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Rate constants at various temperatures and activation parameters are reported for solvolyses of acyl chlorides
(RCOC]). with R=Me, Et. j-Pr. #Bu, cvclopentvlmethyl. benzyl. thiophenvimethyl, 2-phenylethyl,
diphenylmethyvl, and phenvlthiomethy1 in 100% ethanol. 100% 2.2 2-trifluoroethanol (TFE). 80% v/v ethanol/
water and 97% wAv TFEAvater. Additional rate constants for solvolyses with R = Me. -Bu. and PhCH: are
reported for TFEAvater and TFE/ethanol mixtures. and for solvolyses with R = -Bu, and PhCH: are reported
for 1.1,1.3.3.3-hexafluoropropan-2-ol/water mixtures, as well as selected kinetic solvent isotope effects
(MeOH/MeOD and TFE). Taft plots show that electron withdrawing groups (EWG) decrease reactivity
significantly in TFE, but increase reactivity slightly in ethanol. Correlation of solvent effects using the extended
Grumvald-Winstein (GW) equation shows an increasing sensitivity to solvent nucleophilicity for EWG. The
effect of solvent stoichiometry in assumed third order reactions is evaluated for TFE/ethanol mixtures, which
do not fit well in GW plots for R = Me. and /Bu, and it is proposed that one molecule of TFE may have a
specific role as electrophile: in contrast. reactions of substrates containing an EWG can be explained by third
order reactions in which one molecule of solvent (ethanol or TFE) acts as a nucleophile. and a molecule of
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ethanol acts as a general base catalyst. Isokinetic relationships are also investigated.
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Introduction

Studies of the stabilization of carbocation intermediates
(C™) and transition states for solvolytic reactions in aqueous
organic solvent systems have been performed as one of the
important projects for a long time. The main factors related
to the stabilization have been found to be the polar solvent
effect (the ionizing power. Y)' and the resonance effect,”
recently Bronsted type solvation effect (rertiary alkyl
cation)” and more a hydrophilic substituent effect.’ have also
been considered. Nucleophilic solvent participation on
carbocations for solvolytic reactions has been interesting (so
far)” since an appreciation of the nucleophilic solvation of C*
in solvolyses of fers-butyl chloride (#-BuCl). which brought
about a more suitable new Syl model compound. was
reported by Kevill® and the nucleophilic and the electrophilic
solvation effect for these reactions of benzyl™® and benzoyl
systems™'” (led by the introduction of C=0O group into
benzyl system) were also found out in fluorinated alcohol
svstem favoring cambocation [including 2.2.2-trifluoroethanol
(TFE)-ethanol system as medium].

Solvolvses of series of aliphatic acy] chlorides'’ (parent
compound: CH;COCI), were reported by Kevill’~’ as S,N
mechanism in ethanolvses (highly nucleophilic media) and
as (second) third order reactions by general base catalvzed
(GBC) by a molecule of solvent in methanolyses, respectively.
Whereas. in aqueous solvent svstems, solvolvtic reactions
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for CHaCOC] and trimethy] acety]l chloride [(CHa):COCI]
possessing a bulky alkyl group. were evaluated by
Bentley'*!" as the bimolecular reaction (no GBC) and as the
competing reaction channel. respectively according to the
variation of the solvent composition. More recently, for
solvolvses of substituted acetyl chlorides containing sulfur
atoms in aqueous organic solvent svstems including TFE-
ethanol solvent systems. the same reactivity with relatively
large nucleophilic solvation of the carbonyl group (C=0)
relative to the electrophilic solvation were also imvestigated
by Ryu '

Other investigations for carbonyl compounds include the
effect of the groups adjacent to the reaction center (C=0) in
studies of kinetic and mechanism of aminolysis'™"® and
pyridinolysis™-! of substituted acylate compounds: observed
effects are small. with substrates undergoing the same
stepwise mechanism.

Our research has been conducted to obtain further
information on the possible effect of adjacent groups and a
possible application of third order models to solvolyses with
nucleophilic participation in transition states (TS) with
variable carbocation character. Aliphatic substituted acyl
derivatives  (Scheme) undergoing addition-elimination
(SN and for Sx2/Sx1' mechanism are chosen as the
substrates for our work and the solvent systems chosen are
as mentioned below.

TFE and ethanol are well known for contrasting™~
nucleophilicity and polarity: 100%TFE (solvent nucleophili-
city. N17*=* = —3.93 and solvent ionizing power. Yor™: 2.79)
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and 100% ethanol (N — 0.37 and Y¢— —2.5). Kinetic
studies of solvolyses in these alcohols probe for nucleophilic
solvent assistance in solvolysis even though the two alcohols
have dielectric constant which are closely similar (&L —
26.14 and &aupanel — 24.32 at 25 °C).7 Also 97% (wiw) 2.2.2-
trifluoroethanol-water (97T) has a similar nucleophilic
property to formic acid (Nps®™® ——2.59 for 97T and —2.05 for
HCO-HY and 80%(v/v) ethanol-water (80E) is the standard
solvent for the solvent effects. As binary solvent mixtures for
solvolyses, we studied TFE-ethanol solvent systems, which
have a large negative gradient in the relationship® of solvent
nucleophilicity (N) with solvent ionizing power (Y, based on
2-adamantyl tosylate} as their mixtures composition are
varied, and TFE-water solvent systems with a drastic decrease
in N**%7 with an increase in TFE content. Additional solvent
systems were chosen to be 1,1,1,3,3.3-hexatluoro-2-propanol
(HF[P)-water solvent systems {a relatively acidic solvent).
Solvolysis rates are analyzed by Taft’s polar correlation.™
Grunwald-Winstein plots,”™*""** third order reaction models,
kinetic solvent isotopic effect (KSIE) and Leffler’s isokinetic
relationship™ for the substrates shown in the scheme.

Results

Rate constants for solvolyses of substituted acyl derivatives
of 1-11 in 100% ethanol, 80E, 100%TFE and 97T solvent
systems at various temperatures and the activation para-
meters are shown Table | and rate constants for substituted
acy | derivatives of 1, 4 and 7 substituents in fluorinated
alcohol systems at 0 °C are also shown in Table 2.

Discussion

Polar and steric relationships. This relationship was
expressed as the two-term Taft eq. (1)™ considered the role
of both polar and steric effects, and has been extensively
used for kinetics of the formation and hydrolysis of
carboxylic ester.*®

log(kiko) = p* 0% + O T )

[n eq. (1), & is the solvolytic rate constant for reaction of
RCOCI, k, is the rate constant for the standard compound [R
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Table 1. I'irst order rate constants® for solvolyvses of aliphatic
substituted acyl derivatives in solvent systems chosen at various
temperatures (T) and the activation parameters

RinRCOCT  solvent T 5C kuy ~ 10351 SH% 487
kealimole  eu
Me(1)- 100%ECIOHT  -10.0 8.58+0.01 129  -189
500 14.1+0.1
00 21.9+04
I00%TFE  -10.0 11.8+0.1 112  -246
50 174405
0.0 268+02
80%(vAWIEIOH: -10.0 112=10 138  -10.3
500 118=1.0
0.0 308
97%waTFES -13.6 187 137 -132
S50 477£10
00 573
50 119
Et2)- 100%EIOHT  -12.8 779+ 0.05 142  -13.4
100 10505
S50 178+1.1
0.0 29.0+07
100%TFE!  -12.6 674+0.04 1480 -11.3
100 8.50+0.04
S50 154£02
0.0 258+04
80(vVI%EIOH -12.4 571406 1532 +5.14
100 783+ 1.0
500 141=90
0.0 229=30
97(wiw)%TFES <124 167£02 131 -159
100 21207
50 365+0.1
0.0 535521
i-Pr(3)- 100%EOHT -10.0 7.56£01 106 -27.6
0.0 169+ L5
10.0 342"
100%TFEY  -10.0  5.6+0.1
0.0 14007
10.0 32.8"
80%{(v/v)EtOH -13.4 23406 13.8  -12.8
100 31.9+03
0.0 81.8+0.1
10.0 233"
97%(wwW)TFE* -10.0 155+0.2 121 -20.7
500 245100
00 371103
50 572410
r-Bu(d)- 100%EOLE <100 1141009 129 -22.7
S0 189+ 0.09
0.0 2.48=00I
100 7.05L027
0% <100 134001 143 -172
0.0 3.60+0.01
100 9.93 L 0.66
B0%(vAIIOIE 100 5.7+£03 131 -188

0.0 13.4
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Table 1. Continued Table 1. Continued
ALJ- 4 AQId . té b
R in RCOC]I solvent T. °C hows - 107570 AH . A5 R in RCOCI solvent T. °C ks - 10787 AH - AST
keallmole  eun keal'mole  eu
-Bu(4)- 250 12020 PhCH-CH: 0.0 832=29
97%(ww)TFE2 -10.0 314 = 0.04 134 -187 - 100 217+20
0.0 866=001 97%(wwW)TFEf -10.0 3582+ 0.03 141 -149
100 20702 0.0 139=02
CPCHx5)-  100%EtOH" 131 624 =001 146 -123 100 422=04
-10.0 838=0.12 (Ph).CH 100°,E1OH¢ 0.0 9.01x0.12 999 312
S0 145£05 10)- 10.0 157"
00 25201 2000 378002
1000 TFEY  -130 226+03 134 -142 30,0 37.0+0.01
-100 313+£16 1000 TFE? 0.0 0163=006 156 -189
5.0 511+£1.0 100 0.370°
D0 827+£05 200 1.03+004
B0(viv)*uEtOH" -13.1 434+06 30,0 302022
-100 632+£04 160 28 80(%oviv)ETOH® 00 22.6=04 1.0 -236
500 118+20 100 419
D0 200=9 200 972:=20
97(wiw)'»TFE2 -13.6  404+03 132 6.1 97%(wwW)TFEX 0.0 0.35+0.01 147 =201
100 63.1+02 100 094
S0 106=3 200 24+01
D0 187=8 PhSCHA(11)- 100°EtOH* -10.0 12.6=0.3 992  .293
CICH:(6Y 100%EtOH 100 101 +£22 00 273=01
PhCHa(7)- 100 EtOH® 00 20410 846 -352 10.0 317
30 27203 100°TFE 0.0 0143=001 156 -191
100 36.7+£03 10.0 033
100%TFEY 100 047+0005 126 256 200 109004
50 077=0.04 80%(viv)ETOH® -10.0  30.53=10 103 -26.0
00 1.18=0.03 0.0 68.0=04
80%(viVIEtOH® -10.0 244 =0.07 112 232 10.0 1327
00 347+£20 97%(w/wW)TFE® 0.0 0485+ 0.008 144 209
100 11920 10.0 1.11”
S7%u(wwW)TFE* 0.0 3.04 = 0.01 132 -142 2000 3.04+£001
0.0 788=001 30,0 726029
200 221=028 “Determined conductimetically at least m quadruplicate; tvpically
TP-CHx8)"- 100%EtOH® -10.0 13.4=0.07 990 292 mjected 4 pL of 12e(wAw) substrate in drv acetonitrile mto the kinete
00 203406 apparatus with a turba-stirrer containing 2 mL of each solvent systems:
D ’ errors shawn are the standard deviations, ®Calculated from Exvring plats.
100 548 ‘Pure ethanol solvent. “Pure 2,2,2-trifluorcethanol solvent. ‘80%(viv)
100% TFEY 0.0 0.193+£0.01 139  -246 ethanol-water solvent svstem. ‘Data from ref. 14. #97%(w/w) trifluoro-
10.0 0.423" ethanal-water salvent svsten measured exactly as 96.87%(w'w) bv
B e using a Karl Fisher Titrator. “Data fram ref. 35. ‘Reparted as k = 2.49 x
200 1.19=005 10757 in ref. 15. Data from ref. 15. *Presented as cvclophentyl aceryl
80°o(viv)EtOH? -10.0 36809 996 -286 chloride. ‘Solvolysis rate in 1002 TFE solvent was too slow to measure
0.0 75.0 under aur experimental condition. "Presented as thiophenyl-2-acetyl
B N chloride. "Data trom ret. 16 [electranic supplementary intormation (ESI)
10.0 144" available: TableS1-S3, see httpwww.rsc.org/suppdata’p2:b2:b2026641:].
97%(wwW)TFEX 0.0 0590014 144 -205
10.0 1.307 . . .
200 3752 0,03 = Me-(1)]. ¢* is a polar substituent parameter for R- E; is a
;O-(.) é' 6o ~ 019 steric parameter for R- and p* and § are susceptibilities for
IR h substituen meter. r ively.
PICH.CH:  100%EOH: -100 80£0006 130 154  cachsubsttuent parameter. respectively. ‘
) 00 D0+08 QOur work recognizes the formal similarity of solvolyses of
| O- 0 _"1;9 N 0-1 acid chlorides and carboxylic esters. analyzed in terms of the
— o . ) ) . eqn. (1). The results of correlation analysis imvolving
100%TFEY  -10.0 2.29=0.06 149 -139 . . g -
00 689008 multiple regression on p* and J are tabulated in Table 3.
| O' 0 l 8. ;; 0 e Higher contributions of a polar effects (0.65 < p*) relative
- D ric effe rather small: 0.18 <93<0.50) wer
S0U(vVEOH! -100 34207 131 .15 0 @ steric effects (rather sina o ) were

abtained for solvolyses in pure ethanol and 8OE (relatively
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Table 2. Iirst order rate constants (4 x10%s7"y tor solvolyses of
various substituted acyl chloride in agueous lMuorinated alcohol and
trifluorocthanol (T)-cthanol (E) solvent mixtures at 0 °C

Solven(® | 4 7
90% TFL 209+ 1.0 22340.1 9.17+0.01
80% TFC 775420 549402 2.21+0.09
70% TFC 1440¢ 164+ 1.0 5.64+0.1
60% TFC - 268 +5.0 -
50% TFC - 336+3.0 1.12+0.02
80T-20C¢ 36.3+0.2 490 +0.06 4.86 +0.00
60T-40C¢ 33.7+0.1 4.17£0.01 7.64 +0.04
50T-50LC 31.4+0.1 3.86 £0.03 9.46 +0.05
40T-60L* 205402 346 £0.01 11.7+0.02
20T-80L¢ 26.2+0.1 3.06£0.01 16.1 +£0.06
97% HFIP* - 51.440.1 7.52+0.02
90% HFIP’ - 58340.1 14.6+0.11
50% HFIP - 269+0.4 106 +2

“Performed under the same condition as tootnote a of Table 1.
"Percentage of solvent composition based on weightAveight. ‘Data from
rel. 14, “Percentage of solvent composition based on volumeivelume.
‘T-F s 2.2.2-TFFE-cthano! solvent systems, “HFIP is 1.1.1.3.3.3-
hexafluoro-2-propanol-water  solvent  systems. “Measured  exactly  as
97.31% (w/w) by using a Karl Fisher.

Table 3. Correlation of log(kikse) and log{&fkvie-y) Tor solvolyses
ol series of aliphatic substituted acety| chloride studied in this work
at 0 °C with Taft’s singlc (polar) and dual {polar-steric) paramcters”

Solvent parameters n® £ px & e

cthanol o* 50964 0.50 -0.593
o*. C; 70955 070 049 012

TFE o* 7 0995 227 -1.18

o*. Cs 70975 208 062 -040

80% (viv) o*. C, 70924 066 019 -021

ethanol-water

Q7% (wiw) o* 70974 226 -0.760

TFl=water o 1 700981 2207 077 -029

“Used by polar (o*} and steric {Es) parameters quoted from ref. 38 for
aliphatic system within the range ol all those known and log(4ikwe) were
used for single regression parameter (6%) (A vate constant in 80%(v/Av)
cthanolwater solvent system) and log(k%n. ;) was used for dual
regression parameter (0% and E) (Ane-p: rate constant for acetyl
chloride). "Number of acy] derivatives used for correlation. “Correlation
coctlicient, “Susceptibility to cach paramcter chosen. “Value of constant
obtaincd from the corrclation. ‘Two points for | and 2 acyl derivatives
were removed due to the deviation from comrelation (as shown in
Figure 1}
nucleophilic solvents). Our results for ethanolyses are
appreciably different trom those reported previously' (e.g
p* = 0.547, 6~ 0.527 and r — 0.933). This is probably due to
the different substituents analyzed (r — 0.955 tor this work).
As pure TFE and 97T are relatively acidic, weakly nucleo-
philic solvents, steric effects (0.62 < 0) are of greater
importance in determining the rates and more negative p*
values (—2.08) were obtained.

Considering only polar (o*) parameter and of replacing ,
for Me-(1) group by kg for R-groups in 80E solvent
system, led to the eq. (2).

log(Aiksar) = p* o* 2)

Zoon Ha Ryu et al.

0.0
04
0.8
L
8
<
X
- 124
(@]
ke]
-16 m trifluoroethanol
e ethanol
2.0
T T T T T T T T T v
-04 -02 0.0 0.2 04 06

*
Figure 1. Taft’s polar rclationship using the eq. (2) for solvolyscs
of aliphatic substituted acy] derivatives in chosen solvent sysiems
according o struciural change in the substitutents at 0 °C,

Equation (2) permits the efficient interpretation of the
effect of adjacent groups (especially the downward deviation
shown in Figure ). Solvolyses in TFE give a good the p 6%
plot {slope —=2.27. Table 3). showing reactions distavoured by
electron-withdrawing groups (EWG). For pure ethanol
solvent. the points for 1. 2 and 3 laid surprisingly on the
same correlation line as TFE (Figure 1}, indicating similar
solvolysis rates in TFE and ethanol solvents. [n contrast,
other ethanolyses gave a correlation of small positive slope
[slope {(p*) — 0.50.n — 5 and r — 0.964: except for 1 and 2].

Grunwald-Winstein (GW) correlations. Correlation of
solvolysis rates with changes in solvent composition has
been evalvated by an one term Grunwald-Winstein {(GW) eq.
(3)‘26.3131

log(kksor) =mYa—c¢ (3)

In the equation (3). £ and Asue: are solvolysis rates in a given
solvent and BOE solvent system as a standard solvent,
respectively and Y¢r is a solvent ionizing power parameter
based on solvolysis rates of l-adamantyl chloride' as a
standard substrate with m — 1.00 and the sensitivity to the
change in those parameters. respectively, and c is a residual
(constant) term. Equation (3) has performed satisfactorily in
the role as a tool of mechanistic criteria on the basis of the
degree of electrophilic solvation on the ionization TS
(unimolecular character) with respect to the change of
solvent composition.

Introduction of /Ny term, corresponding solvent nucleo-
philicity term {bimolecular character), into the eq. (3) led to
the two terms {extended) GW eq. (4).>"™*

log(A'ko) =mY ¢ = MNy +¢ @)
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[n eqn. (4). ! is the sensitivity to change in solvent
nucleophilicity Ny (based on solvolysis rates of S-methyl
dibenzothiophenium ion®).>** Multiple correlation using eq.
(4) have been highly successful for solvolyses of acid

127w methanokwater
® ethanol-water A.
ogd * acetone-water
' v trifluoroethanol-water & -
¢ trifluoroethanol-ethanol
04 - Q8 v
] '
0.0 - -] A
~ L v
g r=0.732, n=25
x J
8’) N
T 084 A v
100E p @’
121 @ ' 100
_15 -
A
'20 T T T T T T T T
24 -16 -08 0.0 0.8 16 24 32
Yo

Figure 2. Grunwald-Winstein plot for solvolyses ot Acctyl
chlovide (1) at 0 °C. (kinetic data were quoted from rel. 14 and
Table 2 in his work).

12
® methanol-water A
® ethanol-water
08 A acetone-water
v trifluoroethanol-water
trifluoroethanol-ethanol
04 4
0.0
e
3 -04 -
()]
1=
-0.8 -
*80T-20E
-12
-16 -
r=0.988, n=20
'20 T T 1 T T T T T 1 T T T T T T v T
20 <16 <12 08 04 00 04 08 12

0.67Y, + 0.79N,

Figure 3. Extended Grunwald-Winstein plot for solvolyses of
Aceryl chloride at 0 °C. (condition analyzed were shown in g and h
footnote of Table 4).
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chlorides®™* reacting via a single mechanism over the range
of organic solvents, and nucleophilic solvation is one cause
of dispersed Grunwald-Winstein correlation (eq. 3). Further
investigation of the differential reactivity in ethanolysis
separated according to whether substituent s alkyl or
arylaliphatic group was attempted using an one-term (eq. 3)
and the two-terms (extended) Grunwald-Winstein equation
(eq. 4).

Solvolyses of aliphatic substituted acyl derivatives wete
studied over a wide the range of aqueous organic solvents
including TFE-ethanol to inquire further into the reactivity
in terms of the solvent effect. These results of correlation
analyses involving multiple regression on Y¢i and Ny (egns.
3 and 4) are described in Table 4 and the previous results
reported so far for acid chlorides are also included 1n Table 4
(and /or in footnotes). Typical correlations for one-term and
two-terms GW parameter correlation in solvolyses of acetyl
chloride (1) at 0 °C are plotted in Figure 2 and 3 respectively.

Comparison between Figure 2 and 3 exhibited that the
separate liear correlation in TFE-water solvent system
(Figure 2) became a single linear correlation with log(&/ksor)
— {0.67+0.03)Y¢ + (0.79+ 0.04)N + 0.09+0.04 (¢ —
0.988 and n — 20} see Figure 3. When solvolyses rates in all
solvent systems including TFE-ethanol solvent system are
analyzed by eq. (4), an unacceptable correlation coefficient
(r—0.934 and n—25) was obtained, so that separate
discussion s needed for these solvolyses. Anyway. from a
single correlation 1n aqueous organic solvent systems

Table 4. Correlation analyses of log(kiksar} lor solvolyses of
various acetyl chlorides with the multiple parameter Grunwald
Winstein cquation [(3)and (4)]”

Rin RCOC! parametersolvent n* m! ¢

150 °C) Yo Nt all 20 0988 067 079 0.09

310°C) Y. Nt f 6 0982 081 072

44440 °C) Yo Nt ool 18 0994 090 075 -0.258
4(0°C) Yo Nt f g 0981 092 074 -0331
4(10°C) Y. Nt f 70987 097 074

T(0°C) Yo Nt f 3 0989 079 095 -0950

8(10°C) Yo Nt all 33 0939 042 103 0031
L*(10°C) Yo Nt oall 35 0963 039 102 0002
124(10°C) Yoo Nt all 33 0964 046 102 -0016
P-NOPW- Yo Nt oall 34 0969 034 178 0.110

(25°C)

“I'he multiple regression analysis was performed using Origin 6.0
program using the values of solvent parameter for Yo and Ne quoted
from ret. 26 and ref. 6. 25, *Number of solvents. “Correlation cocfivient.
“Susceptibility to cach solvent parameter chosen, “Value of constant
obtained from the correlation. ‘Result analyzed using data trom ret. 14
and ‘Table 2. And (he result in agreement with those reported Bentley {the
m  0.86 and the /  0.68) in aqueous solvent system including acelic
acid solvent, “Iixeept for trifluorocthanol-cthanol solvent systems in
correlation. “For aqueous fluorinated alcohol and data quoted from ref.
35. Result analyzed using data lrom rel.15 and ‘Table 2. ‘Solvent systems
chosen lor correlation is only higher aqueous binary mixtures known as
the range of Sy mechanism (the dual reaction channcel) (ref. 15 and ref.
16). “Result analysed using data from ret. 16 ‘Quoted from ref. 37b and
the m- and (he /- values for solvolyses of acid chloride SN pathway:
0.57. 1.68 lor PhOCOCT (rel. 37b). 0.58. 1.59 for MeOCOC] (ref. 40)
and 0.46. 1.61 for p-NO:PhCH:0COCI (ref. 37¢). respectively.




1298  Bull Korean Chem. Soc. 2003, Vol. 24, No. 9

24
m methanol-water 30E
® ethanol-water 30mM
20 A acetone-water 30A,
v trifluoroethanol-water
16 trifluoroethanol-ethanol
12
2
X
E, 0.8
(2]
ie]
04 -
0.0 4
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Figure 4. Extended Grumvald-Winstcin plot for solvolvsces of
trimethylacetyl chlovide (4) at 0 “C. [in case ol including TFE-
gthanol system. r=0.975 (n=23) was oblained and condition
analyzed are shown in . i and | footnote of Table 41.

meaning a single reaction channel, the solvent effects for this
reaction with a loose type S;2 mechanism (reported by
Bentley'*) quantitatively dissected into the contribution from
solvent ionizing power (m —0.67) consistent with C-Cl
cleavage and solvent nucleophilicity ({—0.79). But, for
TFE-ethanol solvent systems, not containing water, no major
change of correlation patterns were observed in Figure 2 and
Figure 3.

A similar pattern to those discussed above for 1 is also
seen in solvolyses of 4 (dual reaction channel) within a
range of Sx| solvent systems at 0 “C. The plot for this
result from multiple regression analysis with log(k/ksoe) —
(0.90 + 0.03)Y 1 —(0.75 + 0.03)Ny — (0.2 + 0.095) (r — 0.994
and n — 18) is shown in Figure 4.

Considering on the basis of the multiple correlation of ¢
BuCl (m —0.86 and /—0.38 for Syl standard compound)”
with nucleophilically-solvated cation intermediate, those of
trimethylacetyl chloride (+~BuCOCI, 4). led by the intro-
duction of C—O group into ~BuCl, in rich aqueous media
was considered as being a consequence of the ionization
mechanism with considerably nucleophilic solvent partici-
pation (about relatively two fold the / value) on developing
carbocation. A greater m value for 4 relative to those for 1
would be consistent with the dominant electronic effect to be
expected in the presence of three methyl groups. As shown
in Figure 3. the deviation (like 1) from the TFE-ethanol
correlation also was displayed for solvolysis rates of 4.

[n turn, an acceptable linear correlation in aqueous organic
solvents including TFE-ethanol solvent systems have been
reported previously for solvolyses of substituted acyl
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derivatives’® containing S-atom, para-substituted benzoyl
derivatives (-XCeHsCOCI'™ and chloroformate systems
(ROCOCIY™=4 and these results are described in lable 4
(and/or footnotes). Such phenomena can be explained by the
similarity of mechanism caused by the similarity of the role
of solvent molecules {as a nucleophile) in aqueous organic
and TFE-ethanol solvent systems to stabilize TS structure.

Although solvolyses of cyclopropylcarbinyl and cyclo-
butyl bromides were reported by Kevill* as the reaction
proceeding via the ionization mechanism with an appreciate
nucleophilic solvation of carbocation {like ~-BuCQOCI), the
correlation lines including the points of TFE-ethanol solvent
systems (slightly below one) were shown in these solvolyses.

Consequently, solvolyses of 1 and 4 having two separate
correlation lines using eqn. (4), for aqueous media or non
aqueous media (TFE-ethanol solvents), can be rationalized
in terms of two different modes of nucleophilic attack on the
C—O group (see below).

Two third order reaction models. Nucleophilic attack by
the molecule of solvent has been quantitatively evaluated by
a third order reaction model.**' based on a general base
catalyzed (GBC) reaction involving another molecule of
solvent. For solvolyses in TFE-ethanol solvents.™*'" we
could establish eq. (5) having four possible third order
reactions:

kows = ke [ethanol > + krr[ TEC) +{ket +kre) [ethanol ][ TFT]
(5)

the letter described in the subscript of third order rate
constants (k) in eq. (5) represents the role of solvents as a
nucleophile (first letter) and/or as a general base (second
one) (E: a molecule of ethanol and T: a molecule ot TFE.
e.g. ki term; E as a nucleophile and T as a general base). [n
cases where it is established that yields of trifluoroethylated
products are low, equation {5) has been simplified by
assuming that the main factor determining the rate constants
is nucleophilic attack by ethanol, assisted by another
molecule of ethanol.*™* More generally, we have shown that
the rates of solvolyses of acyl chlorides, containing aromatic
rings or other EWG, can be explained using eqn. {6) (in
which only the ki1 term is ignored),™ in these cases, ko'
[ethanol]’ is linearly related to the solvent ratio [TFE)/
[ethanol] (Table 5), and solvolysis rates in ethanol are
significantly faster than in TFE (see i/ky ratios for sub-
strates 7-12 and others in Table 3).

keovs/[ethanol]” = ke + (ke + kte) [TTE]/[ethanol] (6)

The slightly negative slope of the correlation using eq. (6)
(Table 5) observed for solvolyses of p-nitrobenzoyl chloride
at 10 °C could be an expression of dominant dependence on
two ethanol molecules (ki term} compared with other
solvent molecules.*'® Benzoyl chloride showed an excellent
correlation {r —0.998 and n—4) with a slightly positive
slope.

However. solvolyses of substrates 1-4 in TFE/ethanol
mixtures give low ke'kr ratios (Table 5), and are not well
correlated using eq. (4) (see Figures 3 and 4). In contrast,
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Table 5, Results analysed using third order model equations [(6) and (7)] and selectivity (k&) values tor solvolysis rates of aliphatic
substituted acety| chloride in writluoroethanol-ethanol solvent mixtures

E107%7'LAmol™

R in RCOCI - I slopefintereept” ki her
slope” intercepl”
1Y(0°C) 433+ 0.14 (4.37) 141 = 0.15(1.39)* 0.998 3.07 0.817
2" (0°C) 1.12
3 0°0) 1.21
3(10°C) 5.84+0.29(3.14) 1.75 =031 (1.70) 0.996 3.34 1.04
+(0°C) 0.488 + 0.017 (1.06) 0.213+0.017 (0.197)¢ (.998 2.29 0.647
+(10°C) .64 + Q.08 0.500+ 0.08 (0.514) 0.997 3.29 0.710
7°(0°C) 1.08 + Q.06 0.548 + 0.094 (0.703Y 0.993 1.98 17.3
84(10°C) 0.665 + 0.081 2.22+0.10 (1.89Y 0.972 0.30 129
10 (10°C) 0.803 0.557(0.541y 0.996 1.44 42,4
1Y ¢0°C) 0.480+ .10 0.960+ 0.160 (1.78Y 0.942 0.16 157
124 (10°C) 1.16 +0.06 1.93 + 0.09 (1.82Y 0.994 0.6 779
MeOPhCH:'- (10 “C) 344 1.49 0.99 2.31 7.42
PhCOCI™- (10°C) (1.31+0.06)x 1072 (6.72+0.21)x 107 0.998 1.94 2"
(634 x 1077y

P-NO-PhCOCI"- (10 °C) -(4.32+0.76) x 107* 0.128 + 0.003 (0.126Y 0.970 120"

“In case of 1, 3 and 4 groups, the slope and the intercept obtained trom the plot using eq. 7 (including pure TFE, but exeepted 40T-F solvent system)
correspond (o (ker | kre) term and &y term. respectively. but except {or these compounds. the intercept is required 10 be changed as kee term obtained
from the plot using eq. 6 {(whole the range of T'FE-ethanol studied in this work lor correlation). “Correlation coeflicient, “Correspondedd (o the &k
ratio.tor 1. 3 and 4 groups and to the &rr/kT7 ratio for other compounds. “Ratio of solvolysis rates between those corresponding for pure cthanol {4¢) and
pure TIT solvent (£7). *Result obtained trom Table 2. Data quoted tor methanolyses in acctonitrile at 0 ¥C trom Table 2 of ref? 13 “Caleulated by Ayr=
kaos/| TFEF. "Data lrom Table 1. ‘Result obtained from ret. 35. ‘Calculated by kep= kovsf | ELOLTF . *Result obtained from ref. 16. ‘Removed the point for

80'1-E solvent sysiem. "Result obtained from rel’. 9 {using Kinetic data in 401-E. 30°1-E. 20'1-E and 100E). "Data lrom ref. 9.

1.4x10°
= 1(0C)
e 3(10C)
1.2x10° - 4 4(07)
v 7°(0C)
1.0x10°
N
i 8.0x10* o
[
j’ 6.0x10*
4.0x10"
2.0x10% 7
0.0
0 1 2 3 4
[EtOH]/[TFE]

Figure 5. Plots ol 4ews/[TFF]® vy. molar ratio of ethanol and TFF.
for solvolysis of aliphatic substituted acetyl chloride chosen in
TFL-cthane] system. “Plotted using eq. (6).

solvolyses of 12 are well correlated using eq. (4).'" To
explain the results for 1-4, we now propose an alternative
third order mechanism in which the solvent molecule
assisting nucleophilic attack acts as an electrophile (not as

general base). In support of this proposal. electrophilic
assistance by phenol accelerates solvolyses of acetyl
chloride, but retards solvolyses of chloroacetyl chloride.'* As
TFE is a better electrophile than ethanol, it the 4:: term in
eq. (3) is ignored, we then obtain eq. {7). Consequently, ko
|ITFE]*> should be linearly related to the solvent ratio
[ethanol]/[TFE]. as found (Figure 35, Table 3).

ko [ TET) = kerr + (ker + kve) [ethanol |{[ TFE] (7)

The difterent values of the &/ky ratio for 4 from those
values for other acyl chloride with alkyl groups is responsible
for dual reaction channel depending on the characteristic of
solvents. Relatively large /-values in solvolysis of aliphatic
substituted acy! derivative do not seem to be a conclusive
clue to the type of assistance to nucleophilic solvation (third
order reactions with GBC or electrophilic assistance).

Kinetic solvent isotope effects (KSIEs). In the studies on
acid chloride solvolyses proceeding via SN mechanisms,
the determination of the values for KSIE (KSIE in methanol
>2.0),"'* presented as krow'krop rate ratios, provided
convincing evidence for third order reactions. based on
powerful GBC by one molecule of solvent. High values
(>1.6)* as (possible) third order®™* reactions and low values
(< 1.2y"%5 as Syl or Sy2 reactions have been proposed.
respectively.

KSIE values determined for this work are given in Table 6
(along with selected literatures valves). New results for
CFsCH20D are included, and values cotresponding to the
range of $,2/Sy1 reaction mechanisms were observed. These
results support the exclusion of the krrterm {proposed in eq.
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Table 6. First order constants (457 in methanol and trifluoro-
cthanol for kinetic solvent isotope elfect (KSIH:sy

R in RCOCI methanol methanol-£' ':":0:[:.
2(0°C) (.06 L 0.03)x 107 (2851007 x 102 142
5(0°C) (433 L0.09x 107 (31210007102 138
8(10°C) 1.80¢
9(0°C) (7.99 L 0.04) x 107 (S41LO20)x 107 1.48
10 (10°C) 1.61¢
P-NO:Ph-(25°0) 227
11(10°C) 1.68/
12 (10 °C) 1.48"
trifluorocthanol tritluorocthanal-£Y
1(0°C) (267 001)x [0* (2.64+0.02)x10°  1.01¢
300 (L40 £ 0.07)x [0 * (1.34+£0.03)x10°  1.04"
4 (0°C) (3.60£0.01)x 10 (3.53£0.00)x10° 102
7(0°C) (1.232001)x 10" (1.23+£0.00)x 107  1.00¢
CDPM’ (0°C) (1.16 £ 0.02)x 10" (LO4£0.02)x 10" 1,127

“Determined under the same conditions as shown in tootnote a in Table
3. *Mcthanol-{ was Aldrich (:299.3% D). ‘Kingtic solvent isotope ettect.
“Data from rel 16. ‘Data from rel. 41b. Trifluoroethanol-7> was Aldrich
(+99% D). ¥1.32 of KSIE in methanol from rel. 16. #1.37 of KSIE in
methanol from ref, 16, 1 46 of KSIF in methanol trom ref. 16 and 1,35
tor PhCOC| from ref. 14, ‘Rate constant measured tor KSIE was within
the range ol standard deviation. when compared previous the result of
rate constant |4 ={1.18 L 0.06) x 107°] obtained as shown in Table 1.
41.40 of KSIT. in mcthanol trom ref. 16, ‘Chloradiphenyl methane, “1.06
ot KSIFE in methanol at 35 °C trom ret, 46,

6). and show the absence of GBC by a TFE molecule. The
slightly higher value of [.12 for chlorodiphenylmethane
(CDPM)" can be rationalized as the result of a degree of
electrophilic assistance.

Leffler’s isokinetic relationship™ (eq. 8), a linear
relationship showing the compensation effect between
activation enthalpies and entropies of a series of reactions
related by structural change, was applied to solvolyses of
acetyl chloride over a wide range of substituents.

SAH? = BOAS* (8)

For the plot for pure ethanol and TFE solvents, a linear
plot with the isokinetic temperature (3~ 268.2 K; r — 0.996
and n — 12 in Figure 6) separates these relationship into two
parts, one having a good linear correlation and another
showing deviations above the line. Most points form a
straight line consisting of activation parameters for all
ethanolyses of all substrates (except for 4). This result imeans
that these ethanolyses are within the same series of reactions
controlled by structural changes in a bimolecular TS. The
points for solvolyses ot 1. 2 and 3 in pure TFE lie on this
same line (like Figure 1) with similar slope (8~ 254.5 K).
but a different intercept was observed for 4 possibly due to
steric hindrance.*’

For all solvolyses of arylaliphatic substrates (7-11) in TFE.
the scattered points again show positive deviations from the
linear correlation and the degree of the deviation appears to
be related to the ku/ky (1) terms and/or the (kur +hre)ker
term. Such phenomena are attributed to the lesser role of
TFE as nucleophile at the formation of TS structure.
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Figure 6. lsokinctic rclationship: plots of All* ws. AS® for
solvolyscs of aliphatic substituted acy derivatives in 100% cthanol
and 100% trifluoroethanol solvent systems according Lo structural
change in substituents [numerals: (k& parenthesis; (er b Ao/
krr|.
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Figure 7. lsokinctic rclationship: plots of AH® vs. AS™ for
solvolyses of aliphatic substituted acyl derivatives in 80%{v/v)
ethanol-water solvent systems according to structural change in
substituents. Isokinetic temperature. 8= 226.7°(r=0.994. n=7)
and £=91.38C (r=0.995.n=4).

For 80% (v/v) ethanol-water, two separate linear corre-
lations with 8—226.7 K {r—0.994 and n—7) for arylali-
phatic substrates (as well as for 1 and 5) and with 5 —91.4 K
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(r=0.995andn=4)for1. 2, 3 and 4. were observed (Figure
7). Isokinetic relationships for substituted acyl derivatives in
our work show a high sensitivity to polar aqueous media
(particularly alkyl groups). Consequently. in this solvent
system. these reaction depended on the solvent effect (rather
than electronic effect) were controlled by entropy (AS%)
value because the 3 values are less than the experimental
temperature (8 < Teg) >

Conclusion

Successful applications of third order models using the
eqns. (6) and (7) for solvolyses of aliphatic substituted acyl
derivatives (Sx2/Syl process) in TFE-gthanol solvent
svstems depend on whether arvlaliphatic or alkyl groups are
present. The different contributions of third order rate
constants obtained from linear correlation with positive
slopes were shown to be the Age and the Are terms for
arvlaliphatic and the 477 and Az1 (TFE molecule in a specific
role as an electrophile) terms for alkyl groups. respectively.
The contributions from the (ker+Ate)/keE terms analyzed for
aryvlaliphatic substituted acyl derivatives increase in the order
9 <7 <10 <8 <11 group. providing strong support for the
fact that the ratio of those third rate constants are not
dependent on the degree of the solvent mucleophilic
participation (the / values) in the rate determining step (rds)
but TS structure favoring electrophilic solvation. Solvolyvtic
reactions of those derivatives with alkyl groups undergoing
the positive charge developing on the C=0 group in the rds
fit eq. (7) and could be mainly controlled a molecule of TFE
solvent acting as a electrophile.

Taft’s polar correlation (Figure 1) and isokinetic relationship
(Figure 6) with the phenomena of collinearity. the results
analyzed by Grunwald-Winstein parameter and KSIE effects
have confirmed as the nucleophilic solvent participation
(reflected alkyl groups favoring carbocation TS) in solvolyses
of those derivatives with alkyl group. but for arylaliphatic
substimted acyl derivatives. solvolyses which proceed
through the nucleophilic solvation of TS with no the
adjacent effect were observed.

Experimental Section

Materials. Solvents used for kinetics were dried and
distilled by standard methods except for 1.1.1.3.3.3-hexa-
fluoro-2-propanol (HFIP. 99%). methanol-D (>99.5% D)
and trifluoroethanol-2 (>99%D) which used Aldrich reagents
without distillation. Aqueous fluorinated solvent mixtures
were prepared by mixing appropriate weights at ambient
temperatures. Accurate water contents of 97% (w/w) TFE-
water and 97% (w/w) HFIP-water mixture were determined
by a Karl Fisher titration (Model: ORION AF instrument)
using (Hvdranal composite 5 K reagent (precision: 0.3% at
Img H»0). TFE-ethanol and other solvent mixtures were
prepared by volume percentage (%ov/v).

Solvolyses of aliphatic substimtes acetyl chlorides
(RCOCI) used Aldrich reagents for: R = Me (1. purity 98%}).
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R =Et(2.98%). R =i-Pr (3. 98%): R =r-Bu (4. 99.6%). R =
chloromethyl (6. 98%). R = benzyl (7. 98%). R =
thiophenyvlmethyl (8. 98%) R =: 2-phenethyl (9. 98%): R =
diphenylmethyl (10. 97%). and R = phenylthiomethyl (11.
97%). and used Lancaster reagents for R = cyclophenyl-
methyl (5. 98%): without distillation and/or recrystallization.

Kinetic methods. The rate constants were determined
using a general conductimetric method.® which were
performed by the Origin 6.0 program using the Guggenheim
equation™ from data monitor automatically .

Acknowledgement. We are grateful to Choi. S. H.. Park.
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