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Abstract: The pressure effect on the forward and backward rate constants and

equilibrium constants of the Diels-Alder reaction of 9-chloroanthracene with
tg[rgcvgngpthvlpnp has been investicated in I 2-dichloroethane up to 1000
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ume obtained from the pressure effect on
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are in agreemeni wiih partial molar volume
{diene (170.740.5) and dienophile (107.820.
© 1999 Elsevier Science Ltd. All rights reserved.

AL ‘ £ WAfAARALIR ZNeREE NEAA AN, .- - ¢ AR

solvents with and without catalysis.”” Only two reactions were studied in the reverse direction
under high pressure.'®"! We nowhere met information about high pressure effects on the
equilibrium constants of Diels-Alder reactions, even though such examples at atmospheric

PP 79 g o it 1° TP . R s S < rme
pressure€ are well known. ~ 1he reactions of aromatic dienes wiin [cu'acyan()em)’iene arc very

c-q»
!;)

nd are usually equilibrium processes (table 1). The heat of reaction for tetracyanoethylene

and 9-chloroanthracene is less exothermic than with 9-methyi- and 9,10-dimethylanthracene,
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and the determination of the equilibrium constant for reaction with the last dienes is

Table 1. lonization potential (P, e.V.), rate (k,, 1 mol” s ) and equilibrium (K., 1 mol™ )
constants and enthalpy (AH, kJ mol' ) of the Diels-Alder reaction of 9,10-substituted

anthracenes with tetracyanoethyiene in 1,2-dichioroethane, 298 K.*

f

3

4
(5

9,10- substituents 1P ky Keq -AH
m diene

CH;3; CH; 7.04 93000 - 88.3
CH;0; CH;0 7.09 870 15 51.5
CH; H 7.17 2200 - 84.5
CH,0; H 7.17 5100 250 61.1
H; H 7.33 3.0 - 76.6
Ci, H 7.39 0.7 800 66.1
Cyclopentadiene 8.58 430 ¢ - 113

2 Data from Ref. 8. ° From Ref 12. ¢ In dioxane at 293 K from Ref. 13.

RESULTS AND DISCUSSION
The Tialc_ Aldar roantinn nf Q_chlaraanthracans with tatracsvannsthvulena (Cohamaoa) in 1 )0
11V L/7IVIODTAdIaUVL  1vaviiiuvil vl ZTviuvivdllitiil avwviiv - ¥vialil vkl a\ay (213 V. IR0 0 SLW) 3\ 9 \U\ill\illl\l} i 1,4

dichloroethane was selected since independent determination of the rates in both directions
and equilibrium under pressure and the partial molar volumes of the adduct in solution are
easily observed. According to the small effect of lithium perchlorate in diethyl ether solution on
the rate, this reaction belongs to a nonpolar process.”

It was found that the enhancement of the diene absorption at the elevated pressure
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the pressure dependence of absorption (up to 1000 kg cm™) is more than from Tait’s equation;
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Scheme
Thao rocnlte nf throo coring nf moacniramante Af tha nraconra affant Aan tha aqililhesizm ara
L1V 1VOULLD Vi ULV SV VO VUVl HIVAOSUIVLEIIVIIWDG UL UIN yl\.abulc CLIUALL ULL LG C\{uulUl 1Uulll aic
collected in table 2. All sets of data follow the correlation: InK/K, = (0.00352+0.00707) +
4 A N

Table 2. Pressure effect on the equilibrium constants of the Diels-Alder reaction of 9-
chloroanthracene with tetracyanoethylene in 1,2-dichloroethane at 298.15 K.
Set 1 Set 2 Set 3
P, kgem® |InK, /835" |P,kgem™ InK.,/800° |P,kgem” InK,./843°
0 0 0 0 0 0
270 0.234 160 0.126 155 0.121
470 0.400 260 0.217 305 0.236
620 0.541 360 0.337 410 0.319
810 0.661 505 0.437 550 0.429
970 0.790 645 0.519 730 0.595
- - 760 0.601 - -

2 In the columns InK, /K, showed the experimental values of K, , (Il mol" ).

The vaiue of reaction volume was independenily obtained from the partial molar

volumes of the reagents and the adduct. The densities of solutions were determined using the
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densimeter “DMA 602”. The apparent molar volume of 9-chloroanthracene (170.710.5) an

independent of concentration below 0.05 mol I'. The determination of adduct volume
Y -3 - B~ ,3 ,1'1\ - JE— S o SR s 1T 7 1 1.1 Fh S I | h a a o _______ _al_ PR
(255.5£1.5 cm’mol”) was performed in 1,2-dichioroethane and in tetracyanoethylene
solutions with regard to the composition of these solutions.

It was thus found that the values of the Diels-Alder reaction volumes from pressure-

)

equilibrium data  (-20.6 £1.5) and from direct data on partial molar volumes (-23.0 £2.0

are collected in table 3.

Table 3. Pressure effect on the rate constants of decomposition of adduct (3) at 298.15 K.

P, kg cm’ 10"k, s Inky/k,
0 7.88+0.03 0

240 8.23+0.01 0.0435
315 8.29+0.01 0.0507
500 8.72+0.04 0.101
715 9.38+0.03 0.174
790 9.68+0.07 0.206
950 9.83+0.04 0.221

009) + (2.553+0.060)10* P; R=0.9886 and the activation volume equals -6.5 + 0.5 cm’mol ™.

o
=)
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The determination of the forward rate constant is always complicated by the necessity to

nr the addnrt decamnneitinn rate In thic wnrlr tha rata cnnce
i W WSS LAWL vavlllyvoltl\lll ACSOW. LLE REEATg YYUIRIIN LIAW LAV WVVIAD

constants. According to both methods of calculations, discrepancy was in the range +2-7%

(Table 4). Both series are given by equation: Inky/k, = (-0.0095 £ 0.0255) + (0.00113 +

N NNNNSY D (D n QQ7TAN ‘T‘ko n\:nr‘rol&n amiatinan Anaoc At srmmnraa tha anreralatan Thia tha
AV IR VAVAVAV S l iz \ IO IU[ 1 ki \-lua\.u [¢ 1B L) U\iuﬂllull VULD UL LULIPJIUYLY WA VUILLIGD auuu l.l.luD, uiv
activation volume of the forward reaction equals -28.5+1.5 cm’mol ™.
Table 4. Pressure effect on the rate constants of the forward Dieis-Aider reaction of 9-
chloroanthracene with tetracvanoethylene in | 2-dichloroethane at 298 15 K
Set 1 Set 2
D bloa ;a2 L 1 el o1 11 /1. D La 2 L. 1 et ool 1.2 /1
, Kg Cill Ky, 1101 S 1Kp/ Ko 1, Kg Ciii Ky, 1061 S 1Rp/ Ko
0 0.700 0 0 0.712 0
270 0.911 0.262 250 0.922 0.258
295 1.01 0.367 480 1.22 0.538
410 1.11 0.461 710 1.47 0.725
120 1 K7 N QAR QN 27 08 1 (87
RS AY) 1.7 V. OuUQv A IJ Lt T oI XV T
*r"I _ PR VY £ a1 — _-_v..."__.‘. —a o X L el o iiicam A a4 o 4l odn o ]
1€ resuis o1 us OVUrdll anu IHUCPCIIU I1L Study Ol 1€ pl SSUIC CLICCL OI1 UIC 1diC diid

equilibrium constants of the nonpolar reaction of 9-chloroanthracene with tetracyanoethylene

are the following: AV* (forward) = -28.5+1.5; AV* (retro) = -6.5+0.5 and AV, = -20.6 £ 1.5

wae farnd tna ha in onnd aoreamant fram the nrecoenire affact nn
AWJUALING LV N 11X EW“ u—&‘vvll‘vl“ ABN/LRA UIAW ‘leoowv Tt -k WS

the rate (-22.0+1.5), equilibrium data (-20.6+1.5) and from the difference of partial molar

AV! = _65+05and AV, . =-186+15 gm3mgr',

Y reiro Vie/ V.o faiive 0, €q T = 2. 223 22z

_ = — PR 4

Sink/6P = -AV'/RT can contain the contribution of the rate constant change d
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reactions are usually more negative in going from polar to nonpolar solvents.>'> The total

resented as: SAnL/OP =

T, dd /I X

+6Inkz) /8P, where the first term is determined by the change of the rate constant

a3 2L R, —— 2

y /6P
due to the change of solvent properties with pressure and the second term is connecied with the

change of rate constant due to the PAV* effect. In order to evaluate these terms, let us consider

Menshutkin® reaction. Many solvent polarity scales are known,'® but the pressure effect on
6,17,18
dielectric constant (8(1/¢)/6P) has been studied in de range of solvents and on the

Reichardt’ polarity scale (6Er/6P) ~ only for a few solvents.
Table 5. Rate constant (Ink) of the reaction of butyl vinyl ether with tetracyanoethylene in

some solvents, total pressure effect (£8nk/6P), the contribution of the effect of solvent

e constants (8lnk;, /6P), the values of total

apparent activation volume (A4 v ), solvent contribution (4 v ) and refined activation volume

( AV 2)). Inaccuracy +4 cm’ moi”.

Solvent Ik [1/6® |10°%1/e) |Zonk  |dnkg, |zaV |aV, |4V
/6P ° /8P /8P

Carbon 899 0.446 -38 0.00196 0.00060 -49 -15 -34

tetrachloride

Benzene 7.00 0439 -34 0.00160 0.00054 -40 -13 =27

Dichloromethane 2.81 0.110 -17 0.00157 0.00028 -39 -7 -32

Acetone 243 0.047 -9.0 0.00143 0.00014 -36 -4 -32

Acetonitrile 0.79 0.027 -4.1° 0.00119 0.00007 -30 -2 -28

® From Ref. 19 at 303 K. ° From Ref. 18 . © For propionitrile.

The values of (8(1/€)/8P) in the work® overestimated by 2.303 times when compared with the
d

1ce of the rate constants in the row of

olar reactions, the depe
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dielectric constant under pressure is more important for the rate constant in nonpolar solvents

Table 6. Rate constant (Ink) of the reaction of triethylamine with methyl iodide and butyl
iodide and of pyridine with ethyi 1odide in some solvents, pressure coefficient of dielectric

constan ‘I/,C')/SP) mg vali

constant (9(1/g)/OP), alue

]

of total apparent activation

contribution (4¥” 1)) and refined activation volume ( AV* 3)). Inaccuracy +4 cm

Reaction Solvent |-Ink®  |Slope, (b) | 10° §(1/g)/6P° |-2aV*® |-AV* oy |-AV’ )

Et;N + Mel Hexane 11.08 12.5 -61 45.4 19 26
Benzene 5.34 -34 40.1 12 28
Acetone 3.08 -9.0 383 3 35

EtzN + Bul Benzene 12.91 12.5 -34 52.5 12 41
Acetone 10.09 9.0 512 3 48
Nitro- 9.07 -2.6 41.6 1 41
benzene

Py + Etl Benzene 12.26 10 -34 36.7 10 27
Acetone - -9.0 30.4 3 27
Nitro- 8.81 -2.6 27.7 1 27
benzene

" From Ref. 20 . ° From Ref. 18.
For the Menshutkin® reaction it was shown that the solvent effect is very similar for

different pairs of reagents.>?'* The value of the slope {b, in Ink;,= a + b(1/£)} equals about

-------- r T &

12.5 for the reaction of triethylamine with methyl iodide and butyi iodide and about 0 for the
yl iodide (Table 6). From the data of Tables 5 and 6, one can sce
that the refined values of activation volume decrease in nonpolar solvents by about 30 %

compared to the total pressure effect.
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From this standpoint, the value of activation volume of the nonpolar [4+2]-
cycioaddition reaction of tetracyanoet'nyiene with 9-chioroanthracene (Table 4) is nearly the

9-
same as the value of refined activation volume in the [2+2]-cycloaddition reaction with butyl

vinyl ether. For the polar reactions (Table 5,6), the refined activation volumes are insensitive to
the solvents under consideration. The change of partial molar volumes of highly polar

compounds in the row of solvents can be a measure of solvent electrostriction. The Menshutkin

nradin~te hava wvarr lawy anhivhilitv 1n anrntis cnbiante far cnnh sracanirareantas el Fre lhimhle,
PIUUUUI.O 1HAvVe yuly 1UYVY suluviny i lJl LV DUIVULIWD 1UL DUVl 1HCADULCLLICLIIWD, alig 1 111 l y
polar Reichardt’ dye (u = 12 D), the change of partial molar volume does not correlate with
1 4 1 *. 2
solvent polarity.”
EXPERIMENTAL

Materials and methods. Tetracyanoethylene (Merck) was sublimed (~ 50 Pa, 380 K) as white
crystals, m.p. 473-474 K. 9-Chloroanthracene was synthesized by a literature method”’ and

mrrrsfind A An n‘:lm1ﬂ||m Avida rnlitvnn aliitad xath n_kn_vong_‘v\nn'rnnn (C-T\t %2 sa 21712 A7IA 7
lJ 1121010 1 all aiulliiiiulil UVAIUC vulul I, CiUlCU vviul IT1ICGAALY UCI1LLCIIG \J. l}. 11 P (SRS L% i e S A N
(lit.,27 374-375 K). Adduct (3) was obtained from equimolar solutions of reagents in benzene,
from which it crystaliized in near quantitative yield. M.p. (decomp.) of the white crystals 433-

436 K with formation of a deep green fusion. Found (%): C 70.80; H 2.78. C3H,0N4 requires

'3

C 70.49; H 2.66. Cyclopentadiene, after cracking of dicyclopentadiene (420-430 K), was dried

hotometer “CSnecord TTV.VIS? in the workin
LSRR AW LWA uyuwl“ v Y AND N A

pressure.

Rate and equilibrium measurements were performed following the change in diene (1)

e optically transparent. For the

rate of forward reaction and equilibrium measurements, the diene (1) concentration (1-1.5) 10*
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was less than the dienophile one in 12-15 times. The concentration of the adduct in the

wolan, adia ~ 1 1n‘3 manl I'l Tha rata
AV .

~Atian o o ~e
il W \llUP\Jllmul\Jll\d i i

Aan Qitin
UWUK(I!JUOI ll.Ull l. uuuuuu vao

n
~
P
—h
(¥,

constants of the retro reaction were calculated from the equation: InD,, - In(log7,/T,)) = k; ¢

where 7; and 7, are transmission values at the time of measurement and when reaction was

inished regnectivelv, The first 4-§ mim
AJE ‘ VIJ - s LJ -t ARLAR

LK%y VO W vl. A ax AL AAIARARER

o
a

[42]

verse ne pdpd fnr temnerature relaxation Rate
Y Wi AW W llv CALLAR W B WALANLILIVILE,. ANRAL%W

«

constants of the forward reaction were calculated by differentiation of polynomial function

are the rate constants of the forward and back reactions, Dy, is d ptical density at the
start time of measurements, D, - initial and D, - current diene optical density
Aolknawladamante
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