously missing within the host of organic functional groups structurally characterized 
in the solid state is the ketene functionality.’ This is hardly surprising since the parent 
compound and its alkyl derivatives exist as liquids at room temperature, and some ketenes are 
extremely reactive and prone to dimerization.2 Consequently, most of the structural data on 
ketenes available to date relies on spectroscopic (microwave, infrared and Raman) data. In 
contrast witbtheir ‘simple’ counterparts, some ketenes substituted by bulky aryl groups (such 
as dimesitylketene (1)3 which is an important intermediate in the synthesis of crowded 
f3,fJ-dirnesityl substituted stable simple e n ~ l s ) ~  have sufficient kinetic stability to allow their 
routine handling and purification, and are crystalline solids at room temperature. 


I Ar = 2,4,6-Me3C6H2 Ar 


‘r-C=O 
/ 2 Ar = 3,5-BrZ-2,4,6-Me3& Ar 
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In the present work we describe the crystal and molecular structure of the known 
dimesitylketene 1 and the new bis(3,5-dibromo-2,4,6-trimethylphenyl)ketene (2). Our interest 
in the structures of these compounds was threefold: (a) to obtain accurate structural data on 
the relatively unknown ketene functionality (b) to find out whether the diarylvinyl moiety exist 
in a propeller conformation5 where the two rings are twisted in the same sense (c) to assess 
whether the buttressing effect of the bromine atoms on the methyl groups of 2 is manifested in 
the geometry and conformation of 2. The third topic is of particular interest in light of the 
recent claim that the buttressing effects make the pentamethylphenyl group effectively bulkier 
than a mesityl ring which enables the kinetic stabilization of acid enols.6 


RESULTS AND DISCUSSION 


Ketene 1 was prepared according to a m ~ d i f i c a t i o n ~ ~  to Fuson’s m e t h ~ d . ~  Ketene 2 was 
synthesized in two steps from the known dimesitylacetic acid via electrophilic bromination and 
treatment of the resulting tetrabromo acid with SOC12 and pyridine, equation (1). Ketene 2 
was characterized by a v,,(nujol) at 2 1 0 0 ~ m - ~  in the IR spectrum and by its analysis, spectra 
and MS fragmentation pattern (see experimental section). 


Mes = 2,4,6-Me3C6H2 


X-ray data for crystals of 1 and 2 grown from petroleum ether at 278K were collected at 
room temperature. Crystals of 1 are monoclinic, space group P2Jc with four molecules per 
unit cell located in general positions, whereas crystals of 2 are orthorhombic, space group Pccn 
with four molecules per unit cell located along the crystallographic C2 axes. Final atomic 
parameters are listed in Table 1 and 2 and selected structural parameters are collected in Table 


Table 1. Positional parameters and estimated standard deviations for 1 


Atom X Y Z Atom X Y Z 


0 0-6926(9) 
C(1) 0*653( 1 ) 


0-6184(9) 
0*6881(9) 
0*857( 1) 
0.918(1) 
0.818(1) 
0.654( 1) 
0.588( 1) 
0*972( 1) 


C(10) 0*885(1) 


(72) 
C(3) 
C(4) 
C(5) 
C(6) 
(37) 
C(8) 
C(9) 


-0-180( 1) 
-0*O43( 1) 


0-107(1) 
0.178( 1) 


0.259(1) 
0.330( 1) 
0.321(1) 
0.245( 1) 
0-1 14( 1) 
0-410(1) 


0*184(1) 


0.3744(3) 
0-3801 (4) 
0*3887( 3) 
0-4424(3) 
0.4530(3) 
0*5014(4) 
0-5397(4) 
0-5298(4) 
0.4818(4) 
0.4121(4) 
0-5938(4) 


~~ ~~ 


C(11) 0-4067(9) 
C(12) 0*5061(9) 
C(13) 0.361(1) 
C( 14) 0-254( 1) 
C( 15) 0*287( 1) 
C( 16) 0-433( 1) 
C( 17) 0*545( 1) 
C(18) 0*318(1) 
C(19) 0-160(1) 
C(20) 0-707(1) 


_ _ _ _ _ _ _ _ _ _ _ _  


0-229(1) 0*4746(4) 
0*192(1) 0-3475(3) 
0-120(1) 0*3273(4) 
0.217( 1) 0-2946(4) 
0.371( 1) 0*2809(4) 
0*437( 1) 0.2970(3) 
0.350(1) 0*3301(3) 


-0449(1) 0.3415(4) 
0.477(1) 0-2490(5) 
0.425(1) 0.3439(4) 


Estimated standard deviations in the least significant digits are shown in parentheses. 
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Table 2. Positional parameters and estimated standard deviations for 2 


Atom X Y Z Atom X Y Z 


0-2701(2) 1.1272( 1) 0-5345( 1) C(5) 0-330(1) l.oOO(1) O m (  I )  
0.5851(2) 0*8672(1) 0-7421(1) C(6) 0-418( 1) 0*985( 1) 0*6308(9) 
0.250 0.750 0.306( 1) C(7) 0.456( I )  0*8915(9) 0*6470(9) 
0.250 0.750 0.387( 1) C(8) 0*409(1) 0-8152(9) 0*5952(8) 
0.250 0.750 0*473( 1) C(9) 0-170(1) 0*947(1) 0.431(1) 
0*312(1) 0-8322(8) 0-5259(9) C( 10) 0-466(2) 1 -M9( 1) 0-688( 1) 
0*271( 1) 0*9268(9) 0*5062(8) C( 1 1) 0.467( 1) 0*7163(9) 0*608( 1) 


Br(1) 
B W  


C(1) 
C(2) 
(33) 
C(4) 


0 


~ 


Estimated standard deviations in the least significant digits arc shown in parentheses. 


3. Stereoviews of the crystal structures of 1 and 2 and the numbering schemes are shown in 
Figures 1 and 2, respectively. 


A search in the Cambridge Structural Database revealed that all the 34 ketenic structures 
reported up to June 1986 correspond to organometallic derivatives in which the ketene moiety 
is ligated to a metal. Structures 1 and 2 therefore represent the first structures of 
uncoordinated ketenes determined by X-ray crystallography.' 


As the Figures show, ketenes 1 and 2 exist in a chiral propeller conformation in which both 
rings are twisted in the same sense. In both cases the torsional angles of the rings are 
appreciable (48.8" and 56.8" for 1,51-8" for both rings of 2). Of special interest in 1 and 2 are 
the ketenic C=O and C=C bond lengths. As Table 3 shows, the C=O bond lengths are 


Figure 1. Stereoview and numbering scheme of the X-ray structure of dimesitylketene (1) 
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Figure 2. Stereoview and numbering scheme of the X-ray structure of bis(3,5-dibromo-2,4,6-trimethylphenyl)ketene 
(2) 


1.18(1) a and 1.17(3) A and the C=C bond lengths are 1.29(1) and 1.25(3) A, respectively, 
and therefore they are pairwise identical within experimental error. These C=C bond lengths 
are somewhat shorter than the values found by microwave spectroscopy for the parent 
ketene,8 and for methylketene' and dimethylketene" (1-314, 1-306 and 1-314 A respectively) 
whereas the C=O bond lengths for all the aforementioned ketenes are similar. The C=C=O 
angle is 176" and 180.0" for 1 and 2, respectively. The small deviation from linearity in the case 
of 1 is the result of the local C1 symmetry of the C=C=O moiety: this unit will be linear only 
if it lies on a C, axis of symmetry. The linearity (or near linearity) of the CCO atoms is in 
contrast with the usually observed nonlinear arrangements in organometallic derivatives of 
diphenylketene: for example in bis(~-S-cyclopentadienyl)-(diphenylketene-C.O)-vanadium 
the CCO angle is 135.9(5)".7c 


Molecular mechanics calculations 


In order to find out whether the aryl torsional angles experimentally found for 1 and the 
different symmetries found in the crystal for 1 and 2 represent the minimum energy 
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Table 3. Selected experimental and calculated structural parameters 
for 1 and 2a 


Atoms 
1 2 


exP calcd exp calcd 


0-C( 1) 
C(l)--c(2) 
W)--C(3) 
C(2)--c(12) 
C(3)-C(4) 


C(3)-C(8) 


C(4)-C(9) 


C(8)-C(ll) 


0-C( 1)-C(2) 
C( 1)-C(2)--c(3) 
C(1)-W)--c(12) 
C(2)-C(3)--C(4) 


C(2)-C(3)--c(8) 


C(3)--c(4)*(9) 
C( 12)-C( 13)-C( 18) 
C(3)-C(8)-C( 11) 


C( 12)-C( 13) 


C(12)-C(17) 


C( 13)-C( 18) 


C( 17)-C(20) 


C(2)--C( 12)-C(13) 


C(2)--c(12)-C( 17) 


C(12)-C(17)-C(20) 
Arl-C=Ch 
Ar2-C=Ch 


1.18( 1) 


1*50(1) 


1-40( 1) 
1*40(1) 
1.51(1) 
1*48( 1) 


141(  1) 


1-29(1) 
1-49( 1) 


1-42( 1) 
1.42( 1) 


1-52( 1) 


176 (1) 


119*3(8) 
120.5(7) 
121*4(8) 
120-0(7) 
118-7(7) 
122-3(8) 
122-3(8) 
121.2(8) 
122- 3(8) 
48.8 
56.8 


1 15.5(8) 


1-17 
1 -29 
1.48 
1 -48 
1.41 
1-41 
1-41 
1-41 
1-51 
1.51 
1-51 
1-51 


179.9 
119.3 
118.8 
120.1 
120-2 
120.9 
120.6 
122.6 
122.1 
122.4 
122.6 
50.0 
51.4 


1.17(3) 1.17 
1-25(3) 1.29 
1.51(1) 1-48 
1.51(1) 1.48 
1*42(2) 1-41 
1*42(2) 1.41 
1*40(2) 1.41 
1-40(2) 1-41 
1*51(2) 1.52 
1*51(2) 1-52 
1*51(2) 1.52 
1-51(2) 1.52 


180.0 179-9 
120.2(8) 119.1 
120-2(8) 118.9 
120(1) 120.4 
120(1) 119.8 


120(1) 120-6 
120(1) 120.1 


121(1) 121.2 
121(1) 120.0 
120(1) 120-7 
120(1) 121.2 
51.8 51.1 
51.8 52.1 


"Bond lengths in angstroms, angles in degrees. 
bDihedral angle. 


conformation of the molecules or  they are due to packing forces in the crystal, we resorted to 
molecular mechanics calculations. Allinger's latest force field program (MM2(85)11) does not 
implement ketene parameters, and therefore we modified the recently published allene 
parameters." Two different conformations were used as input geometries: one having 
identical torsional angles for the aryl rings (60 O ,  C2 symmetry) and the other having 0" and 90" 
torsional angles (C, symmetry). In both cases the input structures relaxed into a propeller 
conformation having approximately C2 symmetry. The calculated structural parameters for 1 
and 2 are collected in Table 3. In general there is satisfactory agreement between the 
calculations and the X-ray structures. Most of the bond lengths are correctly reproduced 
although the aryl-C=C bonds are somewhat underestimated (calculated: 1-48 A, 
experimental: 1.49-1.51 A). The calculated average torsional angles for the aryl rings in 1 and 
2 are similar: 50.7" for 1 and 51.6" for 2. It can be concluded from the calculations that for 1 
and 2 the minimum energy conformation corresponds to a propeller conformation of C2 
symmetry. 
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Intrinsic torsional angles in dimesitylvinyl propellers 


We have shown recently that l-alkyl-2,2-dimesitylethenols 3 exist in a propeller conformation 
in which the torsional angles of the mesityl rings increase with the increased bulk of R. A 
linear correlation was found between the torsional angles of the ring cis to R in 3 and Taft’s 


Mes2C=C(X)R 3 X = O H  R = Me,Et,i-Pr,t-Bu 
4 X = R = H  


steric parameters E, of R.13 Since both torsional angles in the dimesitylvinyl moiety are 
strongly influenced by the double bond substituent it was of interest to find out what the angles 
are when the size of the substituent is reduced. With this purpose in mind, we recently 
determined the X-ray structure of l,l-dimesitylethylene (4)14 in which the two double bond 
substituents are hydrogens, the smallest possible substituents. Since the molecule is located in 
the crystal on a site of local C1 symmetry compound 4 exists in the solid state in a propeller 
conformation with different aryl torsional angles of 50“ and 58”. A further step in that direction 
is ketene 1, where the sp hybridization of the central carbon puts the double bond substituent 
(the ketene oxygen) in a linear or a nearly linear arrangement with the vinylic carbons. The 
substituent-aryl rings interactions (if any) in this case are substantially reduced. Hence, the 
mesityl torsional angles of 1 can be considered as the ‘intrinsic’ torsional angles of a 
dimesitylvinyl moiety (i.e. the angles for an isolated dimesitylvinyl moiety without any double 
bond substituent). The X-ray structure and the calculations of 1 indicate that even when the 
double bond substituents cis to the mesityl rings are absent, these angles are appreciable (cu. 
50”). Moreover, the propeller conformation of the rings found for 1 (and 2) suggest that a 
propeller arrangement is the preferred conformation for an isolated dimesitylvinyl moiety. 
Finally, we would like to point out that from the geometrical point of view stable diarylketenes 
(e.g. 5) can in principle serve as models for the aryl torsional angles of the short-lived vinyl 
cations (such as 6)” and help predict the stereochemistry of its capture by nucleophiles when 
the two rings are differently substituted as in 5 and 6. (Work is in progress to test this idea.) 


9: c-c=o 


@ 
5 6 


Buttressing effects in mesityl rings 


Buttressing interactions are normally invoked whenever the formal introduction of a bulky 
substituent (e.g. a methyl group) on a position nor directly involved in steric interaction results 
in a substantial increase of the internal strain in the ground state and/or in the transition state of a 
dynamic process or reaction.Ih These effects were first observed by Chien and Adams” who 
reported that 3’-substituted 2-nitro-6-carboxy-2’-methoxybiphenyls (3’-substituent = OMe, 
Me, C1, Br, NOz) are more stable to  racemization than the unsubstituted compounds or the 
corresponding 5‘-substituted derivatives. The name ‘buttressing effect’ for this phenomenom 
was coined by Rieger and Westheimer” who calculated and experimentally determined the 
buttressing effects in the racemization of 2,2’,3,3’-tetraiodo-5,S’-dicarboxybiphenyl. The 
activation energy for racemization of the tetraiodo compound was 6.4 kcal mol-’ higher than 
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that for 2,2'-diiodo-5,5'-dicarboxybiphenyl. Buttressing effects need not always result in an 
increased barrier, 'reverse buttressing effects' are known in which the formal introduction of a 
buttressing group leads to a drop of a rotational barrier." In a recent detailed analysis of 
buttressing effects in phenanthrenes 7 and 8 it was shown that the replacement of the 3,6 
hydrogens of 7 by methyl groups results in dynamic and structural buttressing effects. The 
enantiomerization barrier of 16.1 kcal mol-' for 7 is raised to 23-1 kcal mol-' for 8:' and the 
torsional angle defined by the internal methyl groups and the carbons attached to them was 
increased from 67.4" in 7 to 73.3" in 8. Phenanthrene 8 therefore represents a system in which 
the buttressing effects are clearly manifested both in the ground state and in the transition 
state. 


R Me Me R 


Recently, O'Neill and Hegarty reported that the use of the pentamethylphenyl group 
'whose effective size is increased by the buttressing effect of the rn-Me groups" provided 
sufficient steric hindrance to render the acid enol 9 kinetically stable. Since the relative 
stability of 9 per se is not evidence for the operation of buttressing effects without comparison 
with the relative stability of the dimesityl analogue 10 the structural parameters (cf. 7 and 8 
above) are of interest. 


Ar,C=C( OH), 9 Ar = 2,3,4,5,6-Me5C6 
10 Ar = Mes 


Our X-ray results and calculations on 1 and 2 suggest that buttressing effects (if present) are 
not markedly manifested in the ground state of 2. This result suggests that the buttressing 
effect on bis(pentamethylpheny1)ketene should also be minor, since Br and Me are of similar 
steric requirement (in fact bromine is considered larger than methyl by most radii scales)." 
From the lack of marked manifestations of buttressing effects in the structure of 2 we have to 
conclude that, at present, more evidence is needed to support the suggestion that buttressing 
effects play any part in the kinetic stability of 9. 


Conclusions 


X-ray diffraction and molecular mechanics calculations of 1 and 2 indicate that these 
compounds exist in a propeller conformation, in which both rings are twisted in the same 
sense. The torsional angles of the aryl rings in 1 and 2 are similar (cu. 50") and are regarded as 
'intrinsic' values for a 1 ,I-dimesitylvinyl propeller. From the similarity in aryl torsional angles 
in 1 and 2 it is concluded that the buttressing effects (if any) are not markedly manifested in the 
structural parameters of 2. 


EXPERIMENTAL SECTION 


Melting points are uncorrected. UV spectra were measured with a Kontron Uvikon 860 
spectrometer, and infrared spectra were taken with a Perkin-Elmer 457 G spectrometer. The 
X-ray diffraction of single crystals of 1 and 2 were measured on a PW 1100 Philips four-circle 
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computer-controlled diffractometer equipped with a fine-focus Mo X-ray tube and a graphite 
crystal monochromator in the incident beam. Crystallographic data for 1 and 2 are collected in 
Table 4. 'H spectra were recorded on a Bruker WH-300 pulsed FT spectrometer. In the 
molecular mechanics calculations the following parameters were used ((44) represents the 
ketenic C=O carbon): Stretching: 2 4 4  k, = 10.50 I, = 1.28; 644: k, = 10.80 I, = 1.17; 
Bending: 2-44-6 k, = 0.40 180" (identical to CV,,~Cdllcnc-C,,,l) 2 - 2 4  k, = 0-47 122.0" 
(identical to Csp.TCs,,-~allcnc). Torsional 2-2-2-44 VI = -0.44 V, = 0-24 V, = 0.06 (identical 
to Csp&p+&allcnc). 


Table 4. Crystalographic data for 1 and 2 


space group 
1 2 


P2,k PCCn 


Z 


p caicd, g ~ r n - ~  
p (Mo Kar), crn-' 
no. of unique reflections 
no. of reflections with I23u(I) 
R 
R w  


8-350(3) 
8*245(3) 


23*617(6) 
92-71(5) 


1624-1(8) 
4 
1-14 
0.31 


2061 
996 


0-093 
0.108 


9*845(2) 
14-063(3) 
14*440(3) 
90.0 


1999.2(7) 
4 
1 -97 


78.86 
1269 
698 
0.053 
0.061 


B&(3,5~ibromo-2,4,6-trimethylphenyl)~~tic acid 


To a stirred mixture of dimesitylacetic acid2' (4-15g, 14mmol) and granular (mesh 60) iron 
(0.16 g, 2-9 mrnol) in CC4 (40 ml), was added bromine (3 ml, 58-5 mmol) dropwise in the dark. 
The mixture was stirred for 24h at room temperature. To the dark red solution a dilute 
aqueous sodium thiosulfate solution was added until the disappearance of the color of 
bromine. Water (200ml) and CC14 (100ml) were added and after filtration, the organic phase 
was separated. On evaporation of the solvent, the crude solid acid (7-7 g, 90%) mp 201-202 "C 
was obtained. Crystallization from methanol gave white needles of bis(3,5-dibromo-2,4,6- 
trirnethylpheny1)acetic acid, mp 218-219 "C. 


UV, A.,,, (hexane): 232nm (E = 1060), 277 (930); IR, Y,,, (nujol) 2900-2600 (w), 1705 
(vs,COOH) cm-'; NMR 6 (CDCIJ 2-29 (12H, s, o-Me), 2.71 (6H, s, p-Me), 5.65 ( lH,  s, 
CH); MS (165"C, 70eV) m/z (relative abundance, assignment) 616,614,612, 610,608 (6: 21: 


54: 55: 18, M - HBr); 475,473,471,469 (12: 32: 32: 13, M - HBr - Me - CO,), 394, 392, 
390 (37: 65: 33, M - HBr - Br - Me - CO,); 336,334,332 (25: 49: 24, M - BrzMes - H); 
328,326 (51: 47, M - HBr - 2Br - COz); 292,290,288 (51, B, 50, Br2MesCH); 279,277,275 
(15: 28: 17, Br2Mes). No signals were detected corresponding to M - 2Br or M - 3Br. Anal. 
calcd for CZOH20Br402: C, 39.25; H, 3-29; Br 52.53. Found: C, 38.93; H, 3.27; Br, 52.09%. 


31: 22: 5.6, M); 572,570,568,566,564 (13: 42: 60: 40: 10, M - COJ; 534,532,530,528 (20: 
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Bs(3,5-dibromo-2,4,6-trimethylphenyl)ketene (2) 


To a moisture protected flask containing bis(3,5-dibromo-2,4,6-trimethylphenyl)acetic acid 
(0.94g, 1.54mmol) in dry toluene (7ml), thionyl chloride (0-4 ml, 5.35 mmol) and dry pyridine 
(0-1 ml) were added. After 3 h reflux the reaction mixture was cooled to room temperature, 
dry ether (15 ml) was added and the white precipitate of pyridinium hydrochloride was 
filtered. After standing for two days under a dry atmosphere yellow crystals of 2 formed 
(317mg, 35%), mp 199°C. 


UV, k,,,,, (hexane): 232nm (E = 2650), 280 (4300), 370br (430); IR, vmax (nujol) 2100cm-' 
(C=C=O); NMR 6 (CDC13) 2-31 (12H, s, o-Me). 2-69 (6H, s, p-Me); MS (170°C, 70eV) 
mlz 598,596,594,592,590 (12: 48: 71: 49: 13, M); 474,472,470,468 (33: 98, B, 35, M - Br - 
CH,CO). Anal. calcd. for G,,HI8Br40: C, 40.40; H 3.03; Found: C, 41.00; H, 2.96%. 
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ABSTRACT 


In order to assist in the interpretation of the D5h molecular structure of [45] (1,2,3,4,5)ferrocenophane 
(1 ) obtained from x-ray crystallographic analysis, a hypothetical hydrocarbon C30H40 ( 2 )  was derived 
from 1 by removing the iron atom and subjected to geometry optimization by molecular mechanics. A 
stable DS conformer was found for 2, which has a g+g-g+ helical bridge conformation and a ring-ring 
distance almost identical with that in 1 and ferrocene itself. Optimization of a perhydrogenated 
hydrocarbon model gave a highly strained CI structure. 


INTRODUCTION 


We have previously reported the first synthesis of 1451 (1,2,3,4,5)ferrocenophane 
(superferrocenophane) (1). The x-ray determination of the structure of 1 ' offered intriguing 
problems: the molecular structure is effectively DSh [Strictly, the x-ray diffraction data for 1 
were solved on the assumption of CZ symmetry (see Table 2). ' According to the x-ray analysis, 
three bridges are nearly linear (all very approximately syn) but two bridges are composed of 
three synclinal arrangements] resembling 'a beachball squashed in at the both  end^,'^ and 
having remarkably large anisotropic thermal vibration at  Co and Cpl with major axes of 
vibration in equatorial directions and abnormally short C,-Co and Co-Cpt bond lengths 
(Tables 1 and 2). NMR spectra of 1 gave only three I3C signals and two broad proton peaks 
at room temperature. The possibility of rapid conformational interconversion among 
unspecified conformers has been suggested. 


The molecule is not suited for study with conventional molecular models: congestion between 
bridges is so exaggerated with CPK space-filling model that it is hardly possible to construct 
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the molecule. Even though the model could somehow be assembled by brute force, the bridge 
atoms are so tightly packed that the bridges do  not flip at all. Hence we decided to  perform 
a computational search of potential conformations which should be hidden behind the 
experimental observations. 


COMPUTATIONAL TECHNIQUE 


The lack of parameters for ferrocenyl iron in the available empirical and semi-empirical 
computational methods excluded the possibility of making calculations on the molecule 1 as 
it is. Simple removal of the iron atom from 1 gives a hypothetical cage hydrocarbon 2 (C30H40), 
with two five-membered rings consisting only of sp2 carbon atoms. Although the neutral 
molecule 2 may look unusual as a chemical entity, it is used here as a model for studying the 
steric features of 1, which are our present concern. The model 2 could be directly subjected 
to  MMP24 calculation [Program MMP2(82) was obtained from QCPE]. In MM2’5  
calculations (parameters pertaining to the sp2 carbon atom are transferred from MM2), the ring 
carbon atoms were treated mechanically as is often practised in molecular mechanics 
calculations on benzene derivatives6 [An improved force field (MM3) for this purpose has 
recently been proposed’], except for the natural bond length within the five-membered ring, 
which was set at 1 a440 A, the C,-C, distance in gaseous ferrocene.8 


In AM 1 calculations [ a  locally updated version of MOPAC (version 3.00) was used ‘‘1, the 
iron atom was removed but the cyclopentadienyi anion rings were retained ,in order to realize 
the closed-shell electron configuration and a sparkle l 1  with double positive charge was placed 
at the centre of the molecule in order to  neutralize the charges (3). We first optimized the 
structure without any constraint and obtained an energy-minimum structure in which the inter- 
ring distance was too large (4.42 A compared with the x-ray value of 3 -22 A)’ and the a-carbon 
atom on the bridge deviated from the cyclopentadienyl ring plane in the endo direction, in 
contrast to  1, where C, deviates in the ex0 direction. Clearly, the formal charge of + 2 in the 
sparkle was not sufficient to  simulate the bonding of the Fe2+ ion with the cyclopentadienyl 
rings in 1. We then naively kept the inter-ring distance of 3 at 3 . 2 2 4 A  and optimized the 
structure, but this measure still proved unsatisfactory, as mentioned below. 


The structures shown were drawn by the use of an ORTEP program.” Vibrational 
frequencies were calculated by using the BIGSTRN3 program. l 3  
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RESULTS AND DISCUSSION 


Energy-minimum confrontation 


All three computational methods employed here failed to minimize the structures of 2 and 3 
when D5h (e.g. 2a), C5h (2b) and C5 (2c) symmetries were imposed (structures 3a, 3b and 3c 
are not reproduced here), but readily produced D5 structures as energy minima. Figure 1 
illustrates the structure (2d) obtained with MM2’. Constrained AM1 calculation on 3 also gave 
a well defined D5 conformer (3d, Table 1).  Although AM1 gave a d value (0.151 A) closest to 
the observed value (0.147 A), the C,-C, distance came out too long. The reason for this bond 
elongation is apparently the fixation of the inter-ring distance: in order to  reduce the too strong 
electrostatic repulsion between the two cyclopentadienyl rings at this distance, the rings simply 
expanded. The calculated heat of formation of 3d is fairly high. The model 3 is hence concluded 
to  be unsuitable for the present study. 


The remaining DS structures 2d, as obtained by molecular mechanics (first and second 
columns in Table 1) gave d and D values which are surprisingly close to the x-ray values for 
1, possibly suggesting an overwhelming role of the straining tetramethylene bridges in 
determining the steric features of 1. We use MM2’ hereafter instead of MMP2 in view of the 
better agreement of MM2’-calculated d and D with experimental values and also because of 
shorter computation time of MM2 ‘ compared with MMP2. 


The MM2’ structure of 2d is indeed a ‘good’ one, having no unusual interatomic distances 
and valence angles, and a very low steric energy (27.9 kcal rnol- ’) for such an apparently highly 
congested molecule. The dominant contributor to the total steric energy is the angle bending 


2c. c5 
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Figure 1. ORTEP stereo drawing of the DS conformer (2d) of the hydrocarbon portion ( C W H ~ O )  of 1. (a) Side view; 
(b) top view 
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Table 1. Structures and energies of hydrocarbon models (2 and 3)  of [4]  superferrocenophane (1) and 
its perhydrogenated product (4)" 


C30H40 
c30H50 


2d 2d 2e 2f 3d 4 


Method: MM2' MMP2 MM2' MM2'  AM^ MM2" 
Point group: D5 D5 Cz D5h D5 c1 


cr-c, 
cr-c, 
CCY - CP 


c,-c, -CB-cp' 
c,-cB-c@,-c,, 
cp, -cP-c<,-cr 
w ' 


Stretch 
Bend 
Stretch-bend 
van der Waals: 


1,4- 
Other 


Torsion 
Dipole 
Total energy 
urnink 


1.450 
1.503 
1.535 


(1 ,482)' 
1-535 


(1 * 354)' 
0.210 
3.097 


-67.9 
94.8 


- 67.9 
- 8.4 


1-11 
36. I 1  
0-30 


9.70 
- 15.14 
-5.71 


1-54 
27-91 


109.8 


1.419 
1.507 
1.539 


( I  ~ 4 7 5 3 ~  
1.539 


(1.364)' 
0.315 
2.844 


- 63.4 
90-4 


-63-4 
- 8.0 


2.45 
36.85 
0-85 


16-74 
-7-54 
- 5.38 


1.66 
45.63 
- 


(1.430) 
(1.512) 
(1.436) 


(1.324) 


(0.147) 
(3.224) 


(0.0) 
(0.0) 
(0.0) 


( -  1.3) 


128.68 
169.14 
- 19.57 


34.40 
- 17.73 
- 1.10 


1.52 
295 34 
- 


1.450 
1-497 
1 *537 


1 *542 


0.225 
(3 * 224) 


0.0 
0.0 
0.0 
0.0 


1.45 
143.02 


1-33 


21.24 
- 12.31 


19.90 
1-51 


176.14 
- 


1,475 
1.478 
1.524 


1.517 


0.151 
(3 224) 


- 70.3 
99.3 


- 70.3 
-7.0 


(1 54.39)' 
- 


1-563 
1.552 
1.539 


1.531 


-0.609 
5.197 


- 
- 
- 
8 - 3  


7.82 
102.21 


3.93 


38.99 
- 1.70 
69.42 
0.00 


220 67 
112.1 


aDistances in A, angles in degrees, steric energies in kcalmol-'  and vibrational frequencies in cm 
boptimized with a double-positive-charged sparkle in the centre of the molecule and the inter-ring distance D 
constrained to the x-ray value. 
'Averaged distances given. 
dCoordinates of carbon atoms fixed to the x-ray structure and the hydrogen atoms optimized. The structural 
parameters given in this column in parentheses are the average of x-ray values, which are given in full in Table 2. 
'Optimized with the inter-ring distance D constrained to the x-ray value. 
Distance between average positions of atoms undergoing presumed anisotropic motions of bridges along the direction 


perpendicular to the plane defined by, e.g. Cr, C,, and ihe midpoint of Co and CB (see Structure 1). 
"eviation of tr-carbon atom on the bridge from the ring plane. Positive for ex0 bending and negative for endo 


bending. 


' Ring-ring twist angle. 
' Heat of formation. 
Ir Lowest vibrational frequency calculated by using BIGSTRN3 program. '' 


Distance between two  C p  rings or two cyclopentane rings. 
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term (see the lower half of Table 1). About half of the bending strain (18.2 kcal) arises from 
the intra-ring Cr-Cr-Cr angle (108.0"), which deviates considerably from the natural angle 
for the sp2-hybridized carbon. The remainder of the angle strain comes from the C,-C,-Cp 
(118.3") and C,-Cp-Cp, (116-8") angles. It is interesting that the sizable van der Waals 
repulsion, arising mostly from the gauche 1,4-H-H interactions across the Cp-Cp, units and 
from the close H-H contacts between neighbouring bridges, almost vanishes owing to  the 
attractive van der Waals interactions acting over longer distances within the molecule. The 
torsional strain is fairly small because of the well staggered bridge conformation. 


The D5h structure 2a, a naive model for the hydrocarbon portion of the x-ray structure of 
1, was subjected to further scrutiny with MM2' in order to compare it with 2d. First, the carbon 
atomic coordinates were fixed to  the x-ray coordinates (CZ symmetry) while the attached 
hydrogen atoms were allowed to  relax (2e, third column in Table 1). Second, the whole 
structure was optimized while imposing the D5h constraint on the carbon skeleton and fixing 
the distance D at the x-ray value (2f, fourth column of Table 1). These calculations gave a 270 
and 150 kcalmol-' higher steric energy, respectively, compared with the DS structure 2d. The 
D5h structure now assumed normal C-C bond lengths but the C-C-C angles along the 
bridge became too large to be realistic. Hence it is highly unlikely that the D5h structure exists. 


Further considerations on the MM2 ' -calculated DS structure (2d) 


This structure is chiral, with six helical axes as the stereogenic elements, one passing through 
the centres of five membered rings and five along every tetramethylene bridge. The two five- 
membered rings are slightly skewed along the first axis (w, Table l ) ,  whereas they are virtually 
eclipsed in the x-ray structure. There is a possibility that the observed eclipsing may be the result 
of averaging over a pair of enantiomers that may be interconverting into each other (see below). 
The tetramethylene bridges C,-C,-Cp-Ca, -Ca( -C, involves three dihedral angles of the 
type C-C(sp3)-C(sp3)-C, and these angles are arranged in the g - g + g -  sequence with the 
both gauche ends identical with respect to  the sign and magnitude. This bridge conformation 
corresponds to a short right-handed (P) helix. The conformation of 2d can be adequately 
expressed by helicity alone; hence the particular conformer given in Table 1 can be designated 
as m-PPPPP (m indicating the negative sign of the skew angle between the two five-membered 
rings). There should exist an enantiomer of this conformer, with the bridge conformation in 
g + g - g + ,  which can be designated as p-MMMMM. 


The x-ray and NMR observations with 1, as mentioned initially are compatible with rapid 
interconversion between the enantiomeric pair, m-PPPPP p-MMMMM, in both the solid 
and solution at room temperature on the experimental time scale. The possibility of static 
disorder in the crystal, namely a racemic mixture of m-PPPPP and p-MMMMM conformers 
occupying the same crystal sites at random, still remains. Although the NMR observations 
indicate rapid conformational interconversion in solution, there is at present no direct evidence 
that denies the static disorder in the crystal. Hence an anisotropic displacement probability 


of the x-ray data is clearly desirable and we are planning to  apply it to the x-ray 
data of 1. 


If one assumes that the interconversion involves only the flipping of Cp and Cg, carbon 
atoms of tetramethylene bridge and these motions are perpendicular to a plane defined by the 
two opposing ring carbon atoms (C,) and the midpoint of Cp and CB,,  then the average C-C 
bond lengths involving Cp and Cp, atoms can be estimated from the projections of these 
carbon atoms on to this plane. The 'averaged' bond distances thus estimated are given in 
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Table 2. Salient x-ray structural features of superferrocenophane 


Bridge No. 


1 2 3 4 5 


Cr-cr 1.409 1-420 1 -456 1.434 1.432 
cr-c, 1 . 5 1 1  1 *530 1 -497 1.516 1 a508 
c, - cp 1.421 1.462 1 -436 1.431 1-431 
cp-CS. 1.337 1-357 1 *286 1.287 1.357 
c,- c, - cp- cp' - 12.3 - 39.2 - 1.1 - 1.2 - 33.2 


- 12.3 - 33.2 - 1.2 -1.1 - 39.2 
c,--co-cS. -c, 16.5 53-8 0 - 9  0.9 53.8 


a Distances in A,  angles in degrees. Calculated from the atomic coordinates in the supplementary material in Ref. 1. 


parentheses for 2d in Table 1 and they agree reasonably well with the observed values (Table 
2; see also 2e in Table 1). 


What will be the mechanism of dynamic disorder? If all the bridges rotate simultaneously 
in the conformational interconversion, the D5h structure 2f will be very close to the transition 
state. However, the high computed potential energy of 2f renders this assumption highly 
unlikely. Less concerted or even step-by-step inversion processes seem more likely. However, 
further computational work on the stereodynamics of 2 was suspended at this point until we 
are able to handle 1 itself by computational means (work to parameterize MM2' for ferrocene 
is in progress in our laboratories). 


Hydrogenation of 1 


Using the powerful MM2',  we attempted to hydrogenate 2 in the computer to obtain some 
information on the experimental possibility of hydrogenating 1. This task proved difficult. 
After numerous failures, an asymmetric (CI ), energy-minimum structure of C ~ O H ~ O  
hydrocarbon 4 (hexacyclo [ 18.5.5.02"3.07'2'.0".'9.0 L4*26 ] triacontane), was obtained (Figure 2) 


Figure 2. ORTEP stereo drawing of an asymmetric energy-minimum structure of perhydrogenated model C30HSO (4) 
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starting from an AMl-minimized structure of 3. (One of the earlier results from AM1 
calculations on 3, having D5 symmetry and a negative d value, was used to attach hydrogen 
atoms exo to the ring.) In this structure, however, four of the five bridges have one of the C-H 
bonds pointing to  the inside of the cage, which would have been impossible in the presence of 
the iron atom. The total steric energy of 4 is 221 kcalmol-' (last column in Table 1) and a 
number of abnormal angles are present (e.g. ca 120" for C,-C,-Cb and ca 125" for 
c,- c,- (2). 


5* D5h 5. D5 


It is interesting to note here that reasonable structures are available for a lower homologue 
5 (hexacyclo [ 12.3.3.02~9.!15~20.06~13.010~17 J icosane). According to Ermer " who used CFF, the 
ethano-bridged 5 could be optimized to a D5 energy minimum. Ermer stated that the eclipsed 
conformation D5h is only 4-72  kcal mol-' less stable than DS and is a one-dimensional partial 
energy maximum which directly connects the enantiomeric pair of the energy-minimum D5 
conformer on the torsional energy surface of 5. In these conformations of 5, C,-C-C angles 
are highly opened to  about 122". We confirmed Ermer's results, using MM2': the saddle point 
conformer ( D s ~ )  is 3-64 kcalmol-' above the energy minimum (D5). 


These results suggest that the hydrogenation of 1 with five tetramethylene bridges must 
produce tremendous steric strain among the bridges, whereas the strain may be reduced if the 
bridges were shorter. Numerous attempts to  hydrogenate 1 under various conditions have so 
far been unsuccessful. 


CONCLUSIONS 


The Ds conformer 2d of the hydrocarbon model of 1 has surprisingly unstrained arrangements 
of well staggered, helical tetramethylene bridges and it appears to be a potential candidate for 
the structure of the hydrocarbon portion of 1. The exo bending of bonds extending from the 
ferrocene ring and the inter-ring distance of 1 could be quantitatively reproduced by molecular 
mechanics, but not by AM1, on the model 2. It is likely that the structural features of 1 are 
dominated by the steric requirements arising from the closely packed tetramethylene bridges. 


The observed x-ray results for 1 are compatible with a picture in which the enantiomeric 
conformers of 2d, m-PPPPP and p-MMMMM, coexist, thus causing static or dynamic disorder 
in the crystal. If m-PPPPP and p-MMMMM conformers interconvert rapidly at room 
temperature, the saddle point cannot be of the D 5 h  symmetry. Hydrogenation of 1 must be 
difficult. 
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ABSTRACT 


The solvent effect on two s N 2  reactions was evaluated by discrete, continuum and discrete-continuum 
models. The potential energy profiles were found to change dramatically on introduction of the solvent 
effect. The double-well shape which characterizes the F- + CH3F -+ FCH3 + F- reaction in the gas phase 
becomes unimodal when the solvent is introduced, in good agreement with experimental data. The 
solvation parameters are found to intervene in the reaction coordinate. Recent Monte Carlo and molecular 
dynamics calculations are discussed. 


INTRODUCTION 


The SN2 nucleophilic substitution reaction is one of the central reactions of organic chemistry. 
I t  is well known experimentally that this process is very sensitive to solvent effects. In fact, the 
behaviour it exhibits when it is carried out in the gas phase is completely different from that 
in solution. The solvent is found to change both the reaction rate and the mechanism. In 
solution, the rate constant decreases by up to 20 orders of magnitude and the energetic profile, 
which has a double-well shape in the gas phase, becomes unimodal. 1 - 8  


Analysis of the different factors that determine the effect of the solvent on chemical reactions 
has been one of the leading goals of physical organic chemistry. However, the theoretical 
modelling of the solvent has presented (and still presents) many difficulties. Several models have 
been proposed that correspond fundamentally to  two options: a discrete representation of the 
solvent, the molecules of which are each treated as an entity,g and a continuum representation 
of the solvent, which is characterized by macroscopic magnitudes. lo For a long time discrete 
models were restricted to include a very limited number of solvent  molecule^,^ but more 
recently Monte Carlo and molecular dynamics techniques allow a fairly large number of 
molecules to be considered. '' In continuum models the initial treatment in which solute 
polarization was not taken into account has been modified and now the reaction field feedback 
effect is often introduced. lo 


Owing to the dramatic effect of the solvent on SN2 reactions, these processes have been the 
most often studied with different theoretical methods. In pioneering work, I n g ~ l d ' ~ , ' ~  
interpreted the increase in the reaction barrier in solution starting from qualitative 
considerations by using a continuum model for the solvent. He stated that when ionic species 


0894-3230/89/080611-12$06.00 
0 1989 by John Wiley & Sons, Ltd. 


Received 8 June 1988 
Revised 2 January 1989 







612 C. ALEMAN ET A L .  


intervene in an S N ~  reaction, one of the reactants has a localized charge, whereas the transition 
state exhibits a diffuse charge distribution. Thus, a polar solvent causes greater stabilization of 
the reactants, leading to a barrier increase. Later, Parker14 pointed out that specific 
interactions, such as hydrogen bonding or the solvent reorganization energy, are of great 
importance when the reaction takes place in strongly structured solvents. Initial desolvation 
of the nucleophile has also been invoked as one of the factors that account for the barrier. 


Carrion and Dewar l6 stressed two other points. On the one hand, intermediate and transition 
state formation is unfavoured from an entropic point of view, since there is cancellation 
between the A H  and - T A S  terms, so the double-well profile disappears and a free-energy 
unimodal shape is obtained. On the other hand, the ion-dipole stabilization of the reactant 
system in strongly polar solvents is compensated for by the energy loss associated with the 
ion-solvent complex cleavage. Shaik ”,” remarked that the sN2 reaction is a charge-transfer 
process, and that the charge migration during the reaction must be accompanied by a large 
solvent reorganization. 


Using the discrete model for the solvent, the S N ~  reaction has recently been the subject of 
a variety of more quantitative studies. Several calculations with a reduced number of solvent 
water molecules have been carried out. 19-21 However, they represent the experimental situation 
of a gas-phase cluster reaction rather than a process in solution. Further, the contribution to  
the activation barrier of the bulk solvent reorganization has not been taken into account. In 
a series of recent studies, 2 2 - 3 0  a large number of water molecules have been incorporated and 
the effect of solvent reorganization has been evaluated. The main magnitude calculated was the 
variation in free energy of activation within the framework of the activated complex theory, 
where the hypothesis that the solvent is in equilibrium with the reactants and activated complex 
has been implicitly assumed. In particular, the work by Jorgensen and c o - ~ o r k e r s ~ ~ - ’ ~  is 
especially relevant. Through ab initio calculations, the interaction potential between one water 
molecule and the chemical system at every point of the reaction coordinate was computed. This 
allowed Monte Carlo simulations of 250 water molecules along different points of the reaction 
coordinate, using the characteristic pairwise approximation of this kind of calculation. A 
unimodal free-energy profile was obtained, whose barrier agrees well with experience. The 
barrier increase on going from the gas phase to  solution was attributed to  a larger 
solute-solvent interaction in reactants than in the transition state, partially compensated for 
by greater breakage of the solvent structure. According to that study, the differential solvation 
effect is caused by the decreased strength rather than the number of hydrogen bonds for the 
transition state as compared with the reactants. Finally, in a recent work by Bash et al., 30 the 
reaction field feedback effect was included in the hamiltonian of the chemical system through 
use of semi-empirical methods. This allowed the study of the solvent effect in the charge- 
transfer process which characterizes this reaction. 


Recent studies 3 1  - 33 have indicated a new aspect of solvent intervention in the sN2 reaction. 
The fast charge transfer about the transition state produces a supplementary force owing to the 
absence of solvent relaxation, which opposes the advance of the reaction. Molecular dynamics 
calculations have shown that, in contrast to what happens in the gas phase, a large proportion 
of the trajectories recross the barrier in solution. This fact throws doubt on the application of 
the activated complex theory to  the s N 2  reaction in solution. An interesting aspect of these 
results is the correlation between the trajectories which recross the barrier and the local 
configuration of the solvent. 31 More recently, Hwang et ai. 34 examined and discussed in more 
detail the influence of solvent fluctuations in this kind of reaction. 


In the above brief review of theoretical studies on the s N 2  reaction in solution, it appears 
that, to  our knowledge, no accurate quantitative calculations that use a continuum model have 
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yet been made. The purpose of this work was to  study the S N ~  reaction in solution through 
different representations of the solvent: discrete, continuum and discrete-continuum. 
Comparison of the results obtained with these theoretical models will allow a deeper insight into 
some of the aforementioned fundamental factors which determine the effect of the solvent. In 
particular, two different &2 reactions will be considered: 


F- + CH3F + FCH3 + F- (1) 
and 


H20 + CH3OH2' --+ H20CH3' + HzO 


The first process is a typical S N ~  reaction, in which the nucleophile is an anion, whereas the 
second is an example of a less usual S N ~  reaction, in which the nucleophile is a neutral molecule 
and the positive charge is supported by the attacked species. 


METHODOLOGY 


All calculations were carried out with an ab initio method at the RHF-SCF level. The diffuse 
function-augmented 3-21 + G basis set, 35 which has been shown to be necessary to describe 
anions adequately, was used for reaction (l) ,  whereas the 3-21G basis set36 was employed for 
reaction (2). The use of these basis sets allows the amount of computing time to be kept within 
reasonable limits. 


For gas-phase and solvent discrete representation calculations, intermediates were located 
through full geometry optimization. Further, transition states were located in the full potential 
energy hypersurface and characterized by the existence of a single negative eigenvalue of the 
Hessian matrix. 


For gas-phase structures of reaction ( l ) ,  the Gibbs free energy was also evaluated. For this 
purpose, AH', AS' and A Go values, including zero-point energies, were calculated. The 
partition functions provided by the statistical thermodynamic equations within the ideal gas, 
rigid rotor and harmonic oscillator approximation were utilized. Harmonic vibrational 
frequencies were obtained by diagonalization of the mass-weighted second-derivative matrix. 
A pressure of 1 atm and a temperature of 298 15 K were assumed thoroughout. 37 


With respect to the discrete representation, the solvent was modelled by two water molecules, 
one solvating the entering nucieophile and the other solvating the leaving group. This is the 
simplest model that can be considered to  introduce the solvent effect. Stationary points 
(intermediates, reactants and transition states) were relocated and correctly characterized in the 
new full potential energy hypersurface. It should be noted that for each stationary point, the 
positions of the entering and leaving group solvating molecules are optimized. 


Regarding the continuum representation of the solvent, we applied it only to the stationary 
points (intermediates, reactants and transition states) obtained in gas-phase calculations. We 
chose the model of Tomasi and co-workers, 38,39 which represents the solvent by a continuous 
polarizable dielectric with permittivity E (e.g. E = 80 for water). In this model, the solute is 
placed inside a cavity accurately defined by its own ge~metry .~ '  Dielectric polarization due to  
the solute is simulated by the creation of a system of virtual charges on the cavity surface. The 
charge distribution on the surface polarizes in turn the charge distribution in the solute. This 
process is iterated until self-consistency in the solute electron density is obtained. The 
electrostatic contribution to the solvation energy is obtained as the difference between the 
energies computed with the continuum model and without it. Moreover, the cavitation free 
energy is calculated with Pierotti's equation. " 
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Finally, the discrete-continuum model was taken into account by applying the continuum 
model to the stationary points found in the aforementioned discrete representation of the 
solvent with two water molecules. 


RESULTS AND DISCUSSION 


Since the ultimate goal of this work was to  study the effect of the solvent on reactions (1) 
and (2), we have to investigate first how the basis sets employed describe the two-gas phase 
processes. Therefore in the first section we discuss the results obtained for the gas-phase 
reaction, in the second the results for the discrete representation of the solvent, in the third the 
results for the continuum model and in the fourth the discrete-continuum representation of 
the solvent. 


Gas-phase study 


The potential energy profile obtained for reaction (1) with the 3-21 + G basis set reproduces 
correctly the well known double-well shape (Figure la) with a symmetrical transition state 
whose imaginary frequency is 567 icm-', very close to that obtained for a related reaction.42 
Use of this basis set decreases noticeably the well depth of the intermediate with respect to  the 
3-21G basis set.21 However, the well depth is still overestimated, as can be seen if compared 
with high-level ab initio calculations. 43944 In contrast, the energy barrier defined between the 
intermediate and the transition state is well described with respect to  high-level results. 
Obviously, the excessive stabilization in the intermediate leads the transition state to lie below 
the separated reactants. The energetic profile for reaction (2) (Figure lb) found with the 3-21G 
basis set also leads to a double-well shape. This reproduces previous studies with the same basis 
set.45 Comparison with results obtained with a more extended basis set46 shows an 
overestimation of the well depth by the 3-21G basis set, analogously to  reaction (1). 


To test if the double-well minimum disappears on calculation of the Gibbs free energy, as 
Dewar proposed owing to cancellation between energetic and entropic terms, the various 
components of AGqP8 for the gas-phase reaction (1) are collected in Table 1. No meaningful 
changes are found if A P  values are considered instead of AE,  that is, if zero-point and 
thermal corrections are included. In contrast, incorporation of entropic contributions decreases 
the well depth of the intermediate by ca 7 kcalmol-'. This result is in good agreement with 


4 q 
0 0 


Figure I .  Potential energy profiles (kcalmol-') vs reaction coordinate q for (a) reaction (1) and (b) reaction (2). 
Continuous lines, gas-phase reactions; dashed lines, discrete representation for the solvent. For definition of q, see text. 


Energies relative to reactants are given in kcal mol-'. 
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Table 1 .  Contributions to AG" relative to  separated reactants for different species involved in the gas- 
phase reaction ( I )  


Species A E a  AEF' AHa A S b  - T A S a  AG" 


Reactants 0 0 0 0 0 0 
Intermediate - 1 7 . 3  1 - 7  - 16.2 - 22 6 . 6  - 9.6  
Transition state - 5 - 1  0.8 - 4 . 9  - 26 7 . 8  2.9 


'' In kcal m o l ~  I .  


' Thermal energies including zero-point energy and vibrational excited states and rotational contributions. 
e.u. 


those of a similar study of the S N ~  reaction between ethyl fluoride and the fluoride anion.42 
Entropic terms do not change meaningfully the barrier between the intermediate and the 
transition state. There is partial compensation of enthalpic and entropic terms between the 
intermediate and reactants, but it is not strong enough to make the well disappear, even i f  one 
considers that the well depth is overestimated with our 3-21 + G calculations. 


Discrete representation of the solvent 


The energetic profiles for reactions (1) and (2) where one water molecule is attached to each 
fluorine are presented in Figure l a  and l b  (dashed lines). Comparison with the gas-phase 
profiles is different for each reaction: both cases exhibit an increase in the well depth of the 
intermediate, but the barrier between the intermediate and the transition state decreases for 
reaction (1) and increases for reaction (2). In both reactions the transition state is found to  be 
even lower in energy with respect to reactants than in the gas-phase case. These results conflict 
with those found in a previous study of reaction (1),'* where both the intermediate and the 
transition state were destabilized on introduction of two water molecules. We think that the 
difference may be due to the poor description of the fluoride anions provided by the 3-21G 
basis set. In the previous work,21 the introduction of the two water molecules accounted for 
a pseudo-extension of the basis set, which caused a larger stabilization effect in the reactants 
than in the intermediates or the transition state. 


To obtain a deeper insight into the different behaviour between reactions (1) and (2) ,  Table 
2 gives the main geometrical parameters of the stationary points (reactants, intermediates and 
transition state). The reaction coordinate q is defined as the difference between R2 (leaving 
group-carbon distance) and R I  (entering group-carbon distance). R3 is a measure of the 
distance between the entering group and its solvating water molecule and Rq similarly for the 
leaving group. Precise definitions and orientations of the water molecules are given in the 
representation of the transition states in Figure 2. 


Considering the values for the intermediates, one can see that for reaction (1) the first 
intermediate is found later in the reaction coordinate with respect to the gas-phase case. In 
contrast, for reaction (2) the first intermediate is found earlier in the reaction coordinate. It is 
now possible to understand the different behaviours of the variations in the barriers between 
the intermediates and transition states on introduction of the water molecules: for reaction (1) 
the intermediate is found later in the reaction coordinate when two water molecules are 
included, so the barrier must decrease. In contrast, for reaction (2) the intermediate is found 
earlier in the reaction coordinate, hence the barrier must increase. The different displacement 
in q for the intermediates in reactions (1) and (2) may be found in the different solvations of 
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Table 2. Values of the four main interatomic distances (in A) and the reaction coordinate 4, as defined 
by R2 - R I  (see text), for reactions (1) and (2) in the gas phase and with a discrete representation for the 


solvent 


Reaction and species 4 RI RZ R3 R4 


F- + CH3F reaction: 
Reactants - m  03 1.434 
Intermediate - 1.091 2-575 1 *484 
Transition state 0 1.872 1.872 


Reactants - m  m 1.440 1-431 1.862 
Intermediate - 1.012 2.507 1.495 1.481 1.759 
Transition state 0 1-874 1.874 1.569 1-569 


Reactants - m  m 1.540 
Intermediate -0.891 2.474 1.583 
Transition state 0 1.941 1.941 


React ants - m  m 1.511 2.791 2.435 
Intermediate - 0.939 2.490 1.551 2.687 2 - 476 
Transition state 0 1.924 1 -924 2.595 2.595 


OH2 * F- + CH3F * H2O reaction: 


H20 + CH~OHZ' reaction: 


H2O * HzO i CH3OH2' - OH2 reaction: 


R1 P R2 Rq P 


Figure 2. Structures of the transition states of (a) reaction (1) and (b) reaction (2) for the discrete representation of 
the solvent. Numbers indicate the main transition vector components for several internal coordinates, positive when 


the values increase (-) and negative when they decrease (+ * )  


the entering and leaving groups: whereas for reaction (1) the arrangement of the hydrogen bond 
leads the water molecules to withdraw electron charge from the fluorine atom, in reaction (2) 
the water molecule releases electron charge to  the nucleophile groups. Hence, in reaction (1) 
there is a decrease in the nucleophilic character of the entering fluoride, so the intermcdiate is 
found later in 4. In contrast, in reaction (2) the nucleophilic character of the entering group 
is increased, so the intermediate is found earlier in the reaction coordinate. Finally, if we 
consider the RI and R2 values in transition states, the difference in R ,  between the gas-phase 
and solvated cases for reaction (1) is very small. The very small increase (0.002A) can be 
compared with that found in a similar reaction.29 


A surprising result found in our study of reactions (1) and (2) is that the introduction of two 
water molecules does not destabilize the intermediate and transition state with regard to 
reactants. Let us now analyse the hydrogen bond strength on each stationary point of reaction 
(1). The calculated stabilization of the fluoride anion solvated by one water molecule is 
28.9 kcalmol-'. This can be compared with the experimental value of 23 kcalmol-'.47'48 In 
the other reactant, methyl fluoride, the theoretical stabilization energy is calculated to be 
6.5  kcalmol-'. Hence the formation of the two hydrogen bonds in the reactants involves 
35.4 kcalmol-'. In the intermediate, the sum of the two hydrogen bonds is calculated to be 
38-4 kcalmol-l. Finally, in the transition state the value is 40.1 kcalmol-'. Therefore, the 
increased stabilization due to hydrogen bonds on going from the reactants to  the intermediates 
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and the transition state accounts for the increasing stabilization in this process. In the transition 
state, each hydrogen bond contributes 20-05 kcal mol-* to  the stabilization energy. One of 
them has decreased 8.85 kcalmol-' from the reactants, but the other has increased 
13.55 kcal mol-'. Although these results may depend on the basis set employed, we think that 
the reduction in solvation energy on going from the reactants to the transition state, which has 
been found experimentally and theoretically calculated in various studies, cannot be attributed 
to a change in the strength of hydrogen bonds, but rather to  a modification in their total 
number. 


As seen in the preceding paragraph, the use of only two water molecules to model the solvent 
does not allow the experimental changes in the energy profile when solvent is introduced to be 
interpreted. However, it is especially suitable for investigating the participation of solvation 
parameters in the reaction coordinate. In a previous study of reaction (1) with the 3-21G basis 
set, *' we found an important participation of solvation parameters in the reaction coordinate. 
One might think that such a study without diffuse basis functions to represent anions is 
questionable. I f  we consider Table 2, it can be seen that R3 and Rq, which are the solvation 
parameters, have very different values in the reactants. Their values must obviously change in 
the final products. In fact, in Table 2 it can be seen that R3 increases smoothly from the 
reactants to the transition state, whereas Rq decreases. Hence there is an expansion of the first 
solvation shell in the entering group, with a simultaneous contraction of the first solvation shell 
in the leaving group, in parallel with the charge transfer from the entering group towards the 
leaving group. The participation of the solvation parameters in the reaction coordinate can also 
be observed from the main components of the transition vector depicted in Figure 2a. It can 
be seen that in addition to  the components of the parameters adopted to  define the reaction 
coordinate in the gas phase, the solvation parameters are also important components of the 
transition vector. For reaction (2), all of the aforementioned statements on solvation distances 
and solvent components in its transition vector (Figure 2b) are very similar. Therefore, in 
charge-transfer SN2 reactions the solvation parameters are an important part of the reaction 
coordinate. 


I 
I \ 6.2 .. \ 


I \  
I \  56 \ 


I' 
4 . 6  


0.0 - ~ ' 


- 51 mw 5 c -3.5 d' -35 .-* 


-121 


-1Z3 -17.3 -17.7 -17.7 


4 , 4 
0 0 


Figure 3.  Potential energy profiles (kcal mot-') vs reaction coordinate q for (a) reaction (1) and (b) reaction (2). 
Continuous lines; gas-phase reactions; dashed lines, continuum representation for the solvent. For definition of q, see 


text. Energies relative to reactants are given in kcal mot-' 
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Continuum representation of the solvent 


Figure 3 shows the energetic profiles obtained on introduction of the solvent effect by the 
continuum model explained above on the stationary points of the gas-phase reactions (1) and 
(2). It should be noted that the reaction profile in solution was obtained by adding the 
electrostatic component of the solvation free energy to the gas-phase values. Obviously, other 
components exist that would contribute to the true AGO values. We calculated only the 
additional term related to the formation of the cavity in the bulk liquid, computed according 
\to Pierotti's equation. All values' obtained for reactions (1) and (2) are summarized in Table 
3. It appears that the calculated AG&,I and the experimental values agree fairly well. For 
instance, the calculated value of AG&l of the fluoride anion ( - 9 3 - 3  kcalmol-') can be 
compared favourably with the experimental fluoride solvation free-energy values, which range 
between 81 and 128.7 k ~ a l m o l - ' . ~ ~  


If we consider reaction (1) (Figure 3a), the decrease in free energy on going from the reactants 
t o  the intermediate and the transition state produces a dramatic change in the energy profile 
of the reaction. The double-well minimum shape becomes unimodal, in close agreement with 
experiment. These results can be compared with those obtained through Monte Carlo 
calculations. 26-29 In both our model and the Monte Carlo treatment it is assumed that the 
solvent is in equilibrium with the chemical system at each point along the reaction coordinate. 
The influence of the solvent is very similar in both cases with regard to the destabilization of 
the transition state. The main difference in the unimodal profiles in solution is that ours is 
broader whereas the Monte Carlo result is sharper. We must stress that, in contrast to our 
calculations with the continuum model, the Monte Carlo study does not introduce the solute 
polarization due to the solvent. Hence, it does not represent correctly the new charge 


Table 3. Values of  the electrostatic contribution to the free energy (AGel), free energy of cavitation (Gcav) 
and their sum (AG&I) (kcalmol-') for reactions (1) and (2) with a continuum and a discreteecontinuum 


representation for the solvent 


Reaction and species AGe1 GC," A Gs'o~ 


F- -97.4 4-1  -93.3 
CH3F - 6.8 7.3 0.5 
Intermediate -81.3 9 -1  -72.2 
Transition state - 76.4 9.1 -67.3 


F- + CH3F reaction: 


OH2 F-  + CH3F * H20 reaction: 
F- * H20 -81.2 6.8 - 74.4 
CH3F * H20 - 13.7 10.3 - 3 - 4  
Intermediate -72.7 15.1 -57.6 
Transition state -69.1 14.5 - 54.6 


H20 - 8.3 5.2 -3.1 
CH3OH2' -70.1 8 . 3  -61.8 


Transition state - 59.7 11.1 -48.6 


H2O * H20 - 13.0 8 - 2  -4.8 
CH3OH2' * H20 -60.2 11.0 -49.2 
Intermediate - 54.6 16.3 - 38.3 


H20 + CH30H2' reaction: 


Intermediate -64.2 10.9 -53.3 


H20 * H20 + CH3OH2' - OH2 reaction: 


Transition state -49.8 16-4 - 33.4 
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distribution in the solute either. To consider this effect in more detail, Table 4 gives the charges 
of each meaningful group at every gas-phase located stationary point. It can be seen that the 
solvent always increases the negative charge on flourine atoms and the positive charges on the 
methyl group. In valence-bond language, the solvent augments the importance of ionic 
structures, as predicted by Shaik. 1 7 p 1 8  For instance, in the transition state the fluorine charges, 
which are 0.68 in the gas-phase, become 0.72 when the solvent is introduced through the 
continuum model. Another simultaneous effect worth noting is that in asymmetric structures 


Table4. Charges supported by the methyl group, the entering and leaving fluorines and both water 
solvating molecules (in atomic units) for the gas phase and the three representations of the solvent for 


reaction (1) 


Phase/solvent 
representation Species Methyl Entering F Leaving F EW a LWb 


Gas phase Reactants 
Intermediate 
Transition state 


Intermediate 
Transition state 


Intermediate 
Transition state 


Intermediate 
Transition state 


Discrete Reactants 


Continuum Reactants 


Discrete-continuum Reactants 


0.28 
0.30 
0.37 
0-23 
0.25 
0.34 
0.34 
0.33 
0.44 
0.27 
0-27 
0.40 


- 1.00 
-0.94 
- 0.68 
- 0.90 
-0.88 
-0.68 
- 1.00 
-0.96 
-0.72 
-0.92 
- 0.90 
-0.71 


-0.28 
-0.36 
- 0.68 
-0.26 -0.10 0.02 
-0.35 - 0.04 0.02 
- 0.68 0.01 0-01 
-0.34 
-0.37 
-0.72 
-0.29 -0.08 -0.10 
-0.36 -0.04 -0.04 
-0.71 0.01 0.01 


a Entering fluorine solvating water. 
Leaving fluorine solvating water. 


Table 5 .  Charges supported by the methyl group, the entering and leaving nucleophile groups and both 
water solvating molecules (in atomtic units) for the gas phase and the three representations of the solvent 


for reaction (2) 


Phaselsolvent 
representation Species Methyl Entering water Leaving water EWa LWb 


Gas phase Reactants 
Intermediate 
Transition state 


Intermediate 
Transition state 


Intermediate 
Transition state 


Intermediate 
Transition state 


Discrete Reactants 


Continuum Reactants 


Discrete-continuum Reactants 


0-63 
0.62 
0.67 
0.60 
0.58 
0.64 
0.61 
0.60 
0.67 
0.59 
0-57 
0.65 


0.00 
0.05 
0.17 


- 0.03 
0.02 
0-13 
0.00 
0.05 
0.17 


-0.03 
0.01 
0-13 


0.37 
0.32 
0.17 
0.34 0.03 0.07 
0.30 0.06 0.04 
0.13 0.05 0-05 
0.38 
0.35 
0.17 
0.34 0.03 0.07 
0.32 0.04 0.06 
0.13 0.05 0.05 


a Entering water solvating water. 
Leaving water solvating water. 
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the solvent slows down the charge transfer from the entering group. This feedback effect on 
the charge distribution in a similar chemical system has been considered recently by Bash et 
at. 30 


Turning our attention to reaction (2), one can see from Table 3 that the free energy of 
solvation decreases on going from the reactants to  the intermediates and the transition states. 
The main characteristic here is that the solvent is unable to  eliminate the gas-phase double-well 
shape. However, the well depth of the intermediate is reduced, and the transition state lies over 
the reactants owing to the solvent effect. In a Monte Carlo study of the C1- + CH3 reaction,28 
a similar effect was found when dimethylformamide was used as a solvent. Our results indicate 
that the energy profile shape depends not only on the solvent used, but also on the reaction 
itself. The feedback effect on the charge distribution (see Table 5 )  is not as noticeable as in 
reaction (l), but leads to analogous conclusions. 


Discrete-continuum representation of the solvent 


Figure 4 shows energy profiles for reactions (1) and (2), where the electrostatic contribution to  
the Gibbs free energy has been added to the values obtained for the discrete representation of 
the solvent. If we compare Figures 3 and 4, we can see that the profiles in solution (dashed lines) 
are not very different. Judging from Table 3, one can consider the reasons for this similarity 
in reaction (1): the negative species decrease their AG,I value on adding one discrete water 
molecule; this effect is more pronounced in the fluoride anion (from -97.4 to  
- 81 - 2  kcal mol-I) than in the intermediate ( -  81 a 3  to - 72.7 kcal mol-I); however, this is 
compensated for by the increase in AG,I in methyl fluoride on incorporation of one water 
molecule ( -  6 . 8  to - 13.7 kcalmol-'). This fact can be understood because in charged species 
the introduction of a discrete water molecule makes the charge more diffuse, so in a continuum 
model AGe1 decreases. In contrast, in neutral species the introduction of a water molecule leads 
to  a hydrogen bond, thus increasing the charge separation and augmenting A c e ] .  


If  the free energies of cavitation were added to the continuum or discrete-continuum 
profiles, a stabilization of ca 2 kcal mol-' would be found in the intermediates and transition 


16.0 
I \  


I \  
I \  


I \  
I \ 


I I 
I 9 I q 
0 0 


Figure4. Potential energy profiles (kcalmol-') vs reaction coordinate q for (a) reaction (1) and (b) reaction (2). 
Continuous lines, discrete representation for the solvent; dashed lines, discrete-continuum representation for the 


solvent. For definition of q. see text. Energies relative to reactants are given in kcalmol-' 
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states, thus only slightly modifying the energy shapes. Therefore, it is clear that reaction (1) 
has a unimodal shape in solution, whereas reaction (2) exhibits a double-well shape even in 
solution. As experimental results are lacking for reaction (2), it is difficult to assess the validity 
of the theoretical results for such a reaction. 


Despite the similarities between the continuum and discrete-continuum models, the latter 
does not improve at all the energetic results compared with the former, as found in previous 
studies. 5 0 - 5 1  The main reason that has been invoked is that the continuum model does introduce 
a large part of the solvent effect for specific interactions such as hydrogen bonding, whose 
leading component is electrostatic. 


CONCLUSIONS 


We have demonstrated considerable similarity between our results obtained with a continuum 
representation of the solvent and those of previous Monte Carlo studies. 2 3 ~ 2 6 - 2 9  Two 
advantages of continuum models may be noted. On the one hand, almost the same quality of 
results as are obtained with Monte Carlo calculations may be achieved with a much cheaper 
continuum model. On the other hand, the feedback solvent effect is introduced in continuum 
models but not in Monte Carlo calculations. The agreement of the results shows that the main 
reason for the barrier may be attributed to the large reorganization of the solvent which 
parallels the charge transfer during the reaction. Obviously, in the solvent reorganization the 
reorganization of the first shell is a very important factor. This aspect is also considered in the 
continuum model to some extent. The main limitation of both models is that the solvent is 
assumed always to  be in equilibrium with the chemical system. This may lead to two 
shortcomings: first, a time-scale problem, viz. the chemical reaction proceeds faster than 
solvent reorganization, so the solvent is not likely to be in equilibrium with the chemical system; 
second, use of the discrete model in this study has provided a more intrinsic reason for denying 
the equilibrium hypothesis, viz. the solvent parameters are themselves part of the reaction 
coordinate. The non-applicability of the activated complex theory to an S N ~  reaction in solution 
has been considered in recent molecular dynamics studies. 3 1 - 3 3  The transmission coefficient 
found in those studies was smaller than unity, since many trajectories recross the barrier owing 
to  solvent configurations which are not adequate. However, the studies did not clarify enough 
how suitable solvent configurations starting from reactants may be achieved. In conclusion, 
although substantial advances have been made on elucidating how the solvent influences the 
SN2 reaction, we are far from being close to fully understanding the solvent effect. 
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ABSTRACT 


Mechanisms of the hydrolysis of urea have been investigated using the MNDO and AM1 methods. All 
geometries were fully optimized and the transition states were characterized by calculating force 
constants. The results showed that: (i) The unimolecular decomposition process via the direct 
intramolecular proton transfer is preferred to both the A1 and the bimolecular nucleophilic attack by 
water, in agreement with the experimental results of Shaw et al. in the low acidity medium. (ii) The 
diprotonated form of urea exists as an equilibrium species, which undergoes the A2 type hydrolysis more 
favorably than the monoprotonated form, as Moodie et al. found in the intermediate acidity medium. 
(iii) The A2 hydrolysis of the monoprotonated form is very similar to those of acetamide and methyl 
carbamate. (iv) As the number of the solvate water molecules increases, the activation barrier for the A2 
process of the monoprotonated form increases while that for the unimolecular decomposition of the free 
base form decreases, indicating a possibility of the barrier height reversal in the bulk solvent in favor of 
the latter process, thus accommodating all the experimentally found trends in the urea hydrolysis. The 
A1 mechanisms involving six-membered ring type intermediates can be ruled out as untenable since no 
such equilibrium species was obtained by both the MNDO and AM1 calculations. 


Ureas have been widely studied experimentally in view of their biochemical and chemical 
importance. However, no consensus of opinion has yet been established as to the mechanism 
of their hydrolysis in acid solution. Shaw et aL2 have shown that the hydrolysis of urea in dilute 
acid solution does not involve acid catalysis but decomposition via intramolecular hydrogen 
transfer and dissociation of the transition state (TS), (I) or (11), as in Scheme 1. 


Moodie et aL3 have argued further that the decrease in observed rate constants with the 
increase in acid concentration is due to a decrease in concentration of the free base, (U), and a 
shallow maximum found in the more concentrated acidity range, ca. 70% w/w H2SO4, can be 
attributed to the A2 hydrolysis of the diprotonated form, UH2+’. On the other hand, Giffney 
et aL4 have proposed a different mechanism of hydrolysis for phenylureas (XC6H4NHCONH2) 
in which water acts as a proton transfer agent to either the unprotonated, (111), or  the minor 
N-protonated conjugated acid, (IV), prior to the rate determining decomposition as shown in 
Scheme 2. 
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In previous papers of this series of semi-empirical MO studies on the acid hydrolysis of 
amides and related compounds, one of the questions we have addressed was whether there is a 
common mechanism for the acid hydrolysis of amides, carbamates and ureas. Our MNDO 
studies on the mechanism of the acid hydrolysis of acetamide5 and methyl carbamate6 have 
indeed shown that the two proceed through a common mechanism involving two steps; (i) the 
rate determining nucleophilic attack of the carbonyl carbon of the N-protonated tautomer by 
water, and (ii) the fast subsequent proton abstraction by the leaving group, NH3, to form 
products. 
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In this work we examine the hydrolysis mechanism of urea in acid solution theoretically 
using the MND07 and AM1* methods. We have explored all the experimentally postulated 
mechanisms, and the solution phase behavior was deduced from the effect of increasing 
number of solvate water molecules on barrier heights for the hydrolysis of neutral and 
protonated urea. 


CALCULATIONS 


The calculations were carried out using the standard MNDO"" and AM19h procedures with full 
optimization of all geometric variables. Transition states (TS) were located by the reaction 
coordinate method," refined with the gradient norm minimization method" and 
characterized by confirming only one negative eigenvalue in the Hessian matrix. '* In the 
solvent effect studies, the geometries of the ground states and TSs were fixed and the 
structures of attached solvate water molecules only were optimized. 


RESULTS AND DISCUSSION 


Hydrolysis of the free base 


Three processes are conceivable for the hydrolysis of the free base: 


(i) Intramolecular decomposition of urea through the TS ( I )  or (tt) in Scheme I 


In this process, intramolecular 1,3-hydrogen transfer of an N-bound hydrogen to N' atom 
takes place within the neutral urea, (U), in the rate determining step with dissociation of the 
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TS into NH3 and HNCO, which reacts further with water to form carbamic acid, H'NCOOH. 
The potential energy profile and the optimized structures of the stationary point species by the 
MNDO calculations are presented in Figures 1 and 2. Inspection of Figure 1 shows that a 
typical 1,3-hydrogen transfer13 between N atoms through the 4-membered cyclic TS is the rate 
determining step with an activation barrier of 71.17 kcal/mol. We note that the TS corresponds 
to (I), not to (11), in Scheme 1, the latter being actually a metastable intermediate (IC) on the 
potential energy surface. This is consistent with Werner's proposal14 that the structure (11) is 
an intermediate formed by a simple nucleophilic attack of HNCO by NH3 in the reverse 
reaction of the urea decomposition p r o ~ e s s . ' ~  The complex IC decomposes into HNCO and 
NH3 through the TS 2 which is much lower (by -30 kcal/mol) than the TS 1. Experimentally 
the rest of the reaction is known to proceed rapidly in solution phase.' 


The AM1 calculations on this process gave similar stationary point structures with the lower 
activation barrier by 11.32 kcal/mol compared to that by the MNDO method (vide infru). This 
is an expected trend16 since MNDO is known to overestimate activation barriers.*-" 
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Figure 2. Geometries for the stationary point species on the potential energy profile for the intramolecular 
decomposition process. The double headed arrow (w)  indicates a reaction coordinate and the dihedral angle is 


represented with the LWXYZ (bond lengths and angles are in A and degree) 
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(ii) Intermolecular decomposition of U H,O in Scheme 2 


In the process proposed by Giffney et aL4 (Scheme 2) ,  water is supposed to act as a hydrogen 
transfer agent in a stable six-membered cyclic complex, (111), which decomposes in the rate 
determining step. Our attempts at the geometry optimization with both the MNDO and AM1 
methods, however, failed to give a stationary state corresponding to the six-membered cyclic 
complex, (111). We have nevertheless proceeded with the AM1 calculations and obtained a 
reactant complex (RC) resembling the corresponding complex in the intramolecular 
decomposition process, Figure 2. The six-membered cyclic structure, (HI), was in fact 
obtained as the TS with the activation barrier of 60-85 kcal/mol, preceding an intermediate 
complex (IC) formation from the RC. Our AM1 results showed that the overall processes for 
the intramolecular (Scheme 1) and the intermolecular decompositions (Scheme 2 with R = H) 
of the free base are similar except the TS structure and the barrier height; the barrier height is 
lower in the former by ca. 1 kcallmol than in the latter process. Thus the two processes of the 
free urea decomposition may compete in practice, since the difference in the activation barrier 
is only marginal. The potential energy profiles and the stationary point structures for the two 
processes calculated by the AM1 method are shown in Figures 3 and 4, respectively. 


(iii) Direct nucleophilic attack of urea by water at the carbonyl carbon 


In this process, the rate determining nucleophilic attack of the carbonyl carbon by water 
proceeds with concurrent transfer of a hydrogen atom from H 2 0  to the carbonyl oxygen 
forming a gem-diol, (V), in Scheme 3. One of the hydrogen atoms in the diol is then 
transferred to N atom via the 1,3-hydrogen shift, and the rest of the reaction follows as in (i). 
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Figure 3. Potential energy profile for the intramolecular and intermolecular decomposition processes of neutral urea, 
(U) + H20. * is an intermolecular decomposition process and ** is an intramolecular process. These results are 


obtained by AM1 method 
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Figure 4. Some geometries for the stationary point species on the potential encrgy profile for the intramolecular and 
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and the dihedral angle is represented with the LWXYZ (bond lengths and angles are in 8, and degree) 


The MNDO potential energy profile and the optimized geometries of stationary point 
structures are presented in Figures 5 and 6. The activation barrier for this process was found to 
be 78.27 kcaVmol by the MNDO method, which is 7.10 kcalhol higher than the MNDO 
barrier for process (i). This is consistent with the experimental results of Shaw et aL2 that the 
hydrolysis of neutral urea occurs mainly by the intramolecular decomposition path, (i). 
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Figure 5. Potential energy profile for the direct nucleophilic attack of neutral urea by water at the carbonyl carbon, 
(U) + H20 


Hydrolysis of the monoprotonated urea 


In the moderate acid solution, two monoprotonated tautomers, the 0-protonated (VI) and 
N-protonated (VII), will be in equilibrium (process 1 in Scheme 4), and the acid hydrolysis is 
therefore possible from either one of the two forms (processes 2 and 3 in Scheme 4). 
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Scheme 4 


The proton transfer equilibrium (1) is quite similar to those in acetamide and methyl 
carbarnate;l8 the gas phase transfer involves a typical intramolecular 1,3-proton shift with a 
high activation barrier of 70.20 kcal/mol, whereas participation of one solvate water changes 
the process to go through in an intermolecular manner with substantial lowering of the MNDO 
activation barrier (by 39.33 kcal/mol). The optimized TS geometries by the MNDO method 
for the two proton transfer processes are shown in Figure 7. 
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Figure 7. Ts geometries for the two proton transfer processes. The double headed arrow (-) indicates a reaction 
coordinate (bond lengths and angles are in A and degree) 


The A 2  hydrolysis of the O-protonated form (VI) is again similar to those of the 
O-protonated acetamide5 and methyl carbamate.' The MNDO activation barrier found for 
process (2) was 59.83 kcal/mol, which is somewhat higher than those of acetamide 
(51.72 kcal/mol) and methyl carbamate (51 -74 kcal/mol). Some of the optimized geometries 
and the potential energy profile are presented in Figures 8 and 9. 


The hydrolysis of the N-protonated tautomer, process (3) in Scheme 4, is more complex 
with the following three conceivable paths: 


(i) A typical A2 mechanism 


This reaction path corresponds to that of the A2 hydrolysis of acetamide and methyl 
carbamate reported previously; the N-protonated form (VII) is attacked by water in the rate 
determining step with a tetrahedral TS (TS l).19 The MNDO activation barrier was 
49-74 kcal/moi, which is again the highest among the similar processes in acetamide 
(44- 16 kcaUmol) and methyl carbamate (46.92 kcal/mol). The MNDO potential energy profile 
and the optimized geometries are given in Figures 10 and 11. This A2 hydrolysis of the 
N-protonated urea, however, has the lower activation barrier by 10.09 kcal/mol than that of 
the O-protonated form. 
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Figure 8. Geometries for the stationary point species on the potential energy profile for the A2 hydrolysis of 
0-protonated tautomer, (VI). The double headed arrow (-) indicates a reaction coordinate, the dihedral angle is 


represented with the LWXYZ and the Z is a dummy atom (bond lengths and angles are in A and degree) 


(ii) An ion-pair like SN2 mechanismz0 


In this process, the NH3 group is expelled first from the N-protonated form (VII) forming an 
ion-pair like complex (VIII), and subsequently water reacts with H2NCO+ in a rate 
determining nudeophilic attack on the carbonyl carbon as in Scheme 5. The MNDO potential 
energy profile and optimized geometries are presented in Figures 12 and 13. Examination of 
these Figures reveals that the process following IC 2 are exactly the same as the process after 
IC 1 in the A2 hydrolysis of the N-protonated form in Figure 10. The MNDO activation 
barrier in this mechanism, 45-31 kcal/mol, is lower by 4.44 and 14.52 kcal/mol than those of the 
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Figure 10. Potential energy profile for the A2 hydrolysis of N-protonated tautomer, (VII) 
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A2 hydrolysis of the N-protonated and 0-protonated tautomers, respectively. Therefore this 
ion-pair like SN2 path is the most preferred one among all those conceivable for the A2 
hydrolysis of the monoprotonated urea. 


(iii) An A1 decomposition with water as a hydrogen transfer agent 


In the mechanism proposed by Giffney et al.? the N-protonated tautomer (VII) forms a 
hydrogen bonded, six-membered cyclic complex with one water molecule (IV), which 
undergoes a rate determining decomposition (Scheme 2). However, we have failed to obtain a 
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Figure 12. Potential energy profile for the ion-pair like SN2 hydrolysis of N-protonated tautomer, (VII) 
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stationary structure corresponding to the stable cyclic six-membered ring complex (IV) ; the 
species was non-existent either as an equilibrium species or as a TS both by the MNDO and 
the AM1 method of computations. This is understandable in view of the localized ammonium 
type cationic center in the complex (IV); the localized cationic center makes it even more 
difficult to form a stable hydrogen bonded cyclic complex than in the free base form, (III), 
with the neutral center, and makes bond breaking of the -NH3+ group much easier in the TS 
so that it will give a TS which is similar to the one in the ion-pair like SN2 mechanism above. 


An overview of the activation barriers involved in the hydrolysis of the monoprotonated 
urea is illustrated in Figure 14. 


Hydrolysis of the diprotonated form 


Moodie er ~ 1 . ~ ~  have observed a shallow maximum in the acid hydrolysis rate of urea at ca. 
70% w/w H2S04, which has been attributed to the common A2 hydrolysis of the diprotonated 
form. The MNDO activation energy for this process was found to be lower by 26.09 kcal/mol 
than that for the monoprotonated species. Urea has been shown to be fully diprotonated in the 
very highly acidic media by Olah et af. ;1 and evidence of about 10% diprotonation in the case 
of NNN'N'-tetramethylurea has been reported by Gillespie et af.22 We were able to obtain a 
fully optimized structure for the diprotonated urea, in agreement with the experimental 
findings. The MNDO potential energy profile and the optimized geometries involved in the 
hydrolysis of the dipprotonated urea are presented in Figures 15 and 16. Inspection of Figure 
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Figure 14. An overview of activation barriers involving acid hydrolysis of monoprotonated urea. (1) is an A2 
hydrolysis path of 0-protonated tautomer, (2) is an A2 hydrolysis path of N-protonated tautomer, (3) is an ion-pair 
like SN2 hydrolysis path of N-protonated tautomer and (4) is a solvated proton transfer process, (VI) + H20 -+ (VII) 
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15 shows that the rate determining step in this path is the expulsion of NH3 (TS 2) from the 
tetrahedral intermediate" XI, which was formed in the nucleophilic attack of the diprotonated 
form X by water (Scheme 6). 


OH OH 


Scheme 6 


The MNDO activation barrier was found to be 19.22 kcal/mol, which agrees approximately 
with the solution phase experimental value in this case. Activation energy for the hydrolysis of 
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ethylurea in 79.9% w/w H2S04 solution has been reported to be 23.7 k ~ a l / m o l . ~ ~  The products 
formed after the TS 2 are the two monoprotonated species, NH4+ and 2HNC(OH)2+, which 
have much lower heats of formation, AH,, providing further driving force for the facile 
hydrolysis of the diprotonated form. 


Results of our theoretical investigation can be summarized as follows: (i) For the 
unprotonated urea, decomposition path involving intramolecular hydrogen transfer of 
N-bound hydrogen is preferred either to the direct hydrolysis by the attack of water on the 
carbonyl carbon or to the intermolecular decomposition path with a water as the hydrogen 
transfer agent; (ii) For the monoprotonated urea, an ion-pair like SN2 mechanism involving 
the N-protonated form provides the lowest barrier path in the hydrolysis; (iii) The A2 
hydrolysis of the diprotonated urea is preferred to that of the monoprotonated species; (iv) 
The hydrolysis of the monoprotonated species is favored over that of the unimolecular 
decomposition path of the unprotonated species. 


Figure 17. (continued) 
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Solvation effect 


The results (i)-(iii) are consistent with the conclusions reached experimentally by Moodie et 
However, the result (iv) is in direct conflict with the experimental'findings that the 


unimolecular decomposition path is preferred to the hydrolysis of the monoprotonated species 
in the relatively low acidity range. 


In view of the fact that our theoretical studies are based on the gas phase reactions, this 
conflict may be resolved by considering solvation effect, which should certainly have dominant 
influence on the activation barriers in solution phase reactions involving ionic reactants. In 
order to account for such effect of solvation, we have carried out calculations of barrier heights 
for the unimolecular decomposition and the ion-pair like SN2 paths by including up to two 
solvate water molecules both in the ground and transition states. The conformations of the 
solvate water molecules are presented in Figure 17. Our MNDO results are summarized in 
Table 1. We note in this Table that as the number of water molecules (n) increases, n = 0-2, 
the activation barrier for the A2 hydrolysis increases in a greater rate compared with that for 
the decomposition path. Thus if we were to extend this type of computation further to a large 
number of solvate water molecules, the trends may well be reversed in favor of the neutral 
unimolecular decomposition path. Admittedly this study involves too small a number of 
solvate molecules and the extrapolation seems too far-fetched. However the qualitative trends 
are clear: for the neutral decomposition, partial charge separation in the TS increases 
intermolecular force due to dipole-dipole interaction between substrate and solvate water 
stabilizing the TS more relative to the neutral ground state, whereas for the A2 hydrolysis of 
the N-protonated species positive charge on N delocalizes in the TS so that preferential 
solvation of the ground state by ion-dipole interaction relative to the charge delocalized TS 
leads to an increase in the activation barrier. Moreover inclusion of hydrogen-bond effects, 
which was not accounted for in the MNDO methods* in our calculations above, should 
intensify the trends in elevating the barrier for the A2 path relative to the neutral 
decomposition. We therefore conclude that in solution phase, the neutral decomposition 
mechanism may well become the favored path over the A2 hydrolysis of the monoprotonated 
species. Thus our MNDO results are able to accommodate all experimentally postulated 
mechanisms by Shaw et al. and Moodie et al., but do not support the six-membered cyclic 
mechanism of Giffney et al. The activation barriers calculated in these studies are certainly too 


Table 1 .  Solvation effect for the activation barrier differ- 
ences between the intramolecular decomposition process of 
neutral urea and an ion-pair like SN2 hydrolysis process of 


monoprotonated urea 


Activation barrier Activation barrier 
of neutral urea of monoprotonated 


na (AAHXU)) urea (AAHdUH')) A (AAH# 


0 71-17' 45-31 25-86 
1 71.39 49.09 22-30 
2 71.53 51.17 21.36 


=Number of solvate water molccule. 


'kcaVmol. 
'A (AAHf) = AAHf(U) - AAHf(UH*). 
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high due to a well-known weakness of the MNDO m e t h ~ d . ~ . ”  Even though the absolute 
values of barrier heights may be unrealistic, the relative values have been useful in the 
elucidation of mechanistic features.23 As to the common mechanism for the A2 hydrolysis of 
amides, carbamates and ureas, we must conclude that ureas do not react via the common 
mechanism which was found for the other two compounds. 
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APPLICATION OF MARCUS THEORY TO 
PHOTOCHEMICAL PROTON TRANSFER REACTIONS. 11. 


MODIFICATIONS BASED ON INTERSECTING 
STATE MODELS 


KEITH YATES 
Department of Chemistry, University of Toronto, Toronto M5S I A I ,  Canada 


ABSTRACT 


Various modifications of the Marcus equation have been applied to the problem of photochemical proton 
transfer, using available data on general acid-catalyzed photohydration reactions. These include 
incorporation of asymmetry and tightness parameters, as well as distance variation as a function of exo- 
or endothermicity. The intersecting state model of Formosinho has also been successfully applied to 
these reactions. The overall conclusion from all of these approaches is that the reactions are 
characterized by somewhat asymmetric and ‘loose’ transition states, with a small but significant degree of 
charge development on the in-flight proton at the transition state. Estimates of the intrinsic barriers and 
work terms place these in the 5-7kcal and 2-3kcal ranges respectively. A simple valence bond 
configuration mixing model leads to similar qualitative conclusions about the nature of the transition 
states in these. reactions. 


INTRODUCTION 


Acid-base catalysis of organic photoreactions has been of continuing interest over the past 
twenty years and the subject has recently been reviewed.’ Since reversibility of the proton 
transfer step is unlikely to occur in general, the most probable type of photochemical catalysis 
is likely to be general acid or general base catalysis, especially where proton transfer to and 
from carbon is involved. In fact, cases of both general base,’ and general acid, catalyzed3 
photoreactions have recently been reported, as well as the first examples394 of Brmsted 
relationships for photochemical processes. Although interest in the detailed nature of proton 
transfers to electronically excited states is currently very high,’ it is not yet clear to what extent 
these processes result in concurrent deactivation to the ground state surface (non-adiabatic 
proton transfer) or can lead to short-lived electronically excited cationic intermediates 
(adiabatic proton transfer) which can be attacked in a subsequent step by solvent molecules or 
other external nucleophiles, then resulting in deactivation. Turro has reviewed the subject of 
adiabaticity6 in organic photoreactions and has concluded that although truly adiabatic 
processes are likely to be rare in photochemistry, proton transfer is one area where such 
processes are most probable. It has also recently been shown that organic cations of the type 
involved as intermediates in acid catalyzed photohydration reactions can be generated 
adiabatically,’ and under appropriate conditions can have lifetimes of up to 35 ns.* This article 
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will therefore focus on proton transfers to carbon atoms in photohydration reactions, which 
either are or can be adiabatic processes, insofar as the cation forming step is concerned. 


There are several important differences compared to the well known thermal analogues of 
these reactions. The rates of reaction are very high' (kH+ - 106-107~-1 sec-') indicating rate 
enhancements on electronic excitation of the order of 10"-10'4 for typical  substrate^.^ The 
values of the BrBnsted a measured to date are very low (a = 0.14-0.18)374 compared with 
those reported for the thermal reactions of analogous substrates (a = 0-5-0.9).'0 Curvature of 
the BrBnsted plots is more clearly detectable in the photochemical reactions, although 
numerical values of the Bransted curvature are not yet established very quantitatively .4 


Finally, despite the fact that the excited states of these substrates are obviously very highly 
activated towards proton transfer, the limiting rates observed in moderately concentrated acid 
solution tend towards values in the 107-108~-' sec-' range, which is well below the diffusion 
controlled limit (= .~O"M-~  sec-') observed for the fastest known ground state proton 
transfers to oxygen or nitrogen. Although values higher than this are known, for the reaction 
of H30+ with OH- for example, proton transfer to neutral bases usually has a limiting value of 
k catalytic of 10" M-' sec-' . l1 


An attempt has previously been made'* to use Marcus theory13 to determine whether the 
above general characteristics of Br~nsted plots for photohydration reactions could be 
satisfactorily accounted for, and whether a reasonable description of excited state proton 
transfer could be arrived at in terms of important quantities such as the intrinsic barrier and 
extent of proton transfer at the transition state. This involved empirical modification of the 
Marcus equations by incorporating an asymmetry parameter E to reflect the inherently 
different nature of proton transfer from a ground state acid species to an excited state base. 
This empirical approach suggested that Marcus theory can profitably be used to analyze 
excited state acid catalyzed reactions, as it has been for many ground state reactions. However 
the degree of asymmetry obtained implied larger differences between the force constants kHX 
and kHY* than seem rea~onable '~ in terms of the 


H-X + (Y)* --% X- + (H-Y+)* 


nature of the excited state bonds involved, and an alternative approach based on the 
intersecting state model (ISM) was proposed by Formo~inho.'~ There is clearly a need to 
explore these approaches further in terms of both theoretical and experimentally based 
estimates of the force constants involved in this type of proton transfer reaction. 


The central features observed experimentally in these reactions are the very low Bransted 
a's obtained in every case so far investigated. There are several obvious ways in which such 
low values of a (or dAG#ldAG") could arise experimentally (which incidentally also imply low 
intrinsic barriers and fairly pronounced Bransted curvature). These include: (i) very strongly 
exothermic proton transfers (ii) a high degree of asymmetry between the two force constants 
involved (iii) variations in the 'tightness' or bond order at the transition state for different 
reactions and (iv) variations in the 'distance' travelled by the in-flight proton as a function of 
the endo- or exothermicity of the proton transfer step. The basic problem with the original 
Marcus treatment13 or any related approach implicitly based on intersecting symmetrica1l6 
parabolic or other potential energy curves, is that such variations are not explicitly considered. 
A related and important problem is the extent to which the experimentally observed a value 
(or dAGf/dAG") correctly reflects the actual extent of proton transfer at the transition state, 
which has been defined by Kreevoy17 as x (or x+/d where x+ is the distance travelled by the 
proton at the transition state relative to the total distance d between the two sites of the proton 
in the associated complex leading to proton transfer). 
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The approaches of Marcus13, Kreevoy,17 Kresge and Koeppl'* will be considered, as well as 
others not directly based on Marcus theory, such as those of Formosinho,15 Le Noble," Pross 
and Shaik,20 to determine whether any reasonable and consistent picture of proton transfer in 
these photohydration reactions can be obtained, and hopefully to determine which approaches 
can best be applied to acid-catalyzed photochemical reactions in general. 


RESULTS AND DISCUSSION 


Intersecting parabola models 


As is well known, the original Marcus equation* can be derivedz1 from two intersecting 
parabolic potential energy curves, where the energies of the two states are given by 


El = nx2 E2 = n(d - x)' + A E  


where n is related to the force constant of the X-H bond in a symmetrical proton transfer 
reaction 


X-H + -+, [X ___  H ___ XIz --P X + H-X 


where d is defined as the distance between the two minima and x is the distance travelled by 
the proton from its equilibrium position in the starting X-H molecule. At the transition state, 
x = x+ and El = E2 = AEz since El at x = 0 is defined as the zero reference point, and A F  = 
E2 at x = d. This is illustrated in Figure 1 for subsequent comparison with non-symmetrical 
analogues. At x = x+ the above equality yields 


AEz  = M4 + A F / 2  + (AE")2/4h 


where AE# at A E  = 0 is defined as M4, the intrinsic barrier. If AEf  in this simple model is 
equated to AGf and A E  to AGO, this corresponds to the Marcus equation,14 excluding the 
work term wr, i.e. 


AGf = h/4 + AGO12 + (AC0)2/4k (1) 
Evaluation of w'will be discussed later, but for now this term will be omitted in comparisons of 
the Marcus equation with other models. Differentiation of (1) with respect to AGO yields the 
well-known expression for cy 


dAGf 1 AGO 


dAGo 2 2h 
+--  - a  -=- 


and further differentiation gives the Br~ns ted  curvature c. All derivatives in this paper, such as 
dAGS/dAGo and d2AG#/d(AG")2 in equations (2), (3), (5 )  and (6), are really partial 
derivatives at constant A. The assumption of constant h for a given reaction series is generally 
made in applications of Marcus theory to kinetic data. 


*The original Marcus eq~at ions '~  were actually derived as expressions containing hyperbolic functions, rather than 
the more commonly used simple quadratic expressions. However, as Marcus has pointed out, the two types of 
equation are essentially equivalent when I A e l  is not large, i.e. when IACIlh S 1. This is the case for the whole range 
of AC' values considered in this paper. 
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Figure 1. Schematic representation of symmetric and asymmetric (E = 2J3) intersecting parabolic energy curves 


d2AC# 1 d a  


d(AG0)' 2h dAG" 
= c  - -  (3) 


The important characteristics of this symmetrical case are that a = 0.5 at AGO = 0, and that 
the Br~nsted plot should be curved, since (Y depends on AGO (equation (2)), and that this 
curvature should be constant and inversely related to the magnitude of the intrinsic barrier 
through equation (3). The realistic limits of AGO are from + h (endo) to -h (exo) since outside 
of these limits is the so-called 'anomalous' region," where the intersections of the two curves 
lie outside the range 0 < x S d, illustrated in Figure 1. It follows that the corresponding limits 
for A& are from +h to 0. The general dependence of both AGS and a on AGO are illustrated 
in Figure 2 which is an Eigen type showing how a BrBnsted plot should behave 
ideally for non-diffusion controlled general acid catalyzed reactions. In this diagram the 
dashed line shown for the variation of LX (or Kreevoy's x)17 also corresponds to the variation of 
x+ld, which can be thought of as the mechanistic LX (or x )  as against the experimental or 
observed a. In this symmetrical case the two are equivalent. 


If the situation is changed to the more realistic case 


X-H --P [X --- H --- Y]# --+ X + H-Y 


where the force constants for the X-H and Y-H bonds may be significantly different, as is 
likely to be the case in general for photochemical reactions12 and probably also for many 
thermal reactions," we have 


El = nx2 E2 = m(d - x ) ~  + AE" 


If we define the ratio of the two force constants mln to be E, and make similar correspondences 
as before between A E  and AG terms, this yields the expression derived by Cannon24 for the 
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Figure 2. Solid curves-Eigen plots of AE#ca,c versus AEP,,,, (both in units of U4) based on symmetric (Marcus) and 
asymmetric (E = 2/3) intersecting parabola expressions (1) and (4). Dashed curves--variation of ol(dAEfldAE") as a 


function of A F  


general case of unsymmetrical intersecting parabolic potential energy surfaces (again omitting 
any explicit work terms) 


AG0(1-E)11nJ2 h 
'h 


AG+ = - (& + [ E  + 
(1-&)2 


(4) 


Again differentiating twice with respect to AG" yields equations (5 )  and (6) analogous to the 
Marcus expressions (2) and (3) 


dAGP 1 E 
-=- 1 -  


dAG" (1-E) (& + A y - E ) ) * Q  


d2hc E 


d(AG")* 


h 


The general dependence of AGf on AG" given by equation (4) for E = 2/3 is also shown by the 
Eigen type diagram in Figure 2 for comparison with that predicted by the Marcus equation. 
There are several important differences. Firstly the realistic limits of AGO are now more 
restricted, since, as illustrated in Figure 1 for the unsymmetrical case, the 'anomalous' region 
for exothermic reactions would occur at values of AGO < -A. Thus AGO now varies between 
+h (ex0 limit) and --EX (endo limit), but AG# ranges from +h. (slow reactions) to 0 (fast 
reactions) as before. In addition the intrinsic barrier (or AG* at AGO = 0) is now given by eN4 
rather than h/4 where e = (1 - (1 - f i / l  + fi))'. In the case where E = 2/3, e = 0-808 as 
shown in Figure 2, Further, the Brmsted (Y at AGO = 0 i s G I 2  (0.45 where E = 2/3) rather 
than 1/2, and although a Brmsted type plot would again be curved, the curvature c would not 







PHOTOCHEMICAL PROTON TRANSFER REACTIONS. 11. 305 


be constant as predicted by the Marcus equation. In addition the variation of dAGf/dAGo or 
the observed QL is no longer necessarily equal to the variation of x+/d or x over the same range 
of AGO. (This point will be discussed more extensively later.) 


Equations (4), (5 )  and (6) are somewhat unwieldy and are not likely to find practical use as 
alternatives to the Marcus equations. However, Cannon has shownu that equation (4) can be 
represented approximately in polynomial form, which can be truncated at the quadratic level 
for more direct comparison with the Marcus equation. Using the present symbolism this yields 


eh. G A G o  (AGO)' 
A& = -+ +- 


4 2 4vzh 


dAGf & A G  
dAGo 2 2 G h  


+-- - a  -- -- 


1 
- c  - d'AGf 


d(AG")' 2 f i h  


(7) 


(9) 


Cannon has pointed out that the quadratic form of equation (3) is valid provided the term 
AG(1 - &)/A is not too large.24 This is not a problem for the range of AGO and E values 
considered in the present paper. Figure 3 shows a comparison of the analytical and quadratic 
forms of these general equations. It is clear that equation (7) is a reasonable approximation to 
equation (4), and the first derivative form in equation (8) is an even closer approximation to 
equation (9, providing that /AGO1 is not greater than about twice the magnitude of the 
intrinsic barrier. This is not likely to be a serious limitation for photochemical reactions on the 
exo side, from what is known of the magnitudes of excited state pK shifts,25 nor on the endo 
side because of the limitation that bimolecular reactions with AGf values approaching 
-10 kcal are not likely to occur within the normally short (1-100 ns) lifetimes of most singlet 
states.26 


Figure 3. Comparison of calculated AEz values as a function of A P  (both in units of N4), with E = Z3. Solid curve 
based on equation (4); open circles based on equation (7); squares based on equation (10). Dashed curve-variation 


of OL with AE" based on equation (5 ) .  Solid circles variation of (Y with A P  based on equation (8) 







306 K. YATES 


It can be seen from equation (9) that the Brdnsted curvature would still be predicted to be 
constant, as in the Marcus equations. Truncation of the polynomial expansion of equation (4) 
at the cubic level, as in equation (lo), takes care of this problem, 


(10) 
eh G A G o  (AGO)' (1-E) 


A G + = - +  +- + 
4 2 4 V a  8h2 


and also gives a better fit to the analytical solution from equation (4), as shown in Figure 3. 
However, it is very doubtful whether inclusion of a cubic term is justified at this stage, in terms 
of the precision of the data currently available for estimating the magnitude of the Brdnsted 
curvature. 


This means that the second derivative expressions, equations (6) and (9), cannot presently 
be used directly to estimate the possible magnitudes of the intrinsic barrier as a function of the 
asymmetry parameter E. Nonetheless the first derivative forms, equations (5) and (8 ) ,  can be 
used along with the observed values of a to estimate these barriers. The derived values of eU4 
can then be inserted into equations (4) or (7) to estimate values of AGf , also as a function of 
E. This is illustrated in Table 1, where values of both eW4 and AGz (exclusive of the work 
term) have been calculated for a range of possible E and AGO values. Only negative values of 
AGO have been considered, since at the mid-point of the general acid catalyst range previously 
~ s e d ~ . ~  namely pKHA = 7-0, the value of AGO of reaction must be negative. If this were not the 
case, the AGO value for the weakest general acid used, namely HzO, would have to be 
significantly greater than 10 kcal, which is impossible for bimolecular reactions of substrates 
with measured singlet lifetimes in the 1-50ns It is clear from Table 1 that in order to 
explain typical Brdnsted a's of -0.15 at the mid-point of the general acid catalyst range, the 


Table 1. Calculated values of intrinsic 
barriers and AG# as a function of E 


E = 1.0" 
e = l-Ob 
E = 213 
e = 0.808 


e = 0-686 
E = 113 
e = 0.536 


E = 112 


eN4' 


eN4 


eN4 
AGf 
eU4 


A G + ~  


AG+ 


AG+ 


AGO (kcal) 


-5 -10 -15 
1.8 3-6 5-4 
0-2 0.3 0.5 
2.1 4.1 6-2 
0.6 1.1 1.7 
2.3 4.6 6.9 
0.9 1.8 2.7 
2-7 5.4 8.1 
1.4 2-8 4-2 


'Calculated from equation (8) using a typical 
a value of 0.15d for mid-point of catalyst 


%. aken from Reference 4. 
eCalculated from equation (7) using the 
above values of intrinsic bamer eU4. 


KHA range used in the Brensted plots. 
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Marcus equation must be modified to include a significant degree of asymmetry. Based on the 
original Marcus equation (E = 1.0) the calculated values of both eU4 and AGf are too low for 
any reasonable value of AGO, which based on the range of catalysts used must be somewhere 
in the 0-(-1O)kcal range.* (This point will be addressed more fully later). Since the catalytic 
rate constants kHA are all approximately in the 104-(5 x ~O')M-' sec-' range4, this 
corresponds to a AGf range of 3-2-8.3kcal taking a value of 101'~-' sec-' for the 
diffusion-controlled limit. This means that the intrinsic barriers must also be within this range. 
Although some of the calculated values for E = 1 (the Marcus equation) do fall inside this 
range, the corresponding values of AGfcalC, seem far too low for reactions which have limiting 
rates (for hydronium ion catalysis) of ( 1 . 5 4 9 )  x lo7 M-' sec-', even allowing for a significant 
w' contribution to AGfexpt.. Overall the most reasonable values of AGO, eU4 and AGz are 
found for E = 1/3, which is in agreement with the conclusion of a previous exploratory study." 
However, such a degree of asymmetry implies a reduction of ~ 6 7 %  in the force constant of 
the carbon-hydrogen bond in the protonated substrate, compared with that of the 
oxygen-hydrogen bond in the general acid catalyst. This has been criticized by Formosinho14 
as being an unreasonably large difference, even for electronically excited states, and it seems 
clear that although some reduction in force constant could be expected for an excited state 
cation, other factors must be important in producing such low a values, and their implication 
of very early transition states. 


Hyperbolic expressions 


One problem inherent in any Marcus type equations based on parabolic potential energy 
surfaces lies in their limiting behavior at very high endo- or exothermicities. To avoid the 
so-called 'anomalous' region,22 there is a cut-off at high endothermicity (AG' = k) where AGf 
becomes exactly equal to AG', and also at high exothermicity (AGO = -A or -A) where A& 
becomes zero. Both forms of limiting behavior have been criticized as being physically 
unrealistic since it would be expected that although AGf might approach these limits, it would 
never actually attain them. In other words even for the most exothermic proton transfers there 
should still be a small A& term, which for the endothermic direction means that AGf would 
always be greater than AGO. Lewis and More O'FerrallB have proposed an alternative to the 
Marcus equation based on a hyperbolic expression, given in equation (11). 


This expression gives more reasonable limiting behavior, since as AGO + ( + 0 0 ) ,  AGP 
approaches AGO asymptotically. In the exothermic direction AGO approaches zero 
asymptotically as AGO --* ( - 0 0 ) .  The intrinsic barrier remains U4 as in the Marcus equation, 
and the Bronsted Q is 1/2 at AGO = 0 as seen from equation (12) which is the first derivative 
form of equation (11). 


-- - 1/2 + Ac"((AG")' + k2/4)-"' = a dAG# 


dAG" 


'Since the range of catalysts pKH, represents 17.4pK units, this corresponds to a A@ range of 24kcal. For the 
slowest photochemical reaction to occur, AG# must be less than 10kcal. Therefore the mid-point of the catalyst Ac" 
range must be less than -2 kcal. 
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However the BrBnsted curvature c is now predicted to be variable as shown in equation (13) 
unlike the constant curvature predicted by the Marcus equation. 


(13) 
4 


d2AG# = 1/2 ((AGO)’ + 3-l” - ___ (A Go)’ ((AC.)’ + - 
dA(G0)’ 2 


Similar limiting behavior is predicted by the Marcus BEBO expre~sion,’~ equation (14), as are 
the values of A G f ,  and 01 at A C .  = 0, and variable Brensted curvature as a function of AGO. 


h AG“ h AGO In2 


4 2 4 I n 2  
A & = - + - + -  In cosh (7) 


The variation of AGf as a function of AGO, based on the Lewis-More O’Ferrall hyperbolic 
expression is compared with that based on the Marcus equation in the Eigen type diagram 
shown in Figure 4. Also shown is the variation of a, which has a more compressed range than 
0-1, based on the hyperbolic expression, with LY being greater than the Marcus (Y for endo 
reactions and less than the Marcus LY for exo reactions. A similar comparison could be made 
using the BEBO expression (equation (14)), but this has been omitted for clarity. As Lewis 
and More O’Ferra1128 have pointed out, the use of this expression is less simple than that of 
equation (11) in that it requires evaluation of the intrinsic barrier by iteration. In order to 
make the two hyperbolic expressions, equations (11) and (14) less unwieldy and to compare 
them more directly with the Marcus equation, Lewis and More O’Ferra1128 have proposed 
approximate forms based on the polynomial expansions of these equations, truncated at the 
quadratic level. These are shown by equations (15) and (16) respectively. 


h AGO (AGO)’ 
A & = - - $ -  +- 


4 2  2h 


A G # = - + - + -  h AGO (AGO)’ 
4 2 2.8851 


- 1 -  
c .- 
C 
=l 


-.50 ‘ 
- .75 


Figure 4. Comparison of AGS versus AGO based on the Marcus equation (1) (curve M), the Lewis-More O’Ferrall 
hyperbolic equation (11) (curve H), and the quadratic approximation equation (5) (curve Ha) .  Curves Mar and Ha 


represent the variation in a as a function of A G  calculated from equations (2) and (12) respectively 
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Although these two expressions resemble the Marcus equation very closely, they are 
unfortunately very poor approximations to the hyperbolic expressions originally proposed, 
except in a very narrow range of AGO (kU4). This is shown in Figure 4 for the Lewis-More 
O'Ferrall expressions. (The problem does not lie in the truncation at the quadratic level so 
much as in the limited range of variables over which the full polynomial expansion is valid.)* 


It is now of interest to determine whether the two original hyperbolic expressions (1 1) and 
(14) can give a better representation of the observed experimental variation of log kHA versus 
log KHA (or equivalently of AGf versus AGO) than the previously discussed Marcus type 
expressions. 


Comparison of Marcus type and Hyperbolic expressions 


In order to compare the fit of equations (l), (7), (11) and (14) to the available experimental 
data, it is necessary to plot AG# versus AGO in common units of N4 as previously shown 
in Figures 2 and 3. This requires empirical evaluation of the intrinsic barriers for the reactions 
in question, which can be obtained from the experimental Brmsted plots, providing the 
position corresponding to AGO = 0 can be located on these plots. This requires a knowledge of 
pKSIH+ or the excited state basicities of the substrates in question, since for the proton transfer 
reaction involving any general acid HA, 


S1 + HA + SIH+ + A- AGoR 


it can easily be shown that 


AGoR = AGOHA - AGoS,H+ (17) 


where ACOHA = -RT In KHA and AGslH+ = -RT In KSIH+ = 2 * 3 0 3 R T ~ K ~ , ~ + .  Since the 
proton transfer to SI is not reversible to any significant extent,? this means pKS,H+ cannot be 
measured dire~tly,~' by fluorescence titration for example. One way of estimating P K ~ , ~ +  is 
via the well-known Forster cycle method3' which is based on changes in absorption and 
emission maxima on protonation. Recent measurements of shifts in absorption and emission 
maxima of styrene type molecules and their cations lead to a value of ApK* = pKSIH+ - 
pKSoH+ of approximately' 22 units, which taken with Jencks and Richards' value of -11.1 for 
the ground state ofp-methyl styrene32 leads to an estimated P K ~ , ~ +  of about +11. This means 
that the catalyst P K H ~  on a Brdnsted plot corresponding to an overall AGoR of zero would also 
be + 11, as seen from equation (17). 


An alternative approach is to consider that for the weakest acid catalyst used (H20) the 
AGS of reaction must be larger than the overall AGRO for that reaction. The A& values for 
the water reaction can be obtained from the observed k,,  value^,^ and if AGRo in each case is 
to be taken to 0.5 kcal less than A&, a limiting value of AC"s,H+ can be obtained, knowing 
AGOHA for water. For the five substrates whose Bransted plots have been established, this 
leads to estimated values of pKS,H+ of 10.9, 11.3, 9.9, 11.0 and 11.3, which are reassuringly 
close to the value for typical styrenes of 11.0 estimated via the Forster cycle method. The 
average value of 10-9 can then be used to estimate log kHA (AGR" = 0) from the Brdnsted 


*In the present case this corresponds to the range -A < AG' < +h. 
tAll singlet state lifetime measurements based on the single photon counting method showed single exponential decay 
for these s ~ b s t r a t e s ~ ~ ~ ~ ~  at all acidities used. 
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Figure 5. Comparison of the fit of the experimental data, open circles, (see text), to the calculated AGS curves based 
on equation (1) (curve M); equation (7) with E = 113 (curve Q); equation (11) (curve H) and equation (14) (curve B) 


plots, which in turn leads to estimated intrinsic barriers for these reactions of 5.2-6.5 kcal 
depending on the individual substrate. 


Plots of AG# versus ACF (both in units of U4) are shown in Figure 5 ,  based on the Marcus 
type equations with E = 1-0 and E = 1/3, and on the Lewis-More O'Ferrall% and Marcus 
BEBO  equation^:^ with experimental (also reduced to units of hJ4) for comparison. 
It can be seen that the only expression giving a reasonable fit to the experimental points, both 
in terms of the shapes of the curves and their limiting behavior at high acidity (i.e. high 
exothermicity) is the Marcus equation modified to include an asymmetry parameter of E = 113. 
It may be that modifying the hyperbolic expressions to include some form of asymmetry could 
improve their fit, but it is not easy to see how this could be done realistically. Attempts have 
been made to do this, for example by replacing AGO in equation ( 1  1) by eAGo and replacing h 
by eh, but this unfortunately leads to unrealistic behavior for positive AGO values i.e. where 
AGf becomes less than AGO, which is physically impossible, It should be pointed out that this 
is also a problem for the approximate quadratic form of the asymmetric parabolic equation 
(7), but only at very high positive AG" values. However, as pointed out previously, 
photochemical reactions with very high AGO values are not likely to occur anyway, so that this 
region is of no practical importance. 


Despite the excellent fit of equation (7) (with E = 1/3) to the experimental data, the implied 
high degree of asymmetry is again subject to the same criticism as made previously by 
Form~sinho.'~ It seems therefore that although some degree of asymmetry may be required to 
explain both the shapes of the Brmsted plots and low overall a values found for these 
photohydration reactions, other important factors must be operative. 


Kreevoy t parameter approach 


Kreevoy17 has proposed a modification of the Marcus equation which attempts to take into 
account the variability of the 'tightness' of the transition state via a parameter t, as in 
equations (18) and (19). It should be noted that these expressions have been simplified" by 
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dropping higher order terms which are expected to be small in most cases. The quantity t is 
related to the charge 6 


k AGO (AGO)' + (t - 1) ~~ 


4 2 4h 2 
A & = - + - + -  - 


dAGf 1 (t- 1) AC" 


dAGo 2 2 2h 
- +-+-- - 0 1  


on the in-flight atom at the transition state. In the case of proton transfer this is given by (1 - 
t) = 6. (The definition of 6 differs in sign from that given in the original paper," since proton 
rather than hydride transfers are involved here.) The quantity (1/2 + AG0/2k) on the right 
hand side of equation (19) is defined by Kreevoy as x and corresponds to 01 in the original 
Marcus expression (equation (2)). Since 


-- - x + - -  dAGf 


dAG" 2 


t - 1  
- a  


the observed values of dAG#ldAC", or its equivalent dlnk/dlnK, corresponds to the 
'experimental' Bransted 01, whereas x represents the 'mechanistic' 01, or the degree of proton 
transfer at the transition state along the diagonal of Albery-JencksMore O'Ferrall diagram,33 
as illustrated in Figure 6. The term involving t represents the orthogonal distance of the 
transition state from this diagonal in terms of the 'tightness' (t > 1) or 'looseness' (t < 1) of the 
transition state relative to so-called 'normal' transition states where the actual degree of 
proton transfer is equivalent to dAGf/dAC". Kreevoy has applied this approach successfully 
to hydride transfer  reaction^"*^ and has evaluated t independently from symmetrical 
reactions which can be studied in both directions. Unfortunately this cannot be done for 
irreversible photochemical proton transfer reactions, but trial values of t can be used with 


d ~ - A  - 
S:(H:A) d t n  K,, 


/' \I/ r(=O.1,5 i.0.a / 


/ 
/ / 
/ 


Figure 6. Two-dimensional transition state map for proton transfer from a general acid HA to an excited state 
substrate S as a function of the Kreevoy tightness parameter t and the charge on the in-flight proton 6 .  Note that ct (or 
dlnk,/dlnK,,) is only equal to the progress variable x in the solid diagonal where t = 1. Dashed line represents the 


reaction pathway for r = 0.8 
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Table 2. Calculated values of intrinsic 
barrier and AGf as a function of T 


AG‘ (kcal) 


-5 -10 -15 
t = 0.6” IAb 4.17 8.33 12.5 
( X  = 0-35) AGZ” 3.05 6-08 9.13 
t = 0.7 N4 3.13 6.25 9.38 
( X  = 0-30) AGZ 1.88 3.75 5.63 
t = 0-8 ?J4 2.5 5.0 7.5 
( x  = 0.25) AGf 1-13 2.25 3.38 


“‘Tightness’ parameter,” as defined in equation 


bCalculated from equation (19) using a typical 
value of a = 0.1SC for mid-point of catalyst 
pKHA range in Brmsted plots. 
‘Taken from Reference 4. 
Valculated from equation (18) using above 
values of intrinsic barrier U4. 


(18). 


observed Bransted a! values using equation (19) to evaluate possible M4 values, and then by 
substituting these values into equation (18) corresponding AGS values can be evaluated. It 
turns out that only a certain range o f t  is feasible, given the low observed cy values in the 0.15 
region. Values oft > 1 give small positive M4 values but negative A&. Values o f t  < 0.3 give 
negative ?J4 values. Although some values o f t  C 0-5 give positive h/4 values, the calculated 
AGf values are smaller than observed AGZ values. It therefore appears that t must be in the 
0.5-1.0 range for the photohydration reactions. The most reasonable values of N4 and AGf 
are obtained for t in the 0-60.8 range, when compared with the previously described 
experimental values of these two quantities, based on experimental Brdnsted plots. These are 
shown in Table 2, for the same range of AGO as in Table 1. 


This strongly suggests that these photochemical proton transfer reactions are characterized 
by somewhat ‘loose’ transition states in which the in-flight proton bears a significant positive 
charge at the transition state. Based on the previous estimate of AGOR for the mid-point of the 
catalyst plyHA range used to construct the Brensted plots, the values in Table 2 at AGO = 
-5 kcal are the most reasonable. It should be noted that a t value in the 0-6-0-8 range implies 
a value of x (the extent of proton transfer at the transition state) which is significantly greater 
than that indicated by the experimental value of a. As shown in Table 2, x would be in the 
0-25-0.35 range for the mid-point of the Brmsted curve where cy = 0.15. This is illustrated in 
Figure 6 where the dashed line on the Albery-Jencks-More O’Ferrall diagram is based on a t 
value of 0.7. This is a physically more reasonable situation than that indicated by the Brdnsted 
a! values themselves, which vary between about 0.3 (for the weakest catalysts used) to 
effectively zero (for H3 O+).  Inclusion of the z term leads to extents of proton transfer at the 
transition state which would vary between 45% for the slowest reactions at pH 7 and 15% for 
the limiting rates observed at high acidity (Ho = -2). Since the various forms of the Marcus 
equation used so far completely neglect the work term, the Kreevoy expression gives an 
opportunity to estimate typical values of w‘ for photohydration reactions. This is illustrated in 
Figure 7 where Br~nsted plots are shown in terms of both experimental and calculated values 







PHOTOCHEMICAL PROTON TRANSFER REACTIONS. 11. 313 


Figure 7. Experimental curves (see text) showing variation of AG# (from log for photohydration as a function 
of AG" (from log KHA). Open circles-m-fluorostyrene; closed circles-or-naphthylacetylene; open triangle- 
2-vinylnaphthalene, closed triangles+-naphthylacetylene; open squares--methylstyrene. Vertical lines represent 


calculated AG# values at selected 1 for AQ = 0 and -5 kcal respectively 


of AG# as a function of AG". Since the calculated values AGf ignore w', the difference 
between AG#ca,c and AGjobs for different possible t values gives an estimate of the range of 
reasonable w' values. For t in the 0 - 6 4 8  range this gives w' values in the 2.5 k 1.0 kcal range. 
There is good agreement between the average values of w' obtained, whether AGfc,, is based 
on equation (18) at AGO = -5 kcal, or on equation (19) with AG" = 0. For an intermediate 
value o f t  = 0.7 the average values of w' are 2.6 and 2.8 kcal respectively. This is similar to the 
conclusion reached previously,'* namely that work terms for excited state proton transfers are 
likely to be smaller than those found for analogous thermal reactions (w' = 4-11 kcal). It is 
reasonable that during the fast process of internal conversion to the vibrationally and 
geometrically relaxed form of S1, which occurs before any chemical reaction takes place, there 
would be similar solvent relaxation which could reduce the extent of solvent reorganization 
needed in the reactive complex leading to proton transfer. This would be particularly 
important if catalyst acid species were within the reaction sphere35 of the excited state species 
at the time of its creation, and could transfer a proton to it via a Grotthus chain mechanism. 
Although Jencks and Bednar36 have demonstrated that this mechanism is probably not 
operative for proton transfers to carbon in the ground state, it does not follow that the more 
highly polarized* and reactive species involved in photohydration reactions will behave 
similarly. Although their limiting rate constants are lower than for very fast proton transfers to 


*The idea that the S, states of phenylacetylenes and styrenes are strongly polarized is supported experimentally by 
their large p K  shifts and the regiospecificity of their photohydration reactions, as well as by theoretical calculations on 
a variety of simple model systems." 
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oxygen or nitrogen, where the Grotthus mechanism does operate, they are still much faster 
(by 10"-10'4) than analogous ground state proton transfer reactions. 


It is probable that some combination of transition state asymmetry (as expressed by an E 
term) and 'looseness' (as expressed by t) could give a more satisfactory and complete 
description of these excited state proton transfers than either approach alone. Unfortunately 
this is not feasible at present since there is no satisfactory way of evaluating either E or t 
independently. It would therefore be futile to try to modify the Kreevoy equation by 
incorporating an asymmetry parameter, although it seems clear that any degree of 'looseness' 
incorporated into the model would require a lower and therefore more reasonable degree 
asymmetry than previously indicated by an E of 0.33. For example, introduction of a Kreevoy z 
parameter term into equation (7)' with an arbitrary value z = 0.7, leads to a calculated AGS 
versus AGO curve which only gives a good correspondence with the experimental variation of 
log  HA versus KHA when an asymmetry parameter of E = 0.66 is used, rather than the 
physically less realistic value of 0.33 discussed previously. 


It must be concluded that although Marcus theory can be applied, with suitable 
modifications, to excited state proton transfers to yield reasonable qualitative conclusions, the 
overall situation is somewhat unsatisfactory in a quantitative sense. 


Intersecting state model 


Formosinho has developed an interesting model, originally based on intersecting Morse 
curves,15 and later modified this to include intersecting harmonic o~cillators,~' which give 
essentially the same results. The model differs from Marcus theory in taking specific account 
of stretching force constants and entropy of mixing terms, following the proposals of Agmon 
and L e ~ i n e . ~ ~  The idea of an intrinsic barrier is not explicitly included in Formosinho's 
equations, although obviously AGf at AGO = 0 can be calculated. He  has successfully applied 
this ISM model to a wide variety of thermal reactions,"' mainly hydrogen atom and proton 
transfers, and more recently to some photochemical  reaction^.'^ The ISM model has been 
described in detail elsewhere3' and can be summarized as: 


f r  # fP 


1, 


-+X+H-Y 
U U 


X #  


where d is the variable distance travelled by the in-flight proton, 1, and 1, are the equilibrium 
bond lengths of the bound hydrogen in the reactant and product states, and fr and fp are the 
corresponding stretching force constants. In this model d is defined by 


d = ql = q(l, + Z,) (20) 


where the parameter q is the reduced distance given by 


u'ln2 u' 
q = -  + - 


n+ 2k2 
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In equation (21), a' is a constant, n# is the total bond order at the transition state and h is 
the entropy of mixing term as defined by Agmon and L e ~ i n e . ~ ~  'Loose' transition states are 
characterized by high values of h,  corresponding to a greater degree of freedom in distributing 
excess energy, and vice versa. Formosinho has described of evaluating q from 
experimental data and its variation with AGO, and has concluded that more ionic processes 
('normal' acids) will have values of nz = 1 and h < 24 kcal, whereas more covalent processes, 
such as with 'pseudo-acids' and hydrogen atom transfers should have nf values closer to 0.5 
and h > 24 kcal. Values of AGS can be calculated from the expression 


1/2fr X; = 1/2fp(d - x+)' + AGO 


where X+ corresponds to the extent of proton transfer at the transition state, and hence x+/d 
corresponds to x or the 'mechanistic' a. Rate constants can be calculated from k, = (kf /h)  
e-AG#'RT taking the limiting value of k, for diffusion-controlled reactions to be ~ O ' ( ' M - ~  sec-'. 
Fo~mosinho'~ has used a higher value than this, but his calculations on the photohydration of 
p-methylstyrene lead to the unrealistically high value of 12-8 kcal for AGS, given that the S1 
lifetime of this substrate is only 4.5 n ~ . ~  Values off, are typically in the range 6.97-7.36 mdyne 
A-' for ground state oxygen acids,40 and values of f ,  for ground state carbonium ions can be 
estimated from observed vibrational spectra4' in the C-H stretching region to be in the 
4.05-4-37 mdyne A-' region. Corresponding values of fp for excited state carbocations are not 
yet avaiIable, but it can be safely assumed that these would be no greater than the value of 
4.82mdyne A-' used by Form~sinho '~ in his recent calculations on the photohydration of 
p-methylstyrene. Both ground and excited state force constants can also be calculated by ab 
inifio LCAO-SCF methods based on simple model sy~tems,~' and the ratio fdf, compares 
reasonably with that used by Formosinho for p-methylstyrene photohydration. The values of 
k, (6.97 mdyne k') and k, (4.82 mdyne A-') used by Formo~inho,'~ give a ratio of kdk, = 
0-7, whereas the values calculated by a6 inifio methods4' give a ratio of 0.77, based on the 
protonation of acetylene to give the vinyl cation. Although the two excited state carbocations 
are of different types, the general agreement emphasizes the asymmetry of the proton transfer 
step. 


Using values of k, = 6-97 mdyne A-' and kf = 4.82 mdyne A-' and various trial values of h 
and nf, the variation of log k can be calculated as a function of AGO via the Formosinho 
equations. In these calculations f, was taken as 0*98A, and fp as 1-08& based on recent a6 
inifio LCAO-SCF calculations4' on model systems of the type of involved in photohydration. 
The results of the Formosinho type calculations are plotted as Brmsted type curves in Figure 8 
for the AGO range +10 to -20 kcal. It can be seen that log kc,,, varies over the range lo-'' to 
10" M-' sec-' depending on the assumed values of nlc and h. The values used in Figure 8 are 
typical of those used by Formosinho in treating a wide variety of reactions.40 The vertical 
location of the curve (or overall rate range covered by the Br~nsted plot) is largely controlled 
by n # ,  whereas the shapes of the curve (Br~nsted a and curvature) are largely controlled by A 
and the ratio of k,  to k,. The experimental catalytic rate constants (log kHA) are superimposed 
on the plot as ranges of values for different substrates at a given catalyst pKHA. 


The best fit is obtained for a value of nz = 0-82 and h = 30.4 kcal, both of which imply a 
somewhat 'looser' transition state than that normally found for typical ionic reactions (n# = 
1-0 h = 20-7 kcal). It should also be pointed out that such an excellent fit could not have been 
achieved without the significant degree of asymmetry implied by the different values of the 
two force constants used. (In this case they correspond to a value of E, as previously defined in 
the modified Marcus treatment, of 0-69). 







316 K. YATES 


1 1 I I 1 I I I I 
+ I0 0 -10 -20 


AGO ( k c o l )  


Figure 8. Calculated values of log k as a function of log K for different n#, based on Formosinho’s intersecting state 
model. Broken curves with h = 71-7 kcal; dashed curves, h = 30.4 kcal; dotted curves, h = 20.7 kcal. Solid curve, A = 
30.4 kcal and n# = 0.82. Shaded enclosed areas-range of experimental log k values for different substrates at 


particular catalyst pKHA values 


Considering the possible vertical range involved in Figure 8 and the different possible shapes 
or curvatures, the fit to the experimental data which can actually be obtained must be 
considered remarkable. It is very interesting and reassuring that the nature of the proton 
transfer process implicit in the calculated bond lengths and force constants and selected values 
of n# and h, required to give such a fit is in very good qualitative agreement with that 
previously deduced from the various modified Marcus treatments, namely a significantly 
asymmetric process with a somewhat ‘looser’ transition state than for ‘normal’ ground state 
acid-base reactions. 


It must be noted that despite the excellent fit obtained in Figure 8 the value of AG# at AGO 
= 0 which comes from the calculated curve (+7.5 kcal) does not correspond very precisely 
with the experimentally derived intrinsic barriers discussed previously, which were in the 
5-2-6-5 kcal range. This can be seen from the poorer correspondence between the calculated 
curve with the experimental points data in the ACF > 0 region. In addition the location of the 
AGO value corresponding to the water catalyzed rate constants, implies excited states which 
are somewhat more basic than previously estimated by either Forster cycle calculations or by 
the limiting rate assumptions. Part of the problem is that the generally accepted pKHA value 
for water of 15.7 is not as well-defined as that for typical general acids, and that water as a 
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catalytic species probably cannot be treated with respect to its stoicheometric concentration of 
55.5 M in the same way as other catalyst species, due to its much greater self-association. It is 
difficult to know what if anything can be done to improve this situation quantitatively, but 
despite the possible anomalous behavior of H 2 0  as a general acid catalyst, the overall 
agreement shown between the conclusions based on Formosinho's treatment and modified 
Marcus treatments must be considered very satisfactory in terms of a general description of 
these excited state proton transfer reactions. Attempts are currently under way to increase the 
range and uniformity of the general acid catalysts used, partly in order to deemphasize the 
influence of the KH,o term on the shape of the Br~nsted plots. 


It is interesting that the distance variation involved in equations (20) and (21) as a function 
of AGO, is similar in form to that proposed by Kresge and Koeppl," who modified the Marcus 
equation to include an increase in distance travelled by the proton (or increase in looseness of 
the transition state) as reactions become either more endo- or more exothermic. Indeed if 
Kresge and Koeppl's calculations of AGf are repeated, allowing up to a 25% increase in d as 
AGO approaches fh, an excellent 1: l  correspondence with the results of the Formosinho 
approach is obtained, as shown in Figure 9. The correspondence of the asymmetric quadratic 
modification of the Marcus equation (equation (7) with E = 2/3) with either the Formosinho or 
Kresge and Koeppl AG# values is not as good, since although the plot is linear, the slope is 
greater than unity, and the correlation does not quite pass through the origin, as shown in 
Figure 9. This emphasizes that transition state asymmetry is not the only important factor in 
determining the observed Br~nsted a values and curvature. 


It is again the case with the Formosinho calculations that dAGP/dAGo or (Y is not equivalent 
to x+/d or x. For endothermic reactions a > x and for exothermic reactions with AGO s 
-5 kcal, x > a. In other words, as before, the observed Br~nsted a does not accurately reflect 


Figure 9. Relationship of AGZ calculated from Formosinho's equation (open circles) and from asymmetric Marcus 
expression, equation (7) with E = Z3 (open triangles), to AG# values calculated from Koeppl and Kresge's expression 


(see text). Dashed line represents 1:l correspondence 
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3tH-A .++A- - 
Reaction Progress 


Figure 10. Schematic representations of variation of energy with reaction progress, based on Valence Bond 
Configuration Mixing model, for proton transfer reactions of ground (q) and excited state ( S , )  styrenes (see text for 


description of configurations I-IV) 


the extent of proton transfer at the transition state. At the mid-point of the catalyst range used 
experimentally, where 01 = 0.14-0.18, x is 0.28-0-30, which is similar to the conclusion reached 
via the Kreevoy approach. It is interesting that a similar conclusion is also reached using Le 
Noble's approach," which is based on a quartic equation as being the simplest representation 
of a two dimensional potential energy surface with two minima and one maximum, 
corresponding to a typical reaction profile. Le Noble has successfully applied this simple 
approach to the interpretation of pressure effects on reaction rates. l9 Although the overall 
variation of AE# and AEO calculated from the Le Noble equations is very similar to that 
obtained via the Marcus equation, the first derivative behavior is different, and depends on 
how it is defined. For cases where El  < 0, Le Noble's e uation gives dEZldEl (or 01) less than 


appears that for any approach other than a simple intersecting parabola model, with surfaces 
of equal curvature, dAE#/dAE" is not in general equal to the variation of the intersection 
point x # ,  or transition state position, with AE" If this is correct in practice, this means that for 
endothermic reactions, the measured Br~nsted (II implies a later transition state than is really 
the case, and for exothermic reactions one which is not as early as indicated by a. In other 
words, while the observed (II may possibly vary between zero and 1.0 (and even lie outside 
these limits in anomalous cases)43 the actual extents of proton transfer corresponding to these 
limits are more compressed than this. It is also worth pointing out that the variation of d as a 
function of lAGol, whether via the Formosinho or Kresge and Koeppl approach, automatically 
leads to flattening out of the AGf versus AGO curve at high exothermicities (as observed 
e~perimentally)~ and to asymptotic behavior at high endothermicities. In other words the basic 
Marcus approach leads to more realistic limiting behavior, if distance variation is taken into 
account, without the need to propose hyperbolic modifications of the Lewis and More 
O'Ferrall type.28 Even with modest distance variation, the so-called 'anomalous' regions can 
be avoided for any realistic A P  range, so that AGf is always either greater than zero or 
greater than AGO as the two limits are approached. 


A final point with regard to the Formosinho calculations is that the Br~nsted curvature c can 
be calculated from the second derivative of AGfcalc with respect to AG", for the range +10 to 
-20cal. Values of c ranging from 0.005 to 0.05 are obtained, with an average value over the 
whole AGO range of 0.031. Although an experimental value of c has not yet been firmly 


dx#/dAE" (or x ) ,  and for cases where El > 0, dAE 9 /dAE", is greater than dx+/dAE". It 
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established for photohydration reactions, treatment of the experimental BrBnsted plots using a 
cubic expression4 yields estimates of c for the five substrates involved that are in the 0.005 to 
0.033 range at the mid-point of the pKHA range.44 Based on the empirical values of M4, the 
Marcus, Kreevoy, and Cannon asymmetric expressions yield c values in the 0-019 to 0-042 
range. It therefore seems reasonable that if the Br~nsted curvature for these reactions has 
values in the 0.01-0.05 range, as indicated above, it should be easily possible once larger and 
more uniform sets of acid catalysts and reactions are studied, to measure these c values 
accurately and hence provide further tests for the various types of treatment described in this 
paper. 


Configuration mixing model 


Pross and Shaik” have proposed a qualitative valence-bond configuration mixing (VBCM) 
model to describe how reaction profiles can be built up from constituent VB configurations. 
This approach can be used to compare the major characteristics of the rate profiles for the 
ground and excited state hydrations of typical styrenes (or phenyacetylenes). If we examine 
first the initial So and S1 states of the substrate, the major VB contributors to each are 


8 9  8 9 
Ar CH=CH2 t* AR-CH-CH2 t, Ar=CH-CH2 


Omitting the third structure for simplicity, these two states can be represented as 
8 


W(Ar CH=CH2)So = (Ar CH=CHz) + h(Ar ZH-CH,) 


8 9  
q(Ar CH=CH2)SI = (Ar-CH-CH2) - h(Ar CH=CH2) 


where the first structure in each case is the major contributor to that state. If we now consider 
the general acid catalyzed ground state reaction: 


0 
(A-H)s~ -, [A--- H --- so]+ -, A:(H-S~@) 


then in terms of the VBCM model the major reactant and product configurations will be I and 
I1 respectively 


(A:H) :So 
I 


X:H@:So 
111 


Configurations 111 and IV can be effectively neglected for the ground state reaction as being 
too high in energy. As the reaction proceeds from left to right I will increase steeply in energy 
as the A-H bond is stretched. Proceeding from right to left the energy of I1 will also increase 
steeply for similar reasons, but I1 will clearly start off from a much higher energy position than 
I. Styrenes are known to be very weak bases in their ground state.32 Although similar 
estimates of pKBH+ for phenylacetylene have not been made, it is presumably a weaker base 
than benzonitrile, which has a ground state pKBH+ of Both I11 and IV will increase in 
energy from right to left for electrostatic reasons, but less steeply. These are only included for 
completeness. The overall energy diagram is represented by Figure 10 where as the two major 
curves start to cross, configuration mixing lowers the energy of the system at the transition 
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state. The overall qualitative conclusions are that the reaction will be a distinctly endothermic 
process with a late transition state. The charge on the in-flight hydrogen will be effectively 
zero, since contributions from 111 or IV will be very small and an effective bond order of one 
will be maintained throughout the reaction. Thus 6 = 0, and therefore z should be unity in 
Kreevoy’s terms, or nf = 1.0 in Formosinho’s terms. 


For the excited state analogue, we have similarly 


A:SI + [A--- H ---S1Is --* A?(H:SB1H) 


and the reactant and product configurations are given by I*-IV*. However 


(A:H) S1 
I* 


A:~H@: s1 
III* 


A?( H : PI) 
11* 


A B : P S I  
IV* 


in this case the two major reactant and product configurations I* and 11* will initially be more 
nearly equal in energy,t and configuration HI*,  although a minor one, will no longer be 
negligible, since the more highly dipolar nature of Sl (as shown previously) will lower its 
energy, while at the same time increasing that of IV*. These changes could be either due to 
electrostatic or hydrogen-bonding effects. The overall energy changes in each of the various 
configurations as the reaction proceeds will be similar to those described for the ground state 
reaction, but the configuration mixing near the transition state will be different, due to both 
the different initial positions of I* and 11* and to the increased contribution from 11I*. This is 
shown in Figure 10. The overall conclusion is that the excited state reaction will be much faster 
and will have a much earlier transition state than the thermal reaction. In addition there will be 
a small positive charge 6 on the in-flight hydrogen due to the contribution of HI*, or a Kreevoy 
t value of less than unity. In bond order terms, this corresponds to an overall Formosinho nf 
value of less than unity. 


Although this is a very qualitative, descriptive approach it is in general accord with the 
,results of recent ab initio LCAO-SCF calculations on simple but related model systems, 
insofar as the increased polarization of S1 is concerned, and the basicity and rate 
enhancements occurring on electronic excitation of So.& In addition, the overall picture which 
emerges is in very satisfactory agreement with the conclusions reached previously by analyzing 
the experimental data by either the Marcus-Kreevoy or Formosinho approaches. 


Conclusions 


Marcus theory can be applied to photochemical proton transfer reactions providing a 
significant degree of asymmetry is introduced via a parameter E. The unmodified Marcus 
equations do not give realistic results for these fast reactions which have very low a values. 
However the degree of asymmetry implied by this simple approach seems too high (E = 0-33) 
and there is also a need to take into account possible variations in transition state ‘tightness’ 
which can be done via Kreevoy’s z parameter. In the present case this leads to a restricted 
range of possible t values and to the conclusion that the transition state is somewhat ‘looser’ (T 
= 0.6-0.8) than in normal ground state proton transfer reactions. The Kreevoy approach can 


?Although excited state K values for styrenes and phenylacetylenes are not known, approximate estimates based on 


S1 must be much less endothermic than to So, and is almost certainly exothermic where H30+ is the catalytic species. 
fluorescence t i t ra t i~n~ ,~?  P * and the Forster cycle method’ place these in the 0-10 region. Therefore proton transfer to 
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be used in these cases to estimate a reasonable range for the work term w‘, which is lower 
(=2-3 kcal) than typical values found for ground state reactions (w‘ = 4-11 kcal). Due to the 
difficulty of simultaneously incorporating asymmetry (E) and ‘tightness’ (t) in the Marcus 
equation, the Formosinho intersecting state model is preferred, since this simultaneously takes 
into account differences in force constants (asymmetry), transition state bond order n# 
(tightness) as well as variations in the distance traversed by the proton as a function of AGO. 
This gives a remarkable fit to available experimental data, leading to the conclusions that for 
photohydration the transition state is asymmetric (E = 0.69, which is a more reasonable value), 
somewhat ‘loose’ (n = 0.8) compared with typical ground state reactions (n’ = 1.0), and that 
the distance parameter varies by approximately +25% from the value at AGO = 0 over the 
experimental range of AGO values. 


An important conclusion from all the approaches used is that except for highly symmetric 
proton transfer reactions, the experimental Br~nsted a or dAGf/dAG” does not correctly 
reflect the degree of advancement of proton transfer at the transition state ( x ) .  In general, for 
endothermic processes a > x and for exothermic processes x > a. This means that for 
photohydrations with very low 01’s at the mid-point of the catalyst range used, of =O-15, the 
actual extent of proton transfer is probably closer to 30% at this point. 


The Kresge and Koeppl approach to the Marcus equation, which also takes account of both 
force constant asymmetry and distance variation, leads to very similar conclusions to those 
obtained from the Formosinho model, and is a very useful and simple alternative, providing 
reasonable estimates for force constants and bond length variation can be made. 


Application of the qualitative configuration mixing model of P r o s  and Shaik to this type of 
excited state reaction, also leads to conclusions which are of a very similar nature to those 
obtained by the Kreevoy and Formosinho approaches, namely that the transition states are 
‘loose’. 


Finally, estimates of the Bronsted curvature c using the various Marcus type modifications, 
are in the same range as those estimated approximately from Bronsted plots. 
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THE DOUBLE PHOTODISSOCIATION OF A GEMINAL 
DICHLORIDE: EVIDENCE FOR THE STEPWISE 


FORMATION OF A DIARYL CARBENE 


KARI, W. HAJDER AND M. S. PLATZ* 
Department of Chemistry, Ohio State University, 140 W .  18th Avenue, Columbus, OH 43210, USA 


ABSTRACT 


Photolysis of dichlorodiphenylmethane in glassy 2-methyltetrahydrofuran at  77 K results in the formation 
of diphenylcarbene and the diphenylchloromethyl radical, which were detected by their fluorescence 
emission and excitation spectra. The relative yields of  the carbene and biradical are shown to vary 
dramatically as a function of photolysis time. The photolability of the diphenylchloromethyl radical is 
also demonstrated. These results were interpreted in terms of a two-step mechanism, in which the 
diphenylchloromethyl radical is an intermediate in the formation of diphenylcarbene. 


INTRODUCTION 


The photodissociation of benzylic halides to produce arylmethyl radical5 is a well known 
process. By photolysis of appropriate arylmethyl halides, various arylmethyl radicals, including 
benzyl, I naphthylmethyl ' and diphenylmethyl, have been produced and spectroscopically 
characterized. The photodissociation is believed to be initiated by promotion to the S2 (.-a*) 
state of the aromatic system. This energy is ultimately transferred into the carbon-halogen 
bond T (a*) state, which results in dissociation. Internal conversion of s2-S~ (T-T* )  and ISC 
to the TI ( .~-?r* )  state followed by dissociation may also be a contributing p a t h ~ a y . ~  In recent 
work,5 we have demonstrated that photolysis of suitable dihalides in rigid organic glasses at 
low temperature leads to  the formation of the corresponding biradicals. I t  was shown that 
photolysis of a,@' -dichloro-m-xylene (1) or a,a ' -dichloro-o-xylene (2) gives the parent m- 
quinodimethane biradical (3) or the o-quinodimethane biradicaloid (4), respectively. 
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For the quinodimethanes, we have considered a mechanism of stepwise double 
photodissociation in which the dichloride is photolyzed to yield first a halogen-containing 
monoradical, which is then further photolyzed under the conditions of the experiment to 
fragment to form a second C1 atom together with the biradica16 (Scheme 1). Alternatively, 
photolysis of 1 may produce an excited triplet state (31) at 77 K which, on absorption of a 
second photon, simultaneously ejects two chlorine atoms to produce rn-xylylene (3). 


CH2Cl CH2 


+ 2c1. 


1 3 


Scheme 1 


We now report that in analogy to the rn-xylylene system, photolysis of the geminal dihalide 
dichlorodiphenylmethane (5) at 77 K leads to  the formation of diphenylcarbene (7) via a two- 
step photodissociation mechanism involving initial formation of the diphenylchloromethyl 
radical (6) (Scheme 2). This represents a new entry for matrix isolation studies of carbenes 
which may be of use when diazo compounds or diazirine precursors are inconvenient. 


Cl 


Ph Ph Ph Ph Ph Ph 
+ c1. 254 nni 


77 K 
n 1 + or 337 nm’ 


254 nm 
7 7 K  * 


5 6 


Scheme 2 
7 


EXPERIMENTAL 


1,l-Diphenylacetone ( 8 ) ,  dichlorodiphenylmethane (5) and chlorodiphenylmethane (9) were 
purchased from Aldrich and used without further purification. 1,1,2,2-Tetraphenylethylene 
oxide (10) was a generous gift from G. W. Griffin. 2-Methyltetrahydrofuran (2-MeTHF) 
(Aldrich) was refluxed over KMn04, distilled and dried over molecular sieves prior to use. All 
fluorescence spectra were obtained on a Perkin-Elmer Model LS-5 spectrofluorimeter. The 
sample compartment of the LS-5 was modified so that fluorescence spectra can be recorded on 
samples in a Dewar flask at the temperature of boiling liquid nitrogen. Samples were prepared 
by syringing 0.5 ml of solution into a quartz tube (4 mm 0.d.). The samples were then degassed 
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Figure 1. (a) Fluorescence emission spectrum and (b) fluorescence excitation spectrum of the diphenylchloromethyl 
radical (6) produced by 254 nrn photolysis of a 0.01 M solution of 5 in glassy 2-MeTHF at 77 K. The excitation 


wavelength was 340 nm and emission was monitored at  520, 550 or 570 nm 


by multiple freeze-pump-thaw cycles prior to sealing under vacuum. Irradiation was carried 
out using either a Rayonet photoreactor (5-RPR-2540 bulbs) or the 337.1 nm line of a nitrogen 
laser (Molectron-UV-24 laser operated in their repetitive pulse mode; 5 pulsess-I; up to 8 mJ 
per pulse). 


RESULTS AND DISCUSSION 


Spectroscopy of diphenylchloromethyl radical 


Brief photolysis (254 nm, 5 s) of a 0.01 M solution of 5 in 2-MeTHF at 77 K produces only a 
single fluorescent species (A,,, emission 522 nm; A,,, excitation 341 nm) whose emission and 
excitation spectra are shown in Figure 1, and attributed to the diphenylchloromethyl radical 
6, on the basis of several pieces of evidence. First, the carrier of the spectra in Figure 1 was 
readily demonstrated to be a thermally unstable intermediate. Photolysis at 77 K yielded the 
emission assigned to  6 ,  but warming the sample to  room temperature and recooling to  77 K led 
to the disappearance of this emission. Further, the spectra in Figure 1 are not present in samples 
which have not been irradiated. This excludes the possibility that the species detected at 77 K 
is a stable reaction product or a fluorescent impurity present in the starting material. Also, the 
fluorescence excitation and emission spectra of 6 are very similar in position and appearance 
to  those previously reported for the diphenylmethyl radical, and the excitation maximum agrees 
with the position of the absorption maximum of the diphenylchloromethyl radical. ' However 
the fluorescence emission maximum in Figure 1 is blue shifted relative to that observed by 
Fessenden and co-workers' for the monochlororadical6. It is important to  note that Fessenden 
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and co-workers' spectrum was obtained in solution and ours in a rigid glass at 77 K, a difference 
which may well be responsible for the discrepancy between the two observations. A very similar 
phase-dependent shift in fluorescence maxima is well known for aromatic carbenes. 9,10 Owing 
to the large matrix shift in the fluorescence emission spectrum of 6, we searched for an 
additional precursor to the chlorinated radical in order to strengthen the assignment of the 
emission spectrum. Johnston and Scaiano' and Horn and Allison" have independently 
demonstrated that an electronically excited state of diphenylcarbene ( 37*) will abstract a C1 
atom from carbon tetrachloride. We therefore attempted to  generate the diphenylchloromethyl 
radical 6 in polycrystalline CC14 by photolysis of the oxirane 10 at 77 K (Scheme 3). 


10 
7 


hv CCI, I 
c1 


Scheme 3 


Under these conditions, an emission spectrum identical with that in Figure la was produced, 
confirming that 6 is the species responsible for the emission spectrum initially observed in the 
photolysis of dichloride 5 at 77 K. The A,,,,, of the excitation spectrum of 6 is slightly blue 
shifted (ca 5 nm) relative to that of the unsubstituted diphenylmethyl radical. Similar blue shifts 
have been reported for various alkyl- and aryl-substituted diphenylmethyl radicals. In the case 
of 11-13, previous workers have attributed the hypsochromic shifts to an increase in the extent 
of twisting of the phenyl groups out of the central molecular plane. This presumably results 
in a decrease in conjugation of the radical center over the entire T system, thus raising the 
energy of the first electronic transition. Our assignment of the fluorescent carrier as 6 is 
consistent with this trend. Further, the vibrational structure of 6 is similar to that reported for 
radicals 11-13. The first observable vibrational spacing in the spectrum of 6 is 1041 cm-'. 
Similar values were reported for 11-13 (1049, 1020 and 1060 cm-', respectively), which the 
authors attributed to a C-C stretching mode. Further, radical 6 is photolabile (see below), 
producing diphenylcarbene on photolysis. We find it difficult to envision a structure other than 
that of 6 which could be consistent with all of these observations. 


PhZkCH3 P h 2 k q  PhjC- 


11 12 13 
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Photochemistry of diphenylchloromethyl radical (6) 


On exposure of a rigid glass containing 5 and 6 to  254 nm light for long periods, the formation 
of a second emitting species in the matrix became evident. This second species is readily 
identified as the diarylcarbene 7, as its fluorescence excitation and emission spectra agree with 
those previously reported for diphenylcarbene generated from diphenyldiazomethane. It is 
interesting that two independent precursors, possessing very different ground-state geometries 
at the central carbon atom, give rise to similar matrix fluorescence spectra, both of which differ 
markedly from the solution-phase spectrum obtained at room temperature. lo 


If one monitors the ratio of 6 to 7 as a function of photolysis time, an interesting trend is 
observed. Clearly, the data shown in Table 1 indicate that the yield of carbene 7 relative to that 
of radical 6 increases with increasing irradiation time. Photolysis of 5 clearly leads to  
photodissociative expulsion of a CI atom and formation of monoradical 6. However, as the 
photolysis time increases, the concentration of radical 6 increases, at which point it can undergo 
secondary photolysis t o  form 7 by a second fragmentation similar to that observed initially with 
dihalide 5 (Scheme 2). According to this mechanism, the ratio of 6 to  7 is expected to decrease 
with increasing photolysis time, as the chlorinated radical 6 becomes photolytically converted 
to the diarylcarbene 7. In our hands, the ratio of 6 to 7 could not be decreased below the value 
of 2.20 shown in Table 1 for a 10 min photolysis time. Admittedly, longer irradiation times 
actually led to increases in this ratio. This result may at first seem inconsistent with the proposed 
pathway leading to  diphenylcarbene (7). However, under the experimental conditions, 7 is both 
thermally and even more rapidly photochemically destroyed, so as it accumulates in the matrix 
it too is photochemically destroyed. A possible pathway for decomposition of 7 is via H atom 
abstraction from the 2MeTHF matrix. '' Such processes are well documented for 
diarylcarbenes, and in this case would lead to the diphenylmethyl radical, which could remain 
undetected owing to  its overlapping absorption and fluorescence maxima with those of 
chlorinated radical 6. Therefore, prolonged irradiation could lead to an increase in the apparent 
ratio of 6 to 7, consistent with the proposed mechanism. 


The mechanism proposed in Scheme 2 is neither unreasonable nor unprecedented. A single 
254 nm photon does not have sufficient energy to cleave both C-CI bonds of 
diphenyldichloromethane. Bromberg and MeiselI3 demonstrated that the diphenylmethyl 
radical can be photochemically consumed and postulated that the radical photolytically 


Table 1 .  Ratio of diphenylchloromethyl 
radical to diphenyl carbene (6 : 7) as a function 


of irradiation timea 
~ ~~ 


Irradiation time (min) 6:7 


0.5 13.2 
1 .5  4.50 
3.0 2.43 
5 - 0  2.41 


10.0 2.20 


a Ratio determined by measuring absolute intensities 
of the fluorescence emission at the maxima for 6 and 
7 (522 and 474 nm) while exciting at 340 and 300 nm, 
respectively. Ratio determined following photolysis 
of 5 (0-01 M in 2-MeTHF irradiated (Rayonet RPR 
2534, 5 tubes) at 77 K. 
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fragments to form 7. This hypothesis was based on indirect evidence, as the product carbene 
was not directly detected. To our knowledge, this work represents the first matrix spectroscopic 
observation of a triplet carbene produced by photolysis of a chlorinated radical. 


We have tried without success to produce triplet diphenylcarbene by photolysis of 
benzyhydryl radical in organic glasses at 77 K .  Photolysis (254 nm, 77 K) of 
1,l  -diphenylacetone (8) in 3-methylpentane at 77 K produces benzhydryl radical (Scheme 4), 
which is easily detected by its fluorescence. Prolonged irradiation of this radical (either 254 nm 
or broad-band) did not produce any evidence for the formation of diphenylcarbene (7). 


hu, 77 K 


I! .. 
7 


Scheme 4 


Photolysis (254 nm, 77 K) of benzhydryl chloride (9) in 3-methylpentane produces a new 
emission maximum at 525 nm. Because of the similarity in the spectra of 6 and the benzyhydryl 
radical, it is not immediately clear which radical (or if a mixture of radicals) has been produced 
(Scheme 5). 


Ph  Ph 
h v ,  77 K and/or 


H 


XC1 - Ph Ph  
Ph Ph 


9 benzhydryl 6 


Scheme 5 


We suspect that photolysis of 9 produces the benzyhydryl radical because prolonged 
photolysis does not produce diphenylcarbene, as it must if chlorinated radical (6) were 
produced. Preferential cleavage of a C-Cl bond in 9 makes sense intuitively because this is 
the weakest bond in the molecule. The failure to produce diphenylcarbene from 8 or 9 
demonstrates the uniqueness of the diphenyldichloromethane system. 
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The data presented so far are consistent with, but do not require, the sequential nature of 
the double photodissociation as described in Scheme 2. The data do not exclude the possibility 
that 7 is simply formed concurrently with 6, but by a lower quantum yield process which does 
not involve the intermediacy of 6. 


Highly monochromatic laser radiation can selectively excite one particular component in a 
mixture of compounds in solution or in a matrix, excluding all others which may be present 
but do not absorb significantly at the laser line. The monoradical 6 has a strong absorption 
band centered at 341 nm and the dihalide precursor 5 does not absorb significantly in this 
region. Thus, by using the 337 nm line of a nitrogen laser one could hope to excite 6 selectively, 
without depositing energy into 5. The results of this experiment are shown in Figure 2, where 
the fluorescence emission spectra of both 6 and 7 are shown before and after exposure to 
nitrogen laser radiation. Clearly, the intensity of the signal due to the carbene has increased 
at the expense of the radical 6 following 337 nm photolysis. One is therefore compelled to 
conclude that monoradical 6 is indeed a photochemical precursor to 7. This represents direct 
evidence supporting the stepwise nature of the double photodissociation of a geminal dichloride 
to a monochloro radical, with subsequent photolysis of the nascent monochlorodiaryl radical 
to  a carbene. 


It is interesting that the fluorescent excited state of 6 cannot be the state which undergoes 
fragmentation, because the energy of this state (523 nm = 54.8 kcalrnol-') is less than that of 
a typical C-Cl bond dissociation energy.I4 Hence 254 or 337 nm (112.7 and 85 kcalmol-') 
excitation must lead to  an even higher energy dissociative state of radical 6. 
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Figure 2. (a) Fluorescence emission spectrum of the chlorodiphenylmethyl radical (6) produced by 254 nm photolysis 
of a 0.01 M solution of 5 in glassy 2-MeTHF at 77 K. Following irradiation with the 337 nm line of a nitrogen laser, 
the intensity of the signal due to  chlorinated radical 6 is shown to decrease. Spectra shown before and after irradiation 
with a 337 nm laser. The excitation wavelength was 340 nm. (b) Fluorescence emission spectrum of diphenylcarbene 
(7) produced by 254 nm photolysis of a 0.01 M solution of 5 in glassy 2-MeTHF at  77 K,  followed by 337.1 nm 
nitrogen laser irradiation of 6. Spectra shown both before and after laser irradiation. The excitation wavelength was 


300 nm 
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CONCLUSIONS 


Photolysis of 5 at 254 nm at 77 K yields monoradical 6, which was detected by its fluorescence 
spectrum. Monoradical 6 can be further photolyzed to 7 either by continued 254 nm photolysis 
or, more efficiently, by laser radiation. This represents the first case to our knowledge where 
a dihalide has been photolyzed to the corresponding carbene, and may serve as a viable route 
to other matrix isolated carbenes and biradicals. This is possible because of the interesting 
photochemical properties of the intermediate radical 6, which is able to undergo 
photodissociation to a carbene. This procedure may readily lend itself to extension into various 
other systems. 
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