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Abetract-The effect of change of solvent on the rate of Diels-Alder addition of tetracyanoethylene (TCNE) to
anthracene has been investigated using solveats CCl. CHCI, and CH,Cl,. Solvent effects were measured on the
intermediate complex and on the starting materials from solubility measurements. From this, solvent effects on the
transition state alone cas be evaluated. These effects were remarksbie similar 1o those measured for both the initial
state and the intermediate complex suggesting an “early’ transition siate having a structure similar 1o that of the
intermediate. From the correlation of AG,” (the free energy of transfer from CCL to another solvent for the
transition state alone) with the solubdity parameter 8%, the molar volume of the transition state can be estimated.
The result again suggests that the transition state is more “factor” than product-like.

Numerous attempts have been made over the past 50
years to correlate reaction rates with certain properties
of the solvents used. These attempts have met with
varying degrees of success, but unfortunately no single
approach seems to have universal application. Excellent
reviews' ™ have appeared recently in which the difficul-
ties of such correlations are discussed in detail. In
general, where reactions involve some dafu of charp:
separation in the transition state, the Y, Z,* E;” and
Kirkwood® solvent scales have been found to be
apposite for rate correlations, whereas the § (or §%)*'°
scale based on the cohesive energy density of the solvent
has been shown to correlate fairly well in reactions
involving little change in polarity. The present paper is
concerned with solvent effects on the reaction of anth-
racene with tetracyanoethylene (TCNE) and is an attempt
to scparate the solvation effects on the initial state,
intermediate complex and transition state.

RESULTS AND DISCUSSION

Change of solvent in Diels~-Alder reactions causes
correspondingly small variations in reaction rate, a fact
which has led to the conclusions that the transition state
involves little charge separation and that the addition
occurs by a concerted mechanism.

Thus one would anticipate good correiations between
log k,p (0r AG L) and e:thcr & or 8% in accordance with
regular solution theory,® k.., and AGZ, being the
observed second order rate constants and free energy of
activation respectively. Eckert has reported such cor-
relations in reactions of maleic anhydride with 13-
butadiene’’' and with isoprene,'* the dimerisation of
cyclopentadsenc " and the addition of acrylonitrile to
isoprene.'’ In each case however the correlation was
only fair, with dipolar aprotic solvents such as
nitromethane lying well off the lines. For exampie in the
maleic anhydndcluoprene reaction a correlation
coefficient of 0.91 is obtained for a plot of AG.,, against
8% omitting the datum point for solvent nitromethane.
Corresponding plots using the Ey and Kirkwood Scales

show almost a completely random scatter. Brown and
Cookson'* have reported activation parameters for the
reaction of anthracene and TCNE in sixteen different
sotvents and showed that there is little if any correlation
with (D- 12D +1).

We have plotted their data for anthracene (AGJ,, vs
5% and found that there is a reasonable correlation for
aromatic solvents but considerable scatter for polar
solvents. The slope of the correlation for aromatic
solvents is very similar to those found for bicycho-
heptadiene/TCNE and 9,10 dimethylanthracene/TCNE
additions.’> However a detailed examimation of Brown
and Cookson's data reveals a number of serious in-
consistencies which unfortunately undermine confidence
in such correfations. The data of Kiselev and Miller'* are
rather more consistent, although even here there are
quite wide variations in the reported rate constants with
consequent uncertainties in the values of AH.., and
AS7... due mainly to the extremely rapid reactions in-
volved. Plots of AG.,, and AH,, vs 8" are reasonably
linear provided not too great a range of solvent polarity
is used (Fig. 1). The only dipolar aprotic solvent
employed was acetonitrile and this falis well outside the
correlation line. The corresponding plots against Er
show no apparent correlation. The data for the plots
appears in Table 1. The corresponding correlation of
logk.., vs 8" is however extremely poor lor the
addition of fumaronitrile to dimethylanthracene."

The latter data also gave a fairly poor correlauon with
the solvent parameter () devised by Berson ef al.'” from
endo-exo product ratios in Dicls-Alder reactions. Un-
fortunately solubility factors have limited this scale to
the dipolar protic and aprotic solvents. In view of the
above anomalics it was decided to examine in detail
ground state and transition state solvent effects in a
limited range of solvents of similar structure (CCl..
CHCl,, CH,Cl,). There is now convincing evidence that
charge transfer complexes are intermediates in Diels-
Alder addition reactions.'*'® Consequently, any detailed
study of solvent effects should include effects on these
complexes. We have evaluated the thermodynamic
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Fig I ComhoonolAG.‘.‘(k cals. mol™') with solubdity
parameter 8’ (cals. mi~’). Numbering as in Table 1.

Tabie 1. Correlations of free emergy (4G, keal moi™')* and
eathalpy of activation (AHJ, kcal ml") with solvent
parameters 3% (cai mi™') and Ey (kcal mol™’) for the addition of

TCNE t0 9,10-dimethylanthracene. (Deta from Refs. | and 15)

solvent “:3 O &
1 Benzene 12.2 1.73 846 34.8
2 Toluene 12.7 2.85 7192 3.9
3 o-xylene 13.3 4.38 77.4 -
4 CHyCYy 10.4 L1 %0 an
5 cHel,? 10.1 -2.74 6.5 39.1
6 (cHgC1),* 10.4 -1.88  90.2 a9
7 Ml 1.0 <119 1369 4.0

a - average values

parameters for complex formation by a spectroscopic
method (Table 2).

Oualy small changes are found, the complex being
somewhat less stable relative to reactants in CH,Cl; than
CCL. Interestingly, there is an excellent correlation be-
tween log K, and 87 for the hydrocarbon solvents used
(correlation coefiicient 0.999). The corresponding activa-
tion parameters were obtained from rate measurements
(Table 3). Two other substrates were examined to show
the general effect of change of solvent. In all three cases
the free energy term AGY,, was greater for CCl, than
those for the other two solvents which were almost

Tabie 2.

Equilibrium constasts, K¢ (1 mol™') and thermodynamic parameters (AGE, AH: keal mol™’,
deg ™' mol™') for complex formation between anthracene and TCNE in CCl,, CHCI, and CH/Cl,
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identical. The chief difference arose in cach case from
the enthalpy term AHZ,,.. To compicte the analysis, the
solvent effects on the reactants was determined from
solubility measurements (Table 4). It is immediately ap-
parent from the data that the changes in free energy of
solvation on transfer from one solvent to another are
small for anthracene, and the major changes come as one
mxshtmncmfromthcmpohrTCNBmiewk

Solvent effects can be quantitatively separated into
initial state and transition state contributions providing
that the activation free epergies are known with respect
to a reference solvent and that the free energy of sol-
vation is known for the reactants. The latter can be

obtained by various means including solubility

measurements. It is casily shown that
AG,” = AG? (reactants) + 8AG 2, 8]
where AG,” is the free coergy of transfer from a

reference solvent to any other for the transition state
alone, AG! (reactants) a similar function for the initial
state, and 834Gy, is the relative free eoergy of activa-
tion. An additional factor in the present work is the
solvent effect on the intermediate complex. From Tables
2-4 it is now possible to cakculate the relevant transfer
free energics, enthalpies and entropies for the initial
state, complex and transition state. The results appear in
Table 5. The values of the solvation parameters (AGS,
etc.) for anthracene in CHCl, could not be obtained (vide
infra) and an average was taken of the correspooding
values for CH,Cl; and CCl,. This introduces oaly a small
uncertainty since the solvation of anthracene in these
solvents is very similar and the major initial state solvent
effects are associated with TCNE. Table S shows that the
solvent effects on the initial state and complex are
remarkably similar. This is in keeping with other findings
that values of K, for complex formation are not seasitive
to substituent effects and that the entropies of formation

. are pot very negative.'® This implies that the complex is

very much more “factor"-like than product-like.

The dominant chnngu are enthalpic rather thm
entropic which again indicates only small losses in
vibrationa! freedom. The solvent effects on the transition
state are more pronounced, being roughly double those
on the initial state and complex and again the dominant
effect is one of enthalpy. There is indeed 2 striking
similarity between the soivent effects on the transition
state and those of the complex. The results are very
much in keeping with an “early” transition state which
has & structure similar in character to the intermediate
complex. It is, we feel, highly significant that the AG,
terms for complex and transition state run parallel and is
further evidence for the complex being an intermediate
in Diels-Alder addition.

Since the effect of solvent on the transition state has

AS? cal

. .

Solvent KC(ZS') -AGC ~8H, -AS: )

CCla n 0.67 = 0.05 3.20 : 0.4 8.6t 1.2
CHCY, 1.73 0.32 ¢ 0.05 2.70 : 0.3 8.0+ 0.8
M, CY, 1.02 0.11 ¢ 0.05 2.70 : 0.3 8.7 208
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Table 3. Activation parameters® (AG ., AHJ,, keal mol™'; ASJ,, cal deg™' mol™') for TCNE addition 10 anthracene

derivatives im CCl,, CH,Cl,, CHCI,
. * +
REACTLON M'w AS'” Aﬁup
Anthracenc (AW} |
[ 1 6.38 = 0.04 3.9+ 0 17.4 2 0.04
CHyCY, 4.9 + 0.23 -39.2 2 0.8 16.6 ¢ 0.23
CHCt, 4.45 2 016 -40.4 2 0.5 16.5 ¢ 0.16
§-Trimethylsilyl-AMH
cCl, 5.11 2 0.04 -38.8 0.1 16.7 2 0.04
CH,CY. 3.52 0.1 41,3+ 0.4 15.8 : O. M
CKCY, 2.99 + 0.02 -42.7 « 0.08 15,7 = 1 02
§-Bromo-ANH s
¢« 7.78 + 0.42 -3 414 18.3 = 0.42
CHyCY, 6.35 ¢ 0.12 -38.0 £ 0.4 17.7 ¢ 0.12
oY, 6.23 ¢ 0,32 -37.8: 11 17.5 £ 0.33

* Calculated at 25.0°C

Table 4. Thermodynamic parameters (AG?, AH®kcal mol™’: AScaldeg™ mol™') of solvation of anthracene and
TCNE in soltvents CCl,. CHCl, and CH.Cl,

THERMOOYNAMI( PARAMETER ANTHRACENE TCNE
ccl. CH L1, o, ey, 01, e,
ot 6.47 : 0.26  6.52 : 0.34 - 120 0.5 8.20:0.49 9.53:0.%
as; 6.2 0.8 184 211 - 841216 23.2 £1.5 24.2 21.0
a5 * 1.6 2026 1.03:0.34 - 3.54:0.5° 1.28:0.49 2.31 £ 0.3

* calculated at 25°C

Table $. Free energy (AG, keal mol '), enthalpy (AH, keal mol ') and enthwopy coatributioas (-TAS, keal mol™') for
transfer from solvent CCl, to CHCI, and CH.Cl,

Parsmater © T resctants * complex transition state
OHC1, CHiCly  CHET, OCl, ML, OHyCly
wt -2.5 1.8 -2.0 -3.3 4.4 -5.3
~1'A$t +1.0 +0.9 +0.8 «0.9 +2.0 +1.6
bst -1.6 -2.9 -1.2 -2.4 -2.3 -3.7

2 - values of AG; {anthracene) etc. for CHC1, were tsken 23 the sverage

of those values for CHCl, and CHCY,.
b - negative sign tmpldes greater stability with respect to CCl,.

been clucidated, it should be possible to correlate the
AG,” with the solvent parameter 8 and hence a value for
the molar volume of the transition state (V) can be

estimated. vent.
From regular solution theory
separated out we can write
RTInk/ko = Va(84 - 8)' + Va(bs — 8)’ ~ Vi (8r - 8)°

TET Vol ¥, No. 18D

where V, and V, are the molar volumes of reactants A
and B and 8., 3s. 8y, arc the relevant solubility
parameters. & is the solubility parameter of the sol-

Since the initial state solvent effects have been

@ AG,” = Vr 8y, — 8.)' - Vr( 8y, - &) 3
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for solvents R (=reference) and S, AG,” being the free
energy of transfer from solvent R to solveat S.
Equation (3) can be rearranged to

AG."/8,— 8x = V1,8, + Vrv8x — 2V, 8y, @

and bence a plot of the LHS of (4) vs &, gives siope Vy,
and intercept Vn(8x — 28r,). Unfortunately in this work
only three solvents were used, If CCL, is taken as the
reference then the slope of the above plot gives a value
of V, of ca800ml. From the intercept, 8y, is cal
culated 10.9. Both these values are quite reasonable.

The molar volume of anthracene (Vaue) is 160.2ml."*
The molar volume of TCNE bas not beea measured, but
adopting a similar procedure to that used to determine
Vi, values of 220 ml and 13.1 are obtained for Vycne
(Vrens is somewhat high) and confirm the general vali-
dity of the approach, though of course more data in other
solveats is needed for accurate analysis. The 8 value for
TCNE compares with 11.7 for acetonitrile and 13.0 for
DMSO which seems about right. Vr, thus appears to be
coasiderably larger than V o + Vrenz and is consistent
with an “early” transition state where the reactants are
still some distance apart.
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EXPERIMENTAL
Sotveats CCl,, CHCl, and CH,Cl, were purified by stasdard
procedures. TCNE was sublimed twice before wse and blue
fluorescent anthracene was chromatograpbed o alumina.

Determination of solubilities

(2) Aathracene. An excess of finely powdered anthracene was
added 10 S mi of the appropriate solveat and shaken in a ther-
mostatted water bath for a minisum of 12 hr. The contents of the
fiask were allowed to setthe for 1 b before sampling. Abquots
were withdrawn and the sbsorbmnce measured at 358 nm after
appropriate dilution. The coocentration of anthracese was cal-
culsted from s cabibration line obtained using the data is Tabie 6.
The solubilities of anthracene at variows teeps in CCL and
CH.Cl, appear in Table 7. Results in CHCl, were rather ematic.
Radical species are kmown to form in this solveot, particutarty at
elevated temps. One of the products of decomposition of CHQL,
is dichlorocarbene which is knows to undergo facile addition to
anthracene, thus considerably altering the sohability,

(b) Tetrocyanoethyione. The same genersl procedure was
adopted. Aliquots were removed and added to a 0.5 M sols of
mesitylene i CH;Cl,. TCNE forms a stable coloured CT com-
plex with mesitylene (Aq., #0nm). The absorbance was
measured at this wavelength sad the (TCNE) determined from
the calibration graph (Table 6). The solwbilities appoar i
Table 7.

Table 6. Absorbances of anthraceme solutions i CCl, (A = 358 am) and of TCNE/mesitylese sohstions in CH,.Cl

(A = 460 om)
10* [An] (M) 1 3 7 10 12
Ayse 0.083 0.280 0.689 0.860 0.1040
10 [TCNE ) (M) 1 2 - 3 4 5 6 7
Aves 0.09% 0.136 0.164 0.282 0.287 0.346 0.402

Table 7. Solubilities, C (moli™'} of sothracese and TCNE i soivents CCL, CHCly and CH,Cl; at various

temperatures
Anthracene
1 27.0 3.6 M.8 38.4 41,2 451 S52.8 56.9 62.4
({a)}
.WC 0.71 0.8 0.88 0.93 1.05 1.23 1.53 1.8 Za22
1 26,5 27.7 29.8 30.6 3.9 M0 357 333
CHyC,y
10c 1.86 1.95 2,05 209 2.25 2.40 2.60 2.69
TCNE
1 4.8 38.2 410 #4484 453 5.6 5.0
cCl
* 102¢ 0.43 0.44 0.90 0,97 0.89 1,25 1.2
T 29.8 306 M.} M8 388 453 50.4 50.9
1
Yot 2.6 2.8 33 34 &4 55 7.1 1.6
T 2.5 27,7 29.8 3.6 32.9 3.0 235.7
CM,CI,

0.120 0.133 0.138 0.145 0.154 0.171 0.188
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Fig. 2. Ptot of In (anthracene solubility) vs T-' °K~').

Thermodynamic constants of solvation
The free energy of solvation is defined by

AG:= -RTInC )
where C is the conceatration of dissolved solute for a satwrated
WWAG:WBWMA}{:AS:

AH; AS
hC-RT* R ©
from which these parameters can be evaluated from data at
various temperatures. Figure 2 shows a typical plot for aath-

racene.
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Rate constants and complex formation constants
These were determined )
described in the preceding paper.
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