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Nmtract The Principle of Imperfect Synchronization (PIS) statw that a product eta- 
biliting factor will lover the intrinsic rate of a reaction if it developa late, but 

increaw the intrinsic rate if the factor develop8 early It ia shown in thin paper 

that much of the structure-reactivity behavior of proton tratufer8 involving carbon 

acids can be understood in the context of thin principle The factor8 dincunti in- 

clude the effect of k-emonanc~ near the reaction .mite as vell an in remote l ubeti- 
tuents, the polar effect of rewte aubstituents, and the effects of #olvation of reac- 
tants and productt3 A simple mathematical formalism is developed to describe the con- 
tribution of each factor to the intrinsic rate conutant W pos6ible rea8ona why 
there in a lack of uynchronixation between the various events which occur during the 

reaction are also diacumoed 

Proton transfers involving carbon acid0 are usually 8louer than those involving normal 

acids 
1 

Purthermore, among the carbon acida there are large variationa in reactivity Several 

factors are believed to be responsible for thio behavior They include (a) the poor hydrogen 

bondinq capability of carbon acids and carbnniona 
la,ld,Z 

1 (b) the need for structural reorgan- 

ization in forring resonance atabilired carbanion8 
1.3.4 

t (c) the need for solvent reorqaniza- 

tion 3'5'6 Table I lieta approate intrimic rate conslants (ko) and intrinsic barriers 

(AC:) for representative example8 k. and AC: are defined for AC0 - 0 (more on definitions 

below) and thus they allow capariaons among various ayetars to be made which are norralixed 

to the same pKa of the carbon acid 

The trends in ko(AGi) suggest that the decrease in k,, or increuc in AC :* 
parallela the 

increase in the resonance rtabilization of the carbanion This hu generally been understood 

in the context of the Principle of Leant luclear Notion (Puu)~~ the intriruic barrier 

increasea with the increase in structural and #olvational reorganixation that goes along with 

the formation of more strongly resonance stabilized carbanions 

Table I Approximate Intrinsic Pate Con&ant0 and Intrinsic Barrier8 for Proton Transfers 

from Carbon Acids 

C-E acid BMe Solvent lop k. AGO Ref 

2CwCw2 
R2" =2O 

?O 79 ld 

-2-C6H4CS2CS R2335 
509 m2SG-50~ H20 31 12 4 7 

R234S S2O 
3 la 13 2 6 

(=2(-3)2 
nCOO- 

E2° 
29 13 5 9 

R2SS S2O 
26 13 9 9 

2.4-(lro2)2-c6S3C52CS 
R2" 

509 lls2S+5M E20 27 13 7 7 

CS3cB(3402)2 
RCOo- 

S2O 
10 16 0 10 

phCS211D2 R234S E2° 
-1 0 18 B 11 

Rcoo- 
E2° 

-2 0 20 1 11 

#t-ted fra detritiation rates, umrring a tritiln kinetic-iwtope effect of 14 

Aconcomitantphenmenon iethatdovelopmentof reaonan ce invariably laqa behindtbe bond 

chanqea asmiated with proton transfer, 
12-14 

* ~benomenon referred to aa z.- .6,15 It 

manifests itself by an inequality between the nronated AS valuea (variation of base)l' ud the 

Sronsted aCS (variation of C-E acid) l6 -1.m of imbaUwe~areahowninTableI1 

nleinequtiity a, > a, 
16 

i8 luually attributed to an exalted aa value whereas A, i* 

aa*ulmdtobe "normal-and tobe an mte nuure of the hgraa of proton tran8f.r in 

the transition l tate The enhanced value of a_ cam about bocaune in the trmition rtate 
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(1) the negative charge ie mainly on carbon while in the product ion (2) it ie uinly on the 

y-up 

ib -e ,Y 
B----w,,,, 

AZ; 

'Rr" 
R' 

c-y- (FIOR), 
/no2 

"-=Q 

1 2 3 

The effect ie greatest in hydrorylic aolvontm aa seen by wing am - 8, for ArCE2RD2 ln 

water sod Ne2So (Table II) Thi8 difforenca can k, undermtocd in tefmm of greater charge die- 

l ipation in 2 by the hydrogen bonding aolvont 
17 

Incidentally, for the arylnitromthane# the imbalance is so strong that in water a_ > 1. 

a finding generally called the "nitroalkane anaely A* Borduell et al l2 have l uggeeted that 

there 16 actually an intermediate or "virtual' intorndiate (3) whose formation via 1 ia rate 

limiting, a proposal which originally goe8 back to Cram lg The recent work of lcochzo aleo mq- 

gests the existence of internediatw which are hydrogen-bonded to carbon 

There ir one apparent exception in Table II, the 2-X-6-nitrophenylacetonitrile syatu for 

which aCB < ,dB The reaeon for this inversion is that 12~ haa a different meaning here 

(called wca ) aa will be discussed in a later 8ection 

The Principle of wrfect Bynchronisationr Definitione and Aulllptione A major goal of 

this paper is to #how that there exists a direct relationship between the lag in resonance 

devolmnt (mcluding salvation) and the reduction in the intrinsic rate con&ante The 

consequences of thie lack of synchronization may be called the "Principle of Imperfect Syn- 

chronizationa21 (PIS) Thia principle rtatee that a product stabilizing factor (e g , reeo- 

nance or aolvation) lowers k. if it develcqe late but increaeee k. if it dovelope early By 

virtue of the principle of microscopic revereibility the PIS ray alao be defined with reepect 

to reactants t a reactant stabilizing factor increaeee k. if it ie loet late but lowera k, If 

it is lo& early Note that for product or reactant &etabiliring factor* the inverse rela- 

tionships hold 

Ye shall define the terma "late" and "early" in relation to the "primary proceaa" which 

we take to be the proton transfer, or, probably better, the transfer of the negative charge 

frw the ba8e to the carbon acid ?ollouing comaon practice we aaoum that B, (~1 ie a 

satisfactory approximation of the progres8 of charge transfer in the transition &ate, except 

in some special ca#ea to be discussed 

The factors which lead to extra etabilication (deetebilization) of productn or reactante 

maybe viewed a8 "eecondaryproceen " If the primary and uecondary proceu occur in a single 

Table II Transition State Imhalancer in Proton Transfers a 

C-E and 
QCR-BB 

Ref 

Rcoo- 10 13 
0 

ClCa,CG 0 99 13 

RCOO- 0 76 044 0 32 13 

1" 1 29 0 55 0 74 12a 

RCOO- 0 92= 0 so= 0 42 C 17 

2,4-(MO2 ),c61i,cE2c68,-2-x-4-lw02 
R2m 

0 9PVd 0 
b 

45 0 l Zbnd 14 

2-X-4-tW2-C6B3CR2CR 
R2" 

'0 l bnd '0 62 
b 

'-0 21bad 7 

aIn water unleee etated otherwiee 
b 
In 509 W2SO-509 water =In Me220 

d" 
aminetoad of aCR, 

see text under the heading "Remote Subatituenta B Resonance and SSRR 2ffecte " 
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S-P. "early" and "late" refer to different extents of developmnt vithin ths sam transition 

state Alternatively, if the tuo procea8es occur in separate steps "early" implies that the 

secondary process is a preequilibrium, "late" that it is a postequilibrium 

The definition of k, and &G,* to k used are the follouinq ?or the general reactxon 

k1 

l?R'cKY.B + KK*cGy l m (1) 
k 
-1 

k. is equal to kl - k_1 when Al - 1 (AGO - 0) and AC: - 2 31F (log ko-loq ()rT/h)) If B has 

vxe than one acceptor site and/or BR contains more than one equivalent proton this is scme- 

times taken into account by the use of statistical factors 
lb 

although for the broad picture to 

be developed in this paper these statistical corrections are of minor importabce The k, 

values cited in this paper were generally calculated by linear interpolation or extrapolation 

of Bronsted plot8 obtained by varying B (BE) Thus, the relationship between kc and any pomt 

on the Bronsted plot is 

log k, - 1~ kl - BBlocr Kl - log k_l + a,&'J Kl (2) 

We prefer this mthod over those which are based on the Narcus 
22,23 

equation because no 

theoretical assumptions are beieg introduced 

Glossary In the equations to be developed we shall use the following symbols The site 

at which an effect occurs is indicated by a Capital letter, either in parentheses or as sub- 

script I Y - sub8tituent directly attached to carbabion site; B or B- - buffer baaOJ BE or BB+ 

- buffer aced; X - remote substltuent; l5 - transition state The nature of the effect to be 

discussed 18 symbolized by a lover case letter, either as superscript or subscript: =-IBso- 

nance. s - solvationi r,s - ccmhined resonance and salvation, d - desolvatiow p - &mhrJ St - 

eterxr 01 - electrostatic 

Resonance In keeping with Borduell's 
12 

proposal we start with the simplest assumption, 

-1y that resoname develops in a separate, postequilibrium step, as shown in eqs 3a and 3b 

Note that the intermdiate may or ray not bs hydrogen bonded to BK, 
12,19,20 

a point taken up 

in the section on transition state effects The equilibrium constant Kr is a measure of reso- 

nance atabllrration 

"1 

KK'CBY'B - KK'CX ' BE (3a) 

kl, 

K=(Y) 

RR'& 6 KK*cGy (3b) 

The relationship between the obeerved rate and equilibrium constants (kl, k_l, K1 - 

y-1’ see eq 1) to the quantities 8houn in eqs 3a/3b ia 

k1 - k; 

k 
-1 

- k&(Y) 

K1 - 'CIKrW 

In order to evaluate the effect of rwomnce stabilization on the intrinsic rate 

(4) 

(51 

(5) 

constant 

(k,) we compare k. for reaction 1 (equivalent to the combined eq 3a/3b) with Lo for eq 3a 

Qualitatively it is obvious that k. for reaction 1 is lamr than for reaction 3a This is 

because reaction 1 has a larger equilibriu constant (dlKr(Y) with K,(Y) )S 1) thao reaction 

3a (Xi), yet the rate constants in the forward direction are the sen (eq 4), indicating that 

the transition state of reaction 1 i8 not able to benefit fm the resonance stabilisation of 

the prcduct lllin is schematically slumn in rig U 



3222 C F BERNASCONI 

>c=v- >C=Y-+ BH 

Reaction Coordmates 

llguw 1 Schematic free energy va reaction coordinate profiles Ar reforr to the situation 

where there is an actual tetrahedral intermediate and resonance develops in a separate pos- 

tequillbrim step B: refer8 to situation where the tetrahedral intermediate is only 

:~thetical 

Curve a resonance develoKmsnt has made no progress in the transition state, 

- 0). curve br resonance dovelo9wnt is synchronous wit charpe transfer (gr - ,dB); curve 

C * resonahce is fully developed in the transition state ( 
c! 

- 10) 

Quantitatively we can express the decrease in the intrinsic rate constant by 

blog k:(Y) - lo9 ko(eq 1) - log ko(eq 3a) - -B&W K=(Y) (7) 

The relationship between the quantities of eq 7 is shown in Pi9 2 The solid line represents 

the Bronsted plot (variation of dl and kl induced by chan9in9 <) of slope 8, for reaction 

3a k; at lo9 K: - 0 corresponds to k. for reaction 3a 

A0 =i;, log KI or log K( 

I 
c 

0 

Piigur, 2. Effect on k. of delayed resonant development 8coordin9 to eq 7 (resonance develops 

in postequilibrium) 

Yhe equilibrium constant for eq 3b is represented by the horiwntal arrou labeled 

10~ K=(Y) Yhe point on the ordinate at the end of this arrow corresponds to the rate con- 

stant kl for reaction 1, which has the sam value as k; Yhe equilibrium coo&ant for reac- 

tion 1 at this particular point is K',(Y) since ue started at a point where K; - 1 

The zntrinsic rate constant, ko, for reaction 1 is then found by extrapolating the actual 
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rate constant kl back to the point where log K3 - 0, as shoun by the dashed line The clashed 

line represents the Bronsted plot for reaction 1) since reactant and transitron state are the 

sam for reactions 1 and 3a, the monated dope 8, for reaction 1 3.88 the .mam aa that for 

reaction 3a (Si) Because of B, - 8; eq 7 holda not only f6r blog k:(Y) at log Kl - 0 but for 

the difference in the rate constants of reactions 1 and 3a at any value of the equrlibriuu 

constant 

Ihe assumption that the reactron occurs in separate steps is not really necessary If 

the reaction occurs rn a single step the effect of the delayed development of resonance ko can 

be described by 

blog k:(Y) - (a: - B*)blog K;(Y) (S) 

8log k:(Y) is defined as before except that eq 3a/3b are new hypothetical reactrons POIZ 

this reason log K=(Y) has been replaced by the symbol dlog K:(Y) whxh is a measure of the 

enhancement of K1 that arxses free the resonance atabilrsation of the product ion a: vhlch 

should not be confused wrth the Bronsted ucB or an8 values. rs a parameter defmed as 

blog kt(Y)/blog af(Y)i it masures what fraction of the resonance stabilisatron of the product 

ion has developed in the transition state 

Par a: c @,, dlog k:(Y) ia negative, and for the limiting case s: - 0 equations 7 and 8 

are equivalent, wrth blog Kl(Y) = log K=(Y) This limiting case is represented In Pig 1B by 

cunre a Poor oy r L fl,, which *lies perfect synchronrzation between charge transfer and rem- 

name development (Pig 18. curve b), there is no change in ko, while for the (unrealistrc) 
Y 

case a r > 8, (Fig 18, curve c) the intrxmic rate constant would be enhanced by the resonance 

effect 

The quantities of eq 8 are illustrate4 in Pig 3 for the case o', c 6, but with c#; > 0 

Just as in Fig 2 the solid sloping line labeled $, represents the Bronstd Plot for w&ion 

3a uhrch however nou is a hypothetical reaction Thus the rate constant kl at log ICI - 0 on 

the soled line IS equal to ko for the hypothetical reaction 3a 

0 a 0 

PW,3. Effect on ko of$elayed pesonanp develomnt according to eq s A B, = 8; B 

'II ' 'B 
Mote that 6lcq kl(Y) - Urblog Kr(Y) 

~he horizontal arrow (dlog K:(Y)) represents the increase in K1 which cows from the 

resonance effect, the vertical arrow (alog k:(Y) - a: 8log r:(Y)) the Increase In kl which 

goes along wrth it Thus the point at the end of the blog k:(Y)-arror correapomls to the rate 

constant kl of the (actual) reaction 1 for the situation where the log of the equilibrxum con- 

stant has the value alog K1 The intriruic rate CoNtant, k,, for reaction 1 is then found by 

extrapolating back to the point uhere log Kl - 0, as shown by the dashed lzne 
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It should be noted that Pig u is baaed on the -licit aammption that Sk for the 

hypothetical reaction 3a (wlid line) ie the sam M BB for the actual reaction 1 (whed 

line) when tbie i8 the case eg 8 not only holds for C11og k:(Y) but for 8log k1 et any value 

ofK1, juet as wzth eq 7 on the other hand, if 8, and B; am different, as aham in ?ig 38, 

eq 8 ia still valid but only for alog k:(Y) (i e , when log K1 - 0) with 8, referring to the 

exnerirental Bronated elope 

Solration of Carbanion Par shplicity ua ehall aneume that eolvation occure mainly at 

the eito of negative charge develomnt on the Y-group Other poeeible eolvation effecb vi11 

be discweedbelou 

We shall first ana- that wlvation of the product ion occurs m a separate postequili- 

brim step, an shown in eqs 9aJ9b 2' 

k" 
1 

RR'cEY*B *- Ru'C==Y 
k:', 

KS(Y) 

KK'C==T l so1 - RR'CLY 

Tha effect of wlvation on Lo can then be described by 

+ BE (9a) 

sol (*) 

alog k;(Y) - -8,los KS(Y) (10) 

which is ccq1ete1y analogoue to eg 7 Alternatively, if l olvation occura in the same step aa 

proton transfer we have, in analogy to eq 9. 

810s k:(Y) - (ae ' - B,)alog K;(Y) (11) 

where a: mamxes the progreee of product wlvation at the traneition etate 

Tim corbinad effects of delayed resonance and delayed salvation are thue given by 

Olog k:(Y) l Oloq k:(Y) 
Y 

- car - 8g)b10g K:(Y) + (5 - B,)Olog K;(Y) (12) 

It should be real~ed that rewnence and wlvation are not easily separated in practice 

beceuae differences in the aolvation of Y (e g , hydrogen bonding)are expe~&ed to change the 

relative weight of the canonical foxm KK'C-Y- within the resonance hybrid Hence one expect6 

that 8log K;(Y) and dlog K;(Y) are interdependent 

If tha progress of eolvation were strictly coupled to the degree of resonance develop- 

ment, i e , xf a: I a:, eq 12 uould eimplrfy to 

8log ki'e(Y) - (G,s - BB)810g K;'*(Y) (13) 

With 

dlog ki#'(Y) - Olog k:(Y) l blog k:(Y) (14) 

8log K;"(Y) - dlog K;(Y) l blog K;(Y) (15) 

Y Y a: , - ar - a, 
. 

(16) 

In a later section we 8ha.U show that it is wre likely that a: < a: Ueverthelees, if 

on* prefera to uprem the co&hod effect8 of delayed resonance and delayed wlvation by a 

eingle equation, eq 13 can rti11 be used, With 

Y ay610g K:(Y) l a:Olog K:(Y) 
a -z 
r.a 610g K;(Y) l blog K:(Y) 

(17) 

Ik shall rainly adopt eq 13 in our further dimxmeion 

'Ihe dined effect8 of delayed reeonance and delayed solration of the Y-group can ade- 

quately explain the trend in k. l houn in Table I AesIling thet a:,. - 4,doeenotvuU 
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draratxally fm one system to another, this trend just reflects the increase in alog Xl =**(Y) 

(sea eq 13) an we go down the list 

There are other PI9 effects, though, which can play a algnxficant role, they are now dia- 

CuSsed 

(De)solvation of Anionic Bana (Is-) The frequently reported negative deviation of the 

hydroxide ion poxnt fmr Bronsted p10ts~~ is u~8t likely the result of such desolvatron uhxch 

is ahead of proton transfer in the tranartion state The strong curvature In the Bronsted 

plots observed with highly basic oxyanrohs m proton transfers and nucleophxlic reactlona has 

been attrtited to tha ~am phemnon 
9.25 

The situation u analogous to the salvation of the product eon, except that the direction 

of the reaction 1s reversed and no interdependence with a resonance effect exists mua, it 

UJ a reactant whxh is being partially desolvated, a process which agaIn eight be described M 

a preequllibrlur 25d (eqs lea/lEb), 

‘cat B- 1 (lea) 
B- sol - B- + ~01 

""1 
B- + RR'CBY \- RR'&Y sol (19b) 

kIl 

or aa an event whxh is concerted with the proton transfer 

If desolvataon 18 a preaqullibnum we have, aa shown by Jencka, 
25d 

blog kt(B-) - (1 - 8,)locl Kd(B-) (19) 

Kd(B-) is the equilibriln constant for partial desolvattlon of the bane Since desolvation is 

energetically elrpensive, log Kd(k) is negative and hence dlog k$B-) is alBo negative 

log K, 
I 

c 

0 

m 4. Effect on k. of desolvatlon of the base w 
B 
ich 

to eq 20, for case where B, - 8; 

ia Tad of pdroton transfer according 

l&t8 that Olog kl(B-) - ad 6log K1(B-) 

If deaolvatron occurs In the aura step an proton transfer, w have 

d - 
6log k,(B ) - (ai- - BBWog K;(f) (20) 

6log Kd(B-) ~asures the reduction in Kl which i.8 due to the wlvation of B- wtrile CZ~- = 

A - 
Olog kl(B )/dlog K:(e) mamres the prognu Of th0 deaolvatlon in the transition atat.8 For 

B- 
"d 

> 8, eq 20 predicts adecreaseink 
0 

Ttm situation in shown in Pig 4 for 8, - HB 

aolvatioa Ofcatindc m(BH*) BRnn the ba8e is neutral and the acid cationic an with 

aLinen the mlvation of the developing cation my affect k. This manifests it8elf, e g , in 

the frequent observation that at the um < the reactivity of amine0 ia in the order 3. > 
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2. > 1. > DE3 
l.b,7,9,26 

Thiatrendhaa been attributed to adecreame inhydrogenbonding sol- 

vation of the protonated amine in tbe order ElII3 s 1. , 2. > 3O, coupled with a lag in the 

developlent of thi8 solvation in the transition 8tate 
lb.26a 

Thim ia of courw juot anotlmr 
PIS effect which can be de8cribed by 

blog k~W+ ) - (a?* - /sB)blog +A (21) 

Ieamuch as dlog IIt(DlI*) &crSmO in the 0-r ME3 > 1. > 2. ) 3.. 

88. 
6log k~(Ba+) be-0 

leas negative for a given oa -a,, providsdthat a:* < 8, 

Solvatioaof-. In principle, the salvation of the carbon acid, of B if it ia 

neutral, and of BB if it i8 neutral, My contribute their oun PIS effects Rowever, since the 

soloation energy of these neutrals is relatively mall, effecta on k, am likely to be small 

and we shall ignore them 

Tab10 III Solvent Effect on log k, upon Transfer from Water to W2SD, or to Ile2so-H20 Kix- 

turea 

Reaction 
a 

'De250 (X,2,) 
b 

Ref 

ArcB2tJD2 l IzcoD- lOD(1 0) '4 5 11.12.17 

cl13(JB2R02 l ArD- 50(0 20) '1 15 27 

71(0 39) '2 15 27 

cD3cli(R02)2 + Rcco-.ArD- SO(0 20) 'I 0 10,2e 

cB2(cocB3)2 l RCCD- 90% (0 69) '2 4 9 

+ R2WH 90\ (0 69) '1 04 9 

+-2 906 (0 69) '1 01 9 

cB3cDcJwD3)cooc2D, + twctl- 50 (0 20) '0 4 27 

71 (0 39) '0 9 27 

a* byvolum 
b 
Mole fraction 

change of Solvent Intrinsic ratea of proton transfer depend strongly on the solvent 

Exemple8 are shown in Table III These solvent effecta can be understood along similar lines 

aa the soloation effecta dircus& in the previous section Again neglecting salvation 

effect8 of neutrala, we can expre*# the change in k, upon transfer from water (WV) to He250 or 

to a Ne2SD-vater mixture (D) aa the mm of three major contributionar 

8log”k~ - 6log~~(~) l a1og 7t,D(B-) + blog Tk+A 

The contribution from the carbanron is given by 

alooTkz(T) 
Y 

v (% 0 . - B,)(-lop"7~) 

(22) 

(23) 

YD 
ry i* the 6olvent activity coefficient2' for the transfer of the carbanion fra Y to D cZ: B , 
ia defined M before but since eq 23 refers to a change in 8olvent the numerical v.alUe of 

Y 
4 r B may uell be different from that in eq 13 

, 

According to eq 23 blog 1Srz(r) will be positive if fr: o c /3, since logT7: ia positive 3o , 
Zramplea of solvent activity coefficients are given in Table Iv Soar of the entraea in Table 

IV were obtained indirectly by applying one of the folloving equationa and molving for the 

unknown quantity, ae explained in the footnotea of the table 

Ap"4, - lop 7 * ; 
l 

WD IfD 
log rH* - log YcB (24) 

ApuP& - log v T ; l logu7,9 - log"& (25) 

h the data in Table III ahcu, k. aluaym increues upon transfer from I to a D, irreapec- 

tive of the charge type of B/BB This indicate8 that the DlogTkt(T) tea mkem the l.argemt 

contribution to the mlvent effect 
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TableIv Repreeentative Soloont Activity Ccmfficiontr for Transfar fm Water to MetSO or 

m*So-uator mixtures 

c82(-3)* 

cB(cocH3)2 

AcoS 

wo- 

50 0 14 Ref 31 

61 -0 10 Ref 31 
90 '-0 5 estimted 

50 '2 O? a 

81 '3 73 a 

90 '4 5 a 

50 '-0 06 b 

90 '-1 5 estinted 
100 -2 15 b 

50 3 06 Ref 32 
90 65 c 

100 6 16 9ef 33 

50 -0 35 d 

90 '-0 09 estinted 

50 -1 61 Ref 32 
90 '-2 6 c 

Ii+ 50 -1 93 Ref 32 

90 '-3 05 e 

100 -3 31 RBf 33 

5 WD WD 
roe 7 a' 7S.' A&,!& via eg 24 

b WDWD 
Proll. 7D0 7S.O bpX+ via eg 25 'Pm esttited *7&, 

and frnW7& viaeq25 
d WD WD 
m 7 Ejji+' 7S* and Ap'I# via eg 25 'Extrapolated 

from data in Ref 32 

Por the contribution of the two other factors we can vrlte 

olog1r~(B-) - (a:- - s,)log"7; (26) 

&log yk,(Iui:) lm* - (as - a,)(-logW7~,) (27) 

Ag8in. the maning of a:- and a:* is the sam as before but the numrical values ray be 

different than in egs 20 and 21, respectively 

Por anionic bases logw7i_is strongly positive (Table Iv) and thus AlogWkz(S-) is positive 

if desolvation is ahead of proton transfer (ai- s 83,) Par a cationic acid 
WD 

log 7 =* istyp- 

ically negative (Table Iv) which leads to a negative 810gWk~(BB*) uhen solvation lags behind 

(a:+ ( 8,) 

Prom this ve see that with anionic bases the two solvent effects reenforce each other 

(dlogWkt(Y) and 6lcgXk~(S-) are both positive), with neutral bases they counteract each other 

This is borne out by the data on the deprotonation of acetylacetono (Table III) 

Xemote Subetituents A Polar tffocts Lek us comider a reaction of the type 

kl 

2T*B - ;;I*Ra 
X 'k X 

-1 

uhere X ia a remote 8ubetituent exerting a polar affect only If aca uhich is obtainedby 

varying x ie different fra B, this is tantmunt to k. tiing dependent on X 34 

The extent of thin suhetituent dependence of Ito is directly related to the irbrlpnce, 

%li - A,. by 

Alog k:(X) - (a- - B,,)CUog <(Xl 

(28) 

(29) 
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where dlog g(X) is the chawe in Kl brought about by a change in X If B, ia independent of 

X, eq 29 holds not only for dlql k:(X) (at log KI -O)butforanybase, ie, foranyvalue 

of log Kl This situation is illustrated in Pig 5A (with 8, - 8'B) 

log KI log K, 
L 1 1 
0 u 

risurr 5. Effect on k. :f polar rem&F OubStitUent that % mOre ehCtKOn Wlthdradng. aCCOrd- 

mg to eg 29 A 8, - 8, B BB 4 8, Bate that dlog kl(X) - aCB810g e(X) 

?rom eq 29 wa see that for am ) 8, (Table II) k. increases when X beccmee more electron 

withdrawing 0ince blog <(X) ) 0 In principle, one could understand this increase in the 

context of the PIS: the product stabilisxng factor develops early in the transition state and 

hence k. is increased It is important to realize, though, that this increase is mainly a 

transition state effect as further discussed in a later section In other word8 it has noth- 

ing to do with any special characteristics of the remote substituenti rather, it is a conse- 

quence of the imbalance, i e , of the fact that the negative charge is mainly localired on 

carbon in the transition state (l), a phenomenon caused by the Y group, not by X 

One should also note that, although significant, the effect8 of X on k. are relatively 

minor compared to the effects discussed in the preceding sections A numsrlcal example will 

serve to illustrate this point The deprotonation of a series of l-arylnitrcmethanea by mot- 

pholine in water affords ocB - 1 29. 12a the deprotonation of the five arylnitmthanes with X 

- A, m-a4 3, m-Cl, m-OCBB and m-tKJ2 by the three beses piperidine, piperasine and lorpholine 

yields ~3, - 0 56 f 0 06 for m-OCB2 and 0 55 2 0 06 for all the others, 
I2a 

showing that B, is 

independent of X (case of ?lg 5A) 

CB 
Por the change from X - B (pa - 7 39) to say X - m-B0 

z(pKzB 
- 6 67) eq 29 affords 

8log k:(X) - (1 29-O 55)#0 72 - 0 53 Compared to the effect of changing Y (Table I) this is 

a rather small effect Purthermore, since for all other systems UCB - 8, is smaller than for 

the arylnitraethanes (Table II), the substituent effect on k. wrll be correspondingly 

reduced35 

If ~3, depends on X the situation is as shovn in Pig 5B Equation 29 still holds with BB 

referring to the compound with log KI I dlog c(x) fi, now depends on the size (and sign) of 

Clog <('(x) Por example, in Pig 58 ~9, is assumed to decrease with increasing electron vith- 

drawing strength of X which has the effect of increasing ecB - 8, and thus to magnify the 

effect of dlog e(X) on blog k:(X) since the substituent effects on k, - relatively small 

to begin with, the small variations which are introduced by a aubstituent dependence of B, 

will be smaller still, and hence will not concern us any further 

msutmtituente.w-timm. n-acceptor substituents which ata- 

bilise the charge by resonance msy influence Lo though a PIS effect of their own The depro- 

tonation of arylnitromsthanes by be-te ion in Be2B0 is a case in point The rate constants 

for X - p-a# and p-~o, Thou marked negative deviations from the Bronsted plot defined by X - 
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B. P-,. p-m. m-US2 and 3.5~(11)3)3 17a Yhi8 deviation can be uudormtood by a delay&l 

devebqment of resonance and aolvation of the p-NO, (4b) (p-CM) group in the transition mtate, 

just an for the &I-nitro group 

mat appreciable aolvation of n-acceptor sub8tituenta indeed occur8 haa been l houn in 

caparisone between solution and gas phase aciditiee 3c Yhe phenanon has been called the 

SSAR (substituent-solvation-asaiated-remxwuwe) effect 36 

The retarding effect on k. can be described by an eguation eirilar to eq 13, namly 

dlog k:'*(X) 
X 

- (5 * (30) , - BS)Slog a:'*(x) 

Alternatively, since the weight of the canonical foa 2 is likely to depend on the pree- 

ence of a n-acceptor subatituent in the aryl group, all PI.9 effects related to delayed reso- 

nance and solvation at both Y and X right be expreeaed with a single equation 

8loq k:-(Y,X) - (a:‘; - 8B)Slog K;%.K) (31) 

Nath~tically the PI9 effect induced by the m and p-WOz group8 can be demxiked in 

several different ways The ones wed in the preceding diacuaaion treat it either an an 

essentially independent factor uhich affecte k. (eq 30). or all PIS effects which have to do 

with delayed reeonance and solvation of the carbanion are luqed together (eq 31) 

A third approach ie to viev the PIS effect induced by the p-Cl4 and p-IF02 groupa as a fac- 

tor which Podifies the polar eubstituent effect, and to use an equation euch as 
37 

blog k:"(X) - (Vca - 8S)blog g"(X) (32) 

a-= is the Bronsted aca -value defined by the two pointe X - E and X - p-Ml (or p-CX) 

example in the deprotonation of arylnitrorethanes by benzoate ion in 
217 

Por 

Ifez. one obtaina 

=-cl! 
- 0 61 for the pair E and pllD2, aacB - 0 75 for the pair E and m, which rolpare rith 

ucA-0 92 The reduced valuea of amcB ccqared to a_ man that the polar effect of the a- 

acceptor eubetituents is attenuated by the delayed resonance (and nolvation) 

The phpsical interpretation of WcB d aa become clear if we recall why aCB ir, high to 

begin with it is because the non n-acceptor substituente are close to the center of negative - 

charge in the transition state (1) but leee 80 in the product (2) Por the n-acceptors vhich 

carry a significant wunt of charge in the product ion thie i.8 no longer true - 

3a long aa a Broneted plot defined by non n-acceptore ie available there is no need to 

use eq 32 One fwnply eguates the deviation fma the Bronsted plot with Slog k:“(X) aS given 

by eq 30 On the other hand, if no such Bronsted plot is available, the use of eg 32 ia the 

only practical choice An example 18 the deprotonation of 2-X-4-nitrophenylacetonitrlles 

where only data for X - A and X - X0 2 have been obtained thus far (last entry in Table 11) 7 

5a (X-H) 
5a (x - Ro2) 

In thin study ancB wae actually found tobe aPllerthan ~Buhic?~ map that there ie a 

ezgn change in eg 32, i e , it ie the lese acidic wund which ham tbo higher k. value 

(Table I) The emall amCB value indicate8 that in this exuple the PI6 effect of the n- 

acceptor eubetituent overpower8 ite polar offect Thie ia not l urprining l incetbe cyano 

group in the phenylaoetonitrile anion carrie8 lome negative charge than the 8-nitro group in 
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the phenylnitrarsthane anion, and thus there im a corre#poudingly greator charge on the phenyl 

subet1tuent 

Another intereeting case ir the pair 5a/5b,14b for which ,9, I 0 45 aud a-_ - 0 87 (Table 

II) The fact that amm exceeds 8, by a l bmtantial amount indicates that the PIS effect of 

the 2,Minitrophenyl group (right hand l ide of Sa/5b) dainatea and that the PI9 effect of 

tha X-mbetituent cannot be very large in this system 

Why 18 Thoxe Iwrfect Synchronisation? Since one of the bawic lawe of Rature is to 

xihi.xixe Gibbs free energy, and since, in principle, intrimic barrier8 could be lowered by 

perfect aynchroniration, or better yet, by having product stabilizing factors develop early, 

one wondera why transition states are typically imbalanced in the "wrong" direction Basi- 

tally the answer must of course be rooted in the lawn of quaotux mchanics The quantun 

laechanical principles involved are likely to be the sam which xake it energetically xore 

advantageous for many chemical reactions to occur in separate steps rather than by concerted 

aechanisxa 
38,39 

m apeclfic ideas which bear on thin que8tion have appeared in the recent literature 

With respect to the deprotonation of arylnitroalkanea, Ikeage 
16 

haa sugqe*ted that the frac- 

tion of negative charge shifted to the oxygens of the nitro groups in the traneition state may 

be related (proportional?) to the n-order of the C-M bond Since the n-order in turn xay 

depend on the fraction of negative charge which haa been transferred fra the ba8e to the 

nitroalbane, the charge on the oxygen* will only be a fraction of a fraction and hence quite 

Srall For example, if the fraction of transferred negative charge and with At the n-order ia 

equal to SP - 0 56. 
12a 

and the shift of negative charge to the oxygen is proportional to the 

n-order, we have -0 56 x 0 56 - 0 31 for the charge on the oxygen6 
40 

The nitroalkanea have also been discurwed in the context of the valence bond configura- 

tion nixing wdel developd by Shaik and Prom 
41 

In their terminology the product confiqura- 

tion (negative charge on oxygen) 18 a diexcited configuration which ia of high energy in the 

early phases of the reaction In contraat, the intermdiato configuration (negative charge on 

carbon) ie monoexcited and of lemer energy in the early phaeee of the reaction Benco the 

interredlate configuration make8 a larger contribution to the transition state than the pro- 

duct configuratIon In the late phases of the reaction coordinate the relative energies of 

intermediate and product configurations are reversed and the prOauCt configuration be-0 

dom.anant 

Xreege's view, and Pro88 and Shaik's proposal are really quite 8irilar Rowever, the 

latter treatrmnt offer6 a xore detailed rationale M to why the shift of the negative charge 

to the oxygen is delayed 

It is interesting that the picture which emerges from the valence bond rode1 i8 that the 

mixing of the intemiate configuration into the traneition &ate actually lontr8 it6 energy 

and hence reduce8 the intrinsic barrier In other worda, if the inteaiate configuration 

did not exist, or were of higher energy than the product configuration even ln the ea.rlY 

phases of the reaction, the intrinsic barrier would he even higher This neem to be a con- 

tradiction of the prexise of the PIS which states that the intrinsic barrier 18 inCwed by 

the delayed developlent of the resonance (the "product configuration") 

The contradiction is only an apparent one, though It arisea fra the we of different 

reference states In foaulating the PI.9 ve ixplicitly aa*une that the transition &ate ham 

ita optimal configuration as deterrined by the laws of quantum mchanics we theJl use this 

transition state as our reference in dealing with how the intrinsic barrzer is affected bY 

changes in the energy levels of reactant6 end producta In the valencebond approach the 

reference state is a hvpothetical high energy transition State which does nOt have the inter 

mediate configuration xixed in 

Sow can we understand the lag in the 8olvation of the producta or the early desolvation 
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of reactants? The lag in the salvation of a-acceptors used either as the Y-group or as rmote 

substituents rust of course, in part, be a direct conseguence of the lag in the developrent of 

resonance, and thus of the lag in the shift of the uegative charge to the peripheral atoms of 

these groups But the fact that solvation of the developing posrtive charge on 88. is also 
retarded, or that desolvation of B- is aheti of proton transfer, suggests that there is an 

additional lack of synchronisation which has nothing to do with the delayed mhift of the 

charge 

A lihely factor is the entropy loss (gain) which vies solvation (desolvatlon) 

once a charge is being solvated, the restriction of the solvent molecules, and with It the 

entropy, may mn relatively independent of the amount of charge on the solute on the 

other hand, the enthalpy should strongly depend on the amount of charge Because of these 

different sensitivities of entropy and enthalpy to the amount of charge, the gain in Globs 

free energy frcm the solvation of a partial charge will therefore be disproportionately small 

compared to that of a full charge, since essentially all of the entropy has to be paid while 

only a fraction of the enthalpy 1s being released 
42 

This state of affairs may have either of two consequences (a) The solvent molecules 

fail to arrange thenselves around the developing charge m the transition state, I e , there 

is a "physical lag" m the solvation (b) The solvent molecules do arrange themselvea around 

the developing charge but the benefit in free energy is minimal, i e, there is an "energy 

lag " It should be noted that the notions developed above are guite oimilar to suggestions 

made by Richard and Jencks43 in a different contest 

An additional factor which might contribute to non-synchronous solvation or desolvation 

is a dvnamic solvent effect caused by a certain "inertia" of the solvent in its response to 

shifts in charges or dipole wnwnta which occur along the reaction coordxnate 
44 

2rffmcteomTransitiollstates~~ Nl effects discussed so far are factors 

which are predominantly present in the reactants or products (resonance and eolvation) and 

only poorly developed in the tran8ition state Ybere are factors, however, which operate 

predominantly or exclusiwly in the transition state and have nothing to do vith the PIS 

Yhey also affect the intrinsic rate Yhey are nou briefly discussed 

A.stericamdklectmrtrtlckffmcts. Both of these effects operate in the transition 

state only Steric effects always lead to rate reductions (blog k, st < 0); the size of the 

steric effect is relatively easily evaluated from reaction series involving baser of varying 

bulk 
266,45 

Electrostatic effects 
46 

my lead to rate enhancements if there is Coulombrc attraction 

(vith neutral B), or to rate reductions if there is repulsion (with anionic B) 'Ihe size of 

the electrostatic effects (dlog kzl) is more difficult to assess than steric effects because 

the different base charge types have also different PIS effects for desolvation of B- and sol- 

vation of Pii*, respectively An example uhere a separation between electrostatic and solva- 

tion effects vas attempted has been reported recently 
46b 

2l.I~~. As discussed earlier, one can view the imbalanced transi- 

tion states as arising from a 8trong contribution of the "intermediate configuration," " which 

has the negative charge localiaed on carbon Bence, any factor which stabilises this confi- 

guration should also stabilise the transition state, thereby lowering the intrinsic barrier or 

increasing Lo 

llte polar effect of remote subatituent8 on k. can be viewed in this light, as suggeated 

earlier Yhe intermdiate configuration is l lsg likely to haw different solvktion cbarac- 

teristics than the product configuration This my lead to solwnt effwta which are on top 

of the PIS effecte diacus8ed before ror uemple, the transition l tate may be subject to 8pe- 

cxal stabilisation or destabilisation by dipoler non-hydrorglic solventa, as has been sug- 

gested for certain Sh2 reacti~ns,~~ or by special solwnt reorientation effects as envisioned 
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by Ritchie 3 We believe, though, that these transition state solvent affects are relatively 

mall wed to the PI.9 effects 

Finally, if there is a diecrete hydrogen-bonded intermediate (3) along the reaction cooz- 

dinate, the stabilisatlon of 3 which arises from such hydrogen bondmg ia likely to be 

reflected in some stabilization of the transition state, too 

A numerical -19 The following example illustrates how SOIB of the formalism 

developed xn this paper may be used quantitatively, or at least &quantitatively The e- 

ple refers to the solvent effect on Lo in the deprotonation of acetylacetone by carboxylate 

ions and prammy amme ' The effect of changing the solvent fra water to 909 aqueous Me2SO 

can be described by 

dlog SD o - dloghkZ(Y) + bg”k~(B-) + bhg yf BE+ ) l 8log wk,D(TS) (33) 

The first term is given by eq 23, the second by eq 26 (only important for carboaylate 

ions), the third by eq 27 (only important for amines), while the fourth tea mcludes all pea- 

sible transition state solvent effects 

and 6log”k~ - 

Zxperimentally known quantities include B, - 0 63" 

2 36 for X00-, ~9, - 0 53 
47 

and blog TLD - 1 01 for m2 Estimates of solvent 

%D 
actlvlty Coefficients can be taken fmP Table N log ry - 4 5, log'7:_-6 5, 

WD 
log rBB+ 

e-2 6 

For the carboxylate reactions eq 33 beccaes 

2 38 - (Qp; s 
, 

- B,)(-log"r;) + (Qi- - #9,)logw7;- l blog'k~(TS) 

Y 

- (==,a 
- 0 83)(-4 5) l ((Ii- - 0 63)6 5 l Olog hk+) (34) 

while for the -ne reactrons we have 

101 - ((I: s , - rS,)(-log"7;) l (QF+ - B,)(-logw7,D,+) l Olog"k+) 

- gg - 0 53)(-4 5) + car+ - 0 53)(4 0) l blog yk~(TS) (35) 

Bow can we estirate the various unknown parameters in eqs 34 and 357 In the case of the 

carboxylate ion reactIons we can take advantage of the fact that /3, - 0 63 is so high that the 

choice of Q;- 1.9 quite restricted Assuring the ma.ri=um possible value for ad '- (1 0) and 

assuming that i3log wk,D(TS) is neqligible, affords Q: 8 -0 55 via eq 34 A value of 0 55 for 

Y 
, 

(1 r s s- quite reasonable it meets the expectation that there should be less 
, 

synchronization in the salvation (coupled with resonance ) of the Y group than In the desolva- 

tion of the base (I=:,, 
B- 

- B,I), and that Q: s ( (8B)2 - 0 69 

(xresge's16 

- B*l ) lUd 
, 

assmptxon) 

arote that the asmmption of a Qi- 
YD Y 

< 1 o would lower Qf,s while the asslnptlon of 

Olog k,(TS) ) 0 would increase ur s 
Y 

one obtains Qr s -0 30 both of ;hese 

yor eraqle, if Qi- - o 63 - ,4, (and aloghkE(TS) - 0) 

QB- 
d MdQ:8 

values seeQ unrealistic Or, if 

610gwk;(TS) - ;, 7 (and Q;- 
'Y 

- 1 0) one CakUlAtem Qr 8 -0 70 which se- ruch too high 

AD For the asine reactions we again assuQe that Olog o(TS) is negligible As with the car- 

boxylate ion reactions one expects =: s ( (BB)2 341th B, - 0 53 we have (8,j2 -028 On 
, 

this basis M day assure =: s -0 20; solving eq 35 for QSS' then afford8 a value of 0 36 

RH' 
, s 

for Us This is a "reasonable' value since it is lower than B, - 0 53 

At this point it is difficult to assess how wch physical reality should be assCCzated 

with the nu&ers obtained an the80 calculataons 5s vxe quantitative experuntal data 

become available, a test for the validity of these calculations and conooritant assunptions 

will be the mrgence. or absence, of internal consistency of the conclusions drawn frm a 

large nlnber of systems 
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conclumiona Wa have discus%d a nu&er a factora whxch affect the intrinsic rates of 

proton transfer.9 They can be put into two min categories: PI3 effect* and trannition state 

effects 

The PIS effects amociated with delayed developunt of resonance stabilization by the Y- 

group and the concaritant laq in 8olvation of the neqative charqe are the dcminant factors 

which deterrine the rank order in ko for the different carbon acxd# (Table I) other PIS 

effects Include delayed resonance and salvation of u-acceptors wed an remte substituenta, 

delayed solvatron of the positive charge on the base (neutral baees) end advanced de#olvatron 

of the base (anronic banes) 

In other types of reactions, e q , nucleophilic 

effects are operatxve aa well as additional one*, as 

then that the PIS is e generally, e laechanila p---L 

The aPatheratica1 fowli- wed to describe the 

addition to olefzns, rany of the - PIS 

diacusaed elwwhere 
48 

It would appear -- 

by whxh the PIEpa mlfeste itwlf --- 

varxoua PIS effects ia wst directly 

applicable to polar substituent and solvent effect6 on k. Par substituent effects (eq 29) 

the three quantities acB, 8, and 6log c(X) are all elrperlmentally accessible and thus 

Oloq k:(X) 1.a easily obtained Por solvent effects (eq 33, coupled with eqa 23, 26, 27) the 

WD b WD 
quantities vy, vB_, v,,, dlogyk: and BB are ezqmrieentally accessible By making some 

aasumptiona about the relationship of a: s, 
BB* 

, 
ai- and ag to BB. and/or about Oloq"kz(TS). 

various paramters can be estimated a* illwtrated with an example in the previous fmct~on 

The other equations (eqs 8, 11-13, 20, 21) are vainly useful in a qualitative sense 
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