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2% cross-linked catalysts and 540% with more highly cross- 
linked catalysts, depending on catalyst activity, particle size, 
stirring rate, and reaction time. 

A plot of In a*/(a* - x )  vs. time was made, and the pseudo- 
first-order rate constants were evaluated from the slope of the 
best hand-drawn straight line. Here a* is the concentration of 
phenylacetonitrile at the first data point, and x is the concentration 
of phenylacetonitrile at subsequent data points. Up to 30% 
conversion no deviations from pseudo-first-order kinetics were 
observed. In a few kinetic experiments, some of the catalyst 
splashed and stuck on the upper wall of the flask out of contact 
with the reaction mixture. Such runs were discarded. 

(B) Reverse Addition Method. A 1WmL tbree-necked flask 
was charged with 0.1-0.6 g of the catalyst, 45 mL of 50% w/w 
NaOH (19.086 M), and 2 mL (1.52-1.53 g) of n-pentadecane 
(internal standard for GC), placed in a thermostat at 80 k 0.2 
"C, and stirred mechanically. After 50 min 2 mL of phenyl- 
acetonitrile was added. After 10 min the stirring speed was 
increased, and 25 mL of preheated 1-bromobutane at 80.0 0.2 
"C was quickly added at the zero time. Small samples (0.1 mL) 
of the organic phase were withdrawn, quenched in toluene con- 
taining anhydrous calcium chloride, and analyzed by GLC. The 
initial rates of disappearance of phenylacetonitrile were evaluated 
from plots of In a*/(a* - x )  MI. time. Duplicate runs were carried 
out with seven different catalysts, and the rate constants differed 
by an average of 2.7 % . 

Particle Size Measurement. After the last sample was drawn 
in a kinetic run, the stirrer was stopped, and beads were removed 
immediately with a pipet. The beads were placed in a covered 
flat-bottom glass container and viewed under a microscope 
equipped with a calibrated movable stage. The diameters of 20 
particles selected in a single area of the viewer were measured. 
Average diameters are used in the tables and figures. Thus the 
particle sizes were determined at room temperature, the particles 
being swollen by the reaction mixture. Every recovered catalyst 
consisted entirely of whole, unbroken beads. 

Control Experiments. Reactions were carried out with 0.6 
g of 2% cross-linked polystyrene beads containing no functional 
groups and with no polymer at all. Less than 0.1% butylation 
of phenylacetonitrile occurred in 60 min in both cases. 

Experiment A, Table IV. A 2% cross-linked 60/100-mesh 
benzyltrimethylammonium chloride catalyst was recovered after 
60 min of reaction, washed with water, methanol, tetrahydrofuran 
(THF), acetone, and anhydrous methanol, and dried under 

vacuum at 60 "C. One portion of it was used for another kinetic 
run. The other portion was swelled in THF, treated with 3 N 
HC1 for 3 h, washed with water, acetone, methanol, THF, acetone, 
and anhydrous methanol, dried under vacuum at 60 "C, and 
analyzed for chloride ion. From a separate reaction mixture the 
recovered catalyst was converted to the chloride form by treatment 
with 3 N HCl in THF, washed and dried as above, and used for 
a new kinetic experiment. 

Experiment B, Table IV. A 2% cross-linked, 100/200-mesh 
benzyltrimethylammonium ion catalyst was recovered after 45 
min of reaction, washed with water until the washings were 
neutral, and dried in air on a fritted filter overnight. 

Distribution of Phenylacetonitrile, 1-Bromobutane, Mo- 
nobutyl Product, and n -Pentadecane in a Reaction Mixture. 
Two 2% cross-linked 60/100-mesh benzyltrimethylammonium 
chloride catalysts (1.27 and 2.99 mequiv of Cl-/g) in reverse 
addition experiments were fitered separately as quickly as possible 
from reaction mixtures after 30 min and washed with water to 
remove the NaOH on the surface of the beads. Each catalyst was 
then swelled in 50 mL of THF and filtered. The beads were 
washed twice with 20 mL portions of THF. The THF solutions 
were dried over anhydrous sodium sulfate and analyzed by GLC 
with hexadecane as an internal standard. The various amounts 
(in mole percent) were as follows: phenylacetonitrile, 73.9,75.1; 
1-bromobutane, 5.5, 4.9; monobutyl product, 20.7, 20.0. The 
starting mixture contained 7.0 mol % of phenylacetonitrile and 
93.0 mol % of 1-bromobutane. 

Swelling of Catalyst. (A) Dry catalyst (1.0 mL) was placed 
in a graduated centrifuge tube, and 25 mL of 1-bromobutane was 
added. The catalyst floated. 

(B) Dry catalyst (1.0 mL) was heated to 80 OC, and 3 mL of 
phenylacetonitrile at 80 "C was added, stirred, and allowed to 
stand. The catalyst sunk. The catalyst volume increased to 3.0 
mL in 5 min and did not change after 12 h. Experiment B was 
repeated at 70 and 60 "C. The swollen volumes after 5 min were 
2.8 and 2.4 mL, and they remained constant for 12 h. 
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The volume profiles for the 1,3-dipolar cycloaddition reactions of diphenyldiazomethane to dimethyl acety- 
lenedicarboxylate, diethyl maleate, diethyl fumarate, and maleic anhydride were measured in various solvents. 
Generally, the volumes of activation amount to ca. -20 cm3/mol and the volumes of reaction to ca. -28 cm3/mol. 
Cohesive energy densities and probably small electrostatic interactions contribute to the solvent effects in the 
above quantities. 

1,3-Dipolar cycloaddition reactions have attracted much 
interest during the past 2 decades; their synthetic potential 
is far from being exhausted. According to mechanistic 
studies,' they belong to the concerted processes which once 

(1) R. Huisgen, Angew. Chem., Int. Ed. Engl., 2 ,  633 (1963); J. Org. 
Chem., 33, 2291 (1968); 41,403 (1976). 
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were called, half in jest, "no mechanism reactions",2 be- 
cause no intermediate occurs which allows interference. 
The electronic prototype of the 1,3-dipolar cycloaddition 
is the (hypothetical) combination of the allyl anion with 
ethylene; the ?r electronic description, [,4, + ,2,], is shared 

(2) W. v. E. Doering and W. R. Roth, Tetrahedron, 18, 67 (1962). 
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Table I. Pressure and Solvent Dependence of the Rate 
Constants (k) of the 1,3-Dipolar Cycloaddition Reactions 

of Diphenyldiazomethane on Four Different 
Dipolarophiles Measured at 25 "C 
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with the Diels-Alder reaction, and both thermal cyclo- 
additions are allowed to be concerted by the Woodward- 
Hoffman rules. Some arguments in favor of a two-step 
mechanism via a diradical intermediate have been pro- 
posed3 but found no support elsewhere. 

Reaction kinetics under high pressure have turned out 
to be of great value in the elucidation of reaction mecha- 
nism.*g5 In  contrast to  Diels-Alder reactions: high- 
pressure data on 1,3-dipolar cycloadditions are scarce.' 
Therefore, we embarked in an investigation of the total 
volume profiles of typical examples and chose as the first 
ones the cycloadditions of diphenyldiazomethane (1) to  
dimethyl acetylenedicarboxylate (2), diethyl fumarate (41, 
diethyl maleate (5), and maleic anhydride (9) (see Scheme 
I) which had been preparatively studied by van Alphen.8 

Experimental Section 
Compounds. Diphenyldiazomethane (1) was prepared from 

benzophenone hydrazone with mercuric oxide." The red needles 

(3) R. A. Firestone, J. Org. Chem., 33, 2285 (1968); 37, 2181 (1972); 

(4) T. Asano and W. J. le Noble, Chem. Reo., 78,  407 (1978). 
(5) W. J. le Noble and H. Kelm, Angew. Chem., Znt. Ed. Engl., 19,887 

(6) J .  R. McCabe and C. A. Eckert, Acc. Chem. Res., 7 ,  251 (1974). 
(7) N. S. Isaacs and E. Rannala, J.  Chem. SOC., Perkin Trans. 2,1555 

(8) J. van Alphen, Red.  Trau. Chim. Pays-Bas, 62, 210,485 (1943). 

Tetrahedron, 33, 3009 (1977). 

(1980). 

(1975). 

103k, M-I s-' , for diphenyldiazomethane + 

MPa n chloro- aceto- 
n-hexane toluene benzene nitrile 

pressure, dimethyl acetylenedicarboxylate 

0.1 12.6f 0.6 17.3f 0.6 24.2 f 0.9 42.3 f 1.6 
10 14.0 f 2.0 19.2 f 0.4 25.6 f 1.1 45.9 f 1.8 
20 16.6 f 0.8 21.0 f 0.2 28.1 f 1.2 48.5 f 1.2 
30 17.2 f 0.2 23.0 f 0.5 30.1 f 1.8 52.7 f 2.1 
50 19.4 f 0.9 26.6 f 0.7 35.1 f 2.1 58.1 f 0.4 
75 27.8 f 1.3 31.8 f 0.5 40.8 f 2.9 67.4 f 1.1 
100 30.4 f 2.1 38.1 f 1.2 49.6 f 2.7 78.9 f 4.7 

pressure, 
MPa 
0.1 
10 
20 
30 
40 
50 
70 
75 
100 

diethyl 
maleate 

(in chloro- 
benzene) 
0.76 f 0.12 

0.92 f 0.09 

1.14 f 0.02 
1.23 2 0.11 

1.57 f 0.15 
1.76 

diethyl 
fumarate 

(in chloro- 
benzene) 
5.11 f 0.13 
5.64 f 0.08 
6.15 f 0.06 
6.74 f 0.05 
7.22 
7.87 f 0.19 

9.38 f 0.49 
12.5 f 1.1 

maleic 
anhydride 
(in aceto- 
nitrile) 
50.4 * 5.0 
53.9 f 7.4 

65.0 f 4.9 

71.9 f 5.4 
79.3 

101.6 f 1.7 

of (CBH5)2CN2 [visible spectrum (hexane): A,, = 523 nm (e,, 
160)] were stored at low temperatures. Commercial samples of 
dimethyl acetylenedicarboxylate (2), diethyl fumarate (4), and 
diethyl maleate (5) (Merck-Schuchardt) were purified by dis- 
tillation under reduced pressure. Maleic anhydride (9) (Merck- 
Schuchardt) was sublimed before use. 

Dimethyl 3,3-diphenyl-3H-pyrrole-4,5-dicarboxylate (3) was 
prepared from 1 and 2 in ether. After recrystallization from 
methanol, the yellow adduct showed a melting point of 91-92 "C 
(lit.8 mp 93 "C). Anal. Calcd for Cl9HI6N2O4: C, 67.9; H, 4.8; 
N, 8.3. Found: C, 67.8; H, 4.8; N, 8.3. 

The two diastereomeric 1-pyrazolines 6 and 7 are not isolable 
but tautomerize to one and the same racemate of diethyl 5,5- 
d i p h e n y l - 2 - p y r a z o l i n e 3 , 4 d i ~ ~ ~ ~ ~  (8). Recrytallization from 
methanol afforded colorless needles. mD 67-68 "C. Anal. Calcd 
for C21H22N204: C, 68.83; H, 6.05; N, 7.65. Found: C, 69.0; H, 
6.19: N, 7.60. 

The IR and 'H NMR spectra of 1,3, and 8 proved the structure 
and purity of the compounds. No effort was made to prepare the 
cycloadduct 10 from 1 and maleic anhydride (9) because it de- 
composes at ambient temperatures.8 

Apparatus. The kinetic runs were performed on a Cary-15 
or a Zeiss PMQ I1 spectrophotometer. Both instruments are 
equipped with essentially the same high-pressure attachment.'O 
IR and NMR spectra were recorded with Beckman IR-4240 and 
Varian A-60 and XL-100 instruments, respectively. Precision 
densities were measured with an A. Paar DMA 02 C apparatus, 
the constancy of temperature of the cell (*0.002 "C) being 
monitored by a Hewlett-Packard 2801 A quartz thermometer. 

Results 
The 1,g-dipolar cycloaddition of diphenyldiazomethane 

to  the four dipolarophiles was conveniently observed by 
the decreasing diphenyldiazomethane absorption at 525 
nm. With a 10-30-fold excess of the dipolarophile, the 
reactions follow a pseudo-first-order rate law. The sec- 
ond-order rate constants measured at 25.0 "C, at pressures 
ranging from 0.1 to 100 MF'a (1-lo00 bar), and in different 

(9) L. I. Smith and K. L. Howard, "Organic Syntheses", Collect Vol. 

(10) F. K. Fleischmann, E. G. Come, D. R. Stranks, and H. Kelm, Reo. 
111, Wiley, New York, 1955, p 351. 

Sci. Instrum., 46, 1427 (1974). 
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Table 11. Partial Molar Volumes of Reactants and Products of Some Diphenyldiazomethane + Dipolarophile 
Cycloaddition Reactions Measured at 25.0 "C 

- 
V ,  cm3 mol-' 

dimethyl 3,3- diethyl 5 3 -  
diphenyl- dimethyl diphenyl-3H- diphenyl-2- 

diazo- acetylene- pyrazole-4,5- diethyl diethyl pyrazoline-3,3- maleic 
solvent methane dicarboxylate dicarboxylate fumarate maleate dicarboxylate" anhydride 

n-hexane 169.3 t 1.6 129.7 i 0.3 264.1 i 0.2 167.0 t 0.8 165.9 t 0.6 307.3 i 0.6 
toluene 173.3 i 1.1 124.3 * 0.1 270.8 i 0.3 164.8 t 0.4 161.3 t 0.1 309.2 i 0.2 
chlorobenzene 174.2 i 0.1 124.3 t 0.1 272.1 i 0.4 164.1 i 0.1 162.2 i 0.2 311.3 i 1.1 
acetonitrile 172.7 i 0.2 120.5 i 0.3 265.4 t 0.6 163.0 i 0.2 159.8t  0.1 304.3 i 1.3 70.0? 0.6 

a Measured instead of the unstable primary 1-pyrazolines. 

Table 111. Volumes of Activation, A V*, and Volumes of Reaction, A VR , of the 1,3-Dipolar Cycloaddition of 
Diphenyl Diazomethane to Four Different Dipolarophiles Measured at 25 "C 

acetylenedicarboxylate diethyl fumarate diethyl maleate dimethyl maleic 

dipolarophile A V * ,  A V R ,  A V * ,  A V R  ,a A V * ,  A V R  ," A v* ,b 
anhydride, 

cm3/mol cm3/mol solvent cm3/mol cm3/mol cm3/mol cm3/mol cm3/mol 
-29.0 i 1.9 
-28.9 i 1.2 

-27.9 t 1.8 
-25.4 t 1.1 

n-hexane -24 t 6 -34.9 i 1.6 
toluene -23.2 i 1 -26.8 t 1.1 

acetonitrile -15.3 t 1.5 -27.8 i 0.7 -31.4 i 1.3 -28.2 i 1.3 -16.7 t 2.3 
chlorobenzene -17.8 i 1.3 -26.4 i 0.4 -20.9 i 1.7 -27.0 ?: 1.1 -23.6 f 1.3 -25.1 i 1.1 

a Calculated from the partial molar volumes of the racemic mixture of the common A*-pyrazoline. No A ~ R  data 
available. 

solvents are compiled in Table I. 
The pressure dependence of the rate constants, k ,  is 

given by eq 1, where AV* denotes the volume of activation. 

(1) 

Except for one reaction, eq 1 was approximated by the 
linear dependence in eq 2 which allowed calculation of an 

I n k  = a +  b P  (2) 
average value of AV* from all pairs In kpi/Pi, In kq/Pj. The 
only reaction which showed a definite curvature in its In 
k vs. P plot was that of 1 + 2 in toluene. Here the ex- 
perimental data were fitted to a quadratic equation (eq 
3). 

In k = a + b P  + cP2 (3) 
The 100-MPa rate constant for the cycloaddtion of 1 + 

5 is obviously too low and was neglected in the calculation 
of AV*. The k values for the reaction 1 + 2 in hexane show 
more scatter than usual. 

The volumes of activation given in Table I11 are not 
corrected for the different compressibilities, K ,  of the 
solvents since the second-order rate constants are based 
on molarity concentrations a t  ambient pressure. 

The apparent molar volumes of reactants and adducts 
were calculated from precision density measurements and 
did not reveal any concentration dependence for solutions 
below ca. 0.1 M. The partial molar volumes, V ,  listed in 
Table I1 are thus the average of the low-concentratioin 
apparent molar volumes. 

The volumes of reaction, AVR (Table 111), are the dif- 
ferences of the partial molar volumes of the cycloadduc_ts 
and those of the reactants. The solvent dependence of AVR 
for the cycloaddition 1 + 2 thus results from the sol- 
venbdependent V valu_es of 1 and 2. For the cycloadditions 
of 1 to 4 and 5 the AVR values listed in Table 111 corre- 
spond to the overall volume changes in the reaction se- 
quences via 6 and 7 to give 8; i.?., theyjeceive contributions 
from the two steps, AVR = AVl + AV2. The second step, 
6 - 8 and 7 - 8, is merely a tautomerization; thus the AVz 
values are expected to be small. Experiments in our lab- 
oratory have confirmed this assumption. 

a In k / a P  = -AV*/RT 
c e d I M P a l  

200 300 400 500 600 

- 4 5  -+, E T  l k c a l / m a l l  
* -q ,-+,,-- 35 40 45 

, -4 ' 

, , ' 4  
I , ,  - L O  

E - 1  
- 1 5  -4: ' 2 E -  1 -35r 0 2  ,: 0 3  ,:-,* 0 4  0 5  

Figure 1. Solvent dependence of rate constants of the 1,3-dipolar 
cycloaddition of diphenyldiazomethane to dimethyl acetylene- 
dicarboxylate. Solvent cohesive energies (top), the Dimroth 
parameter ET (middle), and the solvent polarity (bottom) are used 
as solvent parameters. 

The tendency of 10 to eliminate Nz8 prevented the de- 
termination of aVR for 1 + 9. 

Discussion 
Rate Constants of Cycloaddition at Ambient Pres- 

sures. The cycloadditions of diphenyldiazomethane (1) 
are slower than those of diazomethane by -lo2." The 
rate constants for the additions of 1 to olefinic and ace- 
tylenic dipolarophiles extend over four orders of magni- 
tude, depending on the substituents.11J2 In the framework 
of the MO perturbation theory, the HOMO(diazoa1- 

(11) L. Fihera, J. Geittner, R. Huisgen, and H.-U. Reissig, Heterocy- 

(12) R. Huisgen, H. Stangl, H. J. Sturm, and H. Wagenhofer, Angew. 
cles,  10, 153 (1978). 

Chem., 73, 170 (1961). 
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and one should rather fall back on high-pressure kinetics 
data.4i22 

Volumes of Activation. The volumes of activation 
determined for the cycloaddition 1 + 2 in four different 
solvents range from -15 to -24 cm3/mol (Table 111). 
Figures 2 demonstrates that the electrostriction parameter 
(eq 4) allows a semiquantitative description of the solvent 

-15 'x 
2 '  10 20 

- qp x 1d2 
lcm'/dynI 

Figure 2. Dependence of volumes of activation, AV*, of the 
1,3-dipolar cycloaddition of diphenyldiazomethane to dimethyl 
acetylenedicarboxylate on the solvent electrostriction parameter 
qp. 
kane)-LUMO(dipolarophi1e) interaction is the controlling 
factor for the variation of reactivity.13J4 

When the cycloaddition of 1 to acetylenedicarboxylate 
(2) was carried out in solvents of increasing polarity, an 
increase of the rate constant was observed. For four sol- 
vents representative for the full range of solvent polarity 
Figure 1 reveals a fairly linear correlation between In k and 
q = (t - 1)/(2e + 1) (e = dielectric constant of the solvent) 
as well as ET, an empirical parameter of solvent polari- 

Before these correlations are taken as evidence for an 
increase of polarity in the transition state, caution is ad- 
visable. First of all, the solvent effect in k is very small: 
k(acetonitrile)/k(hexane) = 3.4. The related cycloaddition 
of phenyldiazomethane to ethyl acrylate afforded k- 
(methanol)/k(cyclohexane) = 5.3.17 A small or sometimes 
negligible solvent dependence of rate constants is common 
to all 1,3-dipolar cycloadditions1J2 and Diels-Alder reac- 
tions.l8 In contrast, the [2 + 21 cycloadditions of tetra- 
cyanoethylene (TCNE) to enol ethers, a prototype of the 
pathway via zwitterionic  intermediate^,'^ are accelerated 
by lo4 when the solvent cyclohexane is replaced by ace- 
tonitrile.20 Second, when In k is plotted against the co- 
hesive energy densities (cedW1 of the four solvents, an 
equally good correlation is found (Figure 1). 

Apart from the conclusion that for the solvents studied 
q, ET, and ced correlate, a different interpretation of the 
solvent effect on k is conceivable. Because the transition 
state of the cycloaddition 1 + 2 is smaller in volume than 
the initial state, an increasing ced of the solvent will ac- 
celerate the reaction. The volume of activation determined 
from the In k vs. ced plot amounts to AVIcsd = -8.3 
cm3/mol. This figure is only about half of the experimental 
volumes of activation, AV*, obtained from high-pressure 
kinetic data. When solvent internal pressures, Pi, are used 
to describe the solvent dependence of the present rate 
constants, an approximately parabolic correlation, In k = 
a + bPi + cPi2, with b and c > 0 and AVIpi = 0 for Pi - 
1, is found. Thus, the solvent variation for the reaction 
1 + 2 cannot be described by ced's and internal pressures, 

ty.15916 

(13) J. Geittner, R. Huisgen, and R. Sustmann, Tetrahedron Lett., 881 

(14) R. Huisgen and J. Geittner, Heterocycles, 11, 107 (1978). 
(15) K. Dimroth, C. Reichardt, T. Siepmann, and F. Bohlmann, Justus 

(16) C. Reichardt, "Solvent Effects in Organic Chemistry", Verlag 

(17) J. Geittner, R. Huisgen, and H.-U. Reissig, Heterocycles, 11, 109 

(18) J. Sauer and R. Sustmann, Angew. Chem., Znt. Ed. Engl., 19,779 

(19) R. Huisgen, Acc. Chem. Res., 10, 117 (1977). 
(20) G. Steiner, and R. Huisgen, J. Am. Chem. Soc., 95, 5056 (1973). 
(21) G. Allen, G. Gee, and G. J. Wilson, Polymer, 1, 456 (1960). 

(1977). 

Liebigs Ann. Chem., 661, 1 (1963). 

Chemie, Weinheim/Bergstr., Germany, 1979. 

(1978). 

(1980). 

dependence of AV*. According to the underlying Kirk- 
wood theory-a purely electrostatic approach which neg- 
lects specific solvent interactions-the slope of the AV* 
vs. qp plot is connected with the change in dipole moment 
during the formation of the transition state. From the 
intercept (qp = 0) the intrinsic part, A V k b ,  of the volume 
of activation is obtained. The correlation of Figure 2 
provides A V k k  = 14 cm3/mol with a decrease in AV* of 
8 cm3/mol on going from acetonitrile to toluene. For the 
[2 + 21 cycloaddition of TCNE to butyl vinyl ether the 
same value of AVlintr was found, whereas AV* was di- 
minished by 14 cm3/mol for a similar variation in qp 
(acetonitrile - benzene).23 

The rash conclusion that the l,&dipolar cycloaddition 
1 + 2 has transition-state properties similar to those of the 
[2 + 21 cycloaddition of TCNE and, therefore, that the 
reaction is a two-step process via a zwitterion with one 
bond formed in the first step (AVlink = 14 cm3/mol is a 
typical value for a one-bond formation) and a highly polar 
transition state is misleading, however. Within the 
framework of the Kirkwood theory the small solvent de- 
pendence of the rate constants is caused by a negligible 
increase in the purity during activation excluding a zwit- 
terionic two-step process. Thus the apparent solvent de- 
pendence of AV* must be of a different origin. 

Before some reasons for the solvent dependence of AV* 
and its size are discussed we point out that, according to 
the scanty data of Table 111, AV* is probably not too much 
affected by the nature of the dipolarophile. The addition 
of 1 to dimethyl acetylenedicarboxylate and maleic an- 
hydride in acetonitrile are accompanied by virtually the 
same volume of activation. The decrease of AV* from 
-17.8 to -23.6 cm3/mol observed for the series dimethyl 
acetylenedicarboxylate, diethyl fumarate, and diethyl 
maleate in chlorobenzene can be rationalized by steric 
effects. For maleic ester, the squeeze of the cis ester groups 
during the hybridization from sp2 to sp3 causes a smaller 
rate constant as compared to the fumarate24 and a more 
densely packed transition state. The variations in k and 
AV* are in line with the Hammond postulate. Finally, a 
more negative value, AV* = -30 cm3/mol, was reported 
for the addition of 1 to a diazanorbornene der i~a t ive .~  

Partial Molar Volumes. The partial molar volumes 
of dimethyl acetylenedicarboxylate range from 120 to 130 
cm3/mol (Table 11). The fact that the highest value of V 
is observed in hexane and the lowest in acetonitrile indi- 
cates that electrostriction cannot be responsible for the 
solvent variation in V; prevailing electrostatic interactions 
should effect a decrease in V with increasing qp  values of 
the solvent. For 2, however, the opposite trend is true. 
Figure 3 (bottom) demonstrates that the solvent depen- 
dence of 0 is reasonably well explained by the variation 
in solvent ced's. An increasing ced of the solvent allows 
a smaller cavity for the solute. I t  is noteworthy that the 

(22) R. C. Neuman, J. Org. Chem., 37,495 (1972). 
(23) F. K. Fleischmann and H. Kelm, Tetrahedron Lett., 3373 (1973). 
(24) R. Huisgen, H. J. Sturm, and H. Wagenhofer, 2. Naturforsch., B: 

Anorg. Chem., Org. Chem. 17B, 202 (1962). 
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additions26i26 while Diels-Alder reactions normally show 
slightly more negative values (AvR = -30 to -36 cm3/mo14). 
Thus, the formation of four-, five-, and six-membered cyclic 
compounds appears to be_accompanied by similar volume 
effects. On this basis AVR for the formation of the cy- 
cloadducts 3 and 8 can be split into two terms. About -40 
cm3/mol are due to the formation of the two new u bonds, 
whereas a positive contribution of +12 cm3/mol results 
from the displacement of solvent molecules from the center 
of the cyclic compound. 

With the aid of the appropriate P and AV values partial 
molar volumes, Vm, can be ascribed to the transition states 
of the 1,3-dipolar cycloadditions of 1 to 2,4,  and 5. The 
solvent dependence of vTs for the reaction 1 + 2 shown 
in Figure 2 is, admittedly, not a well-defined function of 
ced. This graph suggests for PTs a similar solvent de- 
pendence as that observed for the partial molar volumes 
of 1 and the cycloadduct 3 and which is different from the 
solvent dependence of v of 2. The solvation of the tran- 
sition state seems to be governed by the forces that act 
already on the diphenyldiazomethane molecule in the 
ground state, but a reorientation in the solvation shell of 
dimethyl acetylenedicarboxylate must occur when the 
transition state is reached. The idea that this change of 
solvation is responsible for the solvent dependence of the 
rate constant and the volume of activation for the 1,3- 
dipolar cycloaddition of 1 + 2 is supported by similar 
volume effects in the above quantities. When the solvent 
hexane is replaced by acetonitrile the partial molar volume 
of 2 is diminished by 9.2 cm3/mol, the rate constant in- 
creases with AVlced = -8.4 cm3/mol, and the volume of 
activation AV* increases by 8.7 cm3/mol. Thus, not an 
increase in polarity during the activation process with 
contradictory consequences on k and AV* but rather 
changes in the partial molar volumes of the reactants allow 
a satisfactory description of the solvent dependence of k 
and AV’. 

Mechanism of Cycloaddition. Concertedness does not 
require a precisely synchronous formation of the two new 
u bonds; one bond may be established in the transition 
state to a greater extent than the second bond. The ex- 
treme of unequal bond formation would be the two-step 
process which is characterized by a minimum in the energy 
profile and thus an intermediate. Numerous mechanistic 
criteria including stereospecificity, regioselectivity, struc- 
ture-rate relationships, etc. have been applied to 1,3-di- 
polar cycloadditions. 

Recently, quantum chemical calculations have been used 
to shed light on the structure of transition states (TS) of 
cycloadditions. MINDO/3 favors a highly asymmetric TS 
of the Diels-Alder reaction and a “biradicaloid” interme- 
diaten whereas ab initio methods provide a symmetric TS 
for butadiene + According to Houk et a l . , 3 O  
semiempirical techniques invariably favor the asymmetric 
TS and ab initio methods the symmetric TS. This di- 
chotomy pertains also to 1,3-dipolar cycloadditions. That 
of fulminic acid (formonitrile oxide) to acetylene served 
as a test: MNDO predicts a greatly asymmetric TS on the 
way to a zwitterionic intermediate;27 ab initio techniques, 
up to highly sophisticated ones, indicate the slightly as- 
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Figure 3. Dependence of partial molar volumes on solvent co- 
hesive energy densities: x, dimethyl acetylenedicarboxylate; o, 
diphenyldiazomethane; A, cyclo product; 0, transition state. 

V data of 2 show no obvious correlation with the internal 
pressures, Pi, of the solvents. 

Both diethyl fumarate (4) and diethyl maleate (5 )  ex- 
hibit the same trend in their partial molar volumes as 2, 
i.e., a decrease in_ V with increasing ced of the solvent. The 
total spread in V, however, is somewhat smaller than that 
for 2. 

The partial molar volumes of diphenyldiazomethane in 
toluene and chlorobenzene are about 1 cm3/mol smaller 
than the partial molar volumes of diphenylketene.% This 
similarity can be anticipated from the bond lengths of the 
>C=C=O and >C=N=N group. The solvent depen- 
dences of both P values, however, differ markedly although 
both molecules have similar dipole moments (diphenyl- 
ketene, p = 1.76 D; diphenyldiazomethane, p = 1.42 D). 
While the partial molar volume of diphenylketene de- 
creases linearly with the ced of the solvents, opposing 
effects are suggested by the four P values of diphenyl- 
diazomethane; a maximum seems to occur in the plot of 
Figure 3. The increase in V with decreasing qp (increasing 
ced) could be due to decreasing electrostriction effects in 
the solvation shell of 1. At higher ced values of the solvent 
(low qp) a further expansion of the solvent cage of 1 is 
reversed by the cohesion of the solvent. Why diphenyl- 
ketene as compared to 1 shows a different solvent depen- 
dence of P is not clear. Unfortunately, no theory is 
available which connects the macroscopic solvent param- 
eters and ced with microscopic properties of the solvent 
molecules and their appropriate interactions. 

The partial molar volumes of the cycloadducts 3 and 8 
show a solvent dependence analogous to that  of di- 
phenyldiazomethane, the maximum being somewhat more 
pronounced. Due to the different solvent dependencies 
of 2,4 ,  and 5 on one side and 1 and the cycloadducts on 
the other side, the volumes of reaction, vR, have the 
smallest negative values at  intermediate values of the 
solvent parameters qp and ced (toluene, chlorobenzene). 
The small absolute values of A v R  measured for three re- 
actions in chlorobenzene are the result of high V values 
of 1 and the cycloadducts in this solvent. 

Apart from the solvent effects mentioned above, the 
average value of AVR = -28 cm3/mol is close to the vol- 
umes of reaction found for two types of [2 + 21 cyclo- 
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ynchronous TS (one C-C and one C-0 being formed) of 
a concerted ~ y c l o a d d i t i o n . ~ ~ , ~ ~  Likewise, the system car- 
bonyl ylide + ethylene passes an asymmetric TS according 
to MNDO  calculation^^^ and a fully symmetric one with 
ab initio  calculation^.^^ Related to the subject of our 
study, ab initio calculations furnished for diazomethane 
cycloadditions to ethylene and acrylonitrile an “early” TS 
(still weak bonds) of a concerted process.36 

Thus, it is desirable to employ further experimental 
criteria to the mechanism of l,&dipolar cycloadditions. 
The entropies of activation have often been used, but 
unfortunately, A S  amounts to -30 to -40 eu for nearly all 
types of cycloadditions, concerted or stepwise. A somewhat 
better situation is encountered with the volume profiles. 

Diels-Alder reactions are the best studied examples of 
concerted [,4, + .2,]  cycloaddition^.^^^ Normally their 
volumes of activation are very close to the volumes of 
reaction, and both are found to be within the range -30 
to -40 cm3/mol. For most reactions studied these volume 
data are not too much influenced by the solvent. Only a 
few examples are known with a wide solvent-induced 
variation of AV* (but still fairly constant A v R   value^.^^^' 
For these cases, however, the solvent effects in AV* do not 
correlate with any known solvent parameter, especially any 
polarity parameter. 

The concerted [,2, + .2,] cycloaddition of diphenyl- 
ketene to butyl vinyl ether shares with the Diels-Alder 
reaction the feature that in most solvents AV* and A v R  
are very similar and close to -30 cm3/mol. In some sol- 
vents, however, also some exceptional volume data have 
been measured.25 In the best investigated cycloaddition 
via a zwitterionic intermediate, the reaction of TCNE with 
enol ethers, AV* depends highly and regularly on solvent 
polarity; due to electrostriction of solvent molecules, A V* 
shows substantially greater negative values than A V R . ’ ~ , ~  

The l,&dipolar cycloadditions 1 + 2,4,5, and 9 present 
novel features. While the average value of ATR = -28 
cm3/mol is close to the expected value for the formation 
of a five-membered ring, the volumes of activation are 
definitely more positive with an average value of AV* = 
-20 cm3/mol. Thus the AV* values of 1,3-dipolar cyclo- 
additions differ from those of typical volume profiles of 
[2 + 21 and [2 + 41 cycloadditions. 

When the volume profile of the 1,3-dipolar cycloaddition 
is discussed with the background of all conceivable reaction 
mechanisms for cycloadditions, i.e., one-step or two-step 
processes with “early” or “late” transition states, most of 
the possibilities can be excluded very soon. 

Considering the twestep processes f i i t ,  no experimental 
support is given for a zwitterionic pathway because even 
the apparent solvent dependence of AV* can be traced 
back to solvent-dependent initial-state partial molar vol- 
umes as has been discussed before. With regard to a di- 
radical two-step process, both a very early and a late 
transition state do not agree with the present data. The 
experimental value of AV* = -20 cm3/mol is too negative 
for a transition state in which the early formation of the 
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first C-C bond occurs. For such a case one expects AH* 
1 -10 ~ m ~ / m o l . ~ a ~  If the transition state for the rate- 
determining elementary step is reached as late as the 
formation of the second bond, one should find AV* x AVR 
for all reactions and solvents. 

Because AV* > ATR it  is also very unlikely that the 
present data indicate a transition state which occurs very 
late during a concerted pathway. Thus a distinction has 
to be made only between two possibilities: (i) a diradical 
pathway with a transition state close to the diradical in- 
termediate; (ii) a concerted mechanism with an “early” 
transition state. 

Arguing further solely on the basis of volume profiles, 
it looks as if two observations support the first possibility. 
First, in the dimerization of chloroprene the Diels-Alder 
reaction competes with radical pathways resulting in [4 
+ 21 and [2 + 21 products. The AV* values of the diradical 
processes are more positive by -9 cm3/mol than AV* of 
the concerted reaction.39 Because a value of AV* = -30 
cm3/mol is a typical one for Diels-Alder reactions the 
difference, i.e., - (-20) cm3/mol, would justify a diradical 
pathway for the 1,3-dipolar cycloadditions. Second, ex- 
perience has shown that the volume of reaction for the 
formation of one carbon-carbon u bond, AvR(CC), 
amounts to values between -20 and -15 cm3/mol. If the 
transition state of pathway i resembles the diradical in- 
termediate, one could assume AV* i= AvR(CC). 

However, the second possibility of interpretation ii also 
gains substantial support in this volume based discussion. 
It had been argued in favor of i, that AV* receives its main 
contribution from the formation of one carbon-carbon 
bond. An equally large effect should arise from the initial 
formation of two bonds during a concerted process. In this 
context one can argue that the formation of each initial 
bonding gives a contribution of -10 cm3/mol in AV*.4 I t  
is therefore not possible to decide between the two alter- 
natives solely on the basis of volume profile considerations. 

It has already been mentioned that apart from volume 
profiles there is overwhelming experimental and theoretical 
evidence in favor of ii. It is thus reasonable to adopt 
pathway ii and interpret the obtained volume data. 

The average AV* = -20 cm3/mol for the reaction of 
diphenyldiazomethane with dimethyl acetylenedi- 
carboxylate could well be the result of an early transition 
states on the reaction coordinate. I t  was proposed for 
Diels-Alder reactions and 1,3-dipolar cycloadditions that 
the concerted bond-making starts from an orientation 
complex in which the u frames of the two reactants occupy 
parallel planes. A volume of activation of -20 cm3/mol for 
the 1,3-dipolar cycloaddition instead of -30 cm3/mol for 
a Diels-Alder reaction would correspond to a more loosely 
bound TS and an increase in the radius of an assumed 
spherical transition-state complex of vTs = 280 cm3/mol 
by only 0.06 A. Thus, we regard the concerted mechanism 
as the one which is in harmony with the volume data as 
well as with the additional evidence. However, in order 
to declare this as a rule for 1,3-dipolar cycloaddition re- 
actions, more experimental material on the pressure de- 
pendence of this type of reaction is desirable. 
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