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KINETICS OF DEPROTONATION OF
TRIPHENYLQ2-SUBSTITUTED-9-FLUORENYL)PHOSPHONIUM
IONS IN 50% DIMETHYL SULFOXIDE-50% WATER.

INTRINSIC RATE CONSTANTS, IMBALANCES AND EVIDENCE

FOR CHANGES IN TRANSITION STATE STRUCTURE

CLAUDE F. BERNASCONI* AND DOUGLAS E. FAIRCHILD
Department of Chemistry and Biochemistry, University of California, Santa Cruz, California 95064, U.S.A.

Rate constants (k} and k") for the reversible deprotonation of triphenyl(2-Z-9-fluorenyl)phosphonium ions (Z = H,
Br, NO,) by piperidine, morpholine, n-butylamine, 2-methoxyethylamine, glycine ethyl ester, cyanomethylamine,
OH - and water were determined in 50% Me,;SO—50% (v/v) water at 20 °C. Bronsted acyu (variation of carbon acid)
and Sy values (variation of amine), and intrinsic rate constants {log ko =log k¥/q when pX®" — pK %+ log(p/q) = 0]
were obtained. acu decreases with increasing basicity of the amine whereas 8y decreases with increasing acidity
of the carbon acid. These trends, which imply changes in the transition-state structure with reactivity, can be
described by the interaction coefficient pxy = 9B8p/dpK<" = dacu/ — IpKP™ =0-03 (primary amines) and 0-01
(piperidine/morpholine). acy is smaller than By, indicating an imbalance due to a lag in the delocalization of the
negative charge into the fluorenyl moiety at the transition state. The influence of the Ph;P* group on the intrinsic
rate constant is analyzed in terms of possible contributions by inductive/field (I), resonance (R), polarizability (P) and
steric (S) effects. Using 9-carbomethoxyfluorene as a reference, it is shown that the stronger electron-withdrawing I
effect of the Ph;P* group relative to the COOMe group enhances log k, substantially; the fact that the R effect of
Ph;P* is weaker than that of COOMe also contributes to an increase in ko, and so does the P effect of the
phosphorus. All these increases are virtually completely offset by the rate-retarding S effect of the bulky Ph;P*
group. A similar analysis for the Me,S* derivative studied by Murray and Jencks [J. Am. Chem. Soc. 112, 1880
(1990) ] leads to similar conclusions except that the still smaller R effect is probably one of the main reasons why k,
for the Me,S* derivative is more than ten times higher than for the PhyP* derivative; another potential reason is a

difference in the steric effect.

INTRODUCTION

In contrast to proton transfers between electronegative
atoms’? which show little variation of the intrinsic
barrier (AG 3) or intrinsic rate constant (ko) (For a
reaction with forward and reverse rate constants &, and
k-1, AG% is defined as AG% =AGE= AGi.l when
AG®=0and kg is defined as ko = ky = k_; when K, = 1;
in proton transfers, statistical factors>® are usually
included.) with structure, the intrinsic barriers of
proton transfer to or from carbon are very sensitive to
structural variations in the carbon acid or carbanion.?
A recent compilation® of about 40 examples shows vari-
ations in log ko from ca 9-0 for the reaction of 1 with
carboxylate ions in water® to — 1-22 and ~ 2-10 for the
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reaction in the same solvent of phenylnitromethane
with secondary alicyclic amines and carboxylate ions, ¢
respectively.

The most important factor that affects these intrinsic
rate constants is the ability or inability of the carbanion
to delocalize the negative charge and have this charge
solvated (for recent reviews, see Refs 4 and 7). The
more effective this delocalization and solvation and
the stronger the resulting stabilization, the lower is the
intrinsic rate constant. This is because at the transition
state the resonance and solvation is weak. This means
that in the forward direction the rate is slow because the
transition state benefits very little from the resonance
and solvational stabilization of the developing carb-
anion, and in the reverse direction it is slow because
most of the resonance stabilization and solvation of the
carbanion are lost on reaching the transition state.
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The intrinsic rate constants for the deprotonation of
fluorene derivatives lie roughly midway between the
extremes for 1 and PhCH3;NOs. For example, log ko for
the deprotonation of 9-carbomethoxyfluorene (2) by
primary amines is 2-84 in 50% Me,SO-50% water, and
3-09 in 90% Me,SO-10% water;® for the deproton-
ation of 9-cyanofluorene (3) by the same amines
log ko = 3-62 in 10% Me,SO-90% water, 3-76 in 50%
Me,SO-50% water and 3-57 in 90% Me,SO—10%
water;® for the deprotonation of the dimethyl
(9-fluorenyl)sulfonium ion (4-H) by primary amines
and oxyanions (mainly RCOO™) in water, log ko = 4-0
and = 5-0, respectively.® These results indicate that the
resonance stabilization of the fluorenyl anion is sub-
stantial but not nearly as strong as in the phenyl-

nitronate ion.
QO @@

H” SMe, H” “PPh,

4-2Z (Z = H, Br, NOy) §-Z (Z = H, Br, NOy)

The data on 2, 3 and 4-H also suggest that the 9-
substituent may affect ko in a significant way. A study
of the deprotonation of the triphenylphosphonium ions
5-Z should therefore help in further unraveling the
possible interaction mechanisms by which the 9-
substituent influences ko and this will be a major focus
of this investigation. The main possibilities are induc-
tive/field (1) effects, resonance (R) effects, steric (S)
effects and, in the case of 4-Z and 5-Z, polarizability (P)
effects that can stabilize the negative charge of the
ylide.'®!!  Electron-withdrawing 1 effects should
increase ko and S and R effects should decrease ko.*’ P
effects have not been considered before but it will be
shown that they should increase kp. Murray and
Jencks® concluded that the resonance effect of -
backbonding from carbon to d-orbitals of the sulfur in
the ylide derived from 4-H affects k¢ only in a minor
way, if at all; whether resonance effects contribute to
the stabilization of the ylide is an unresolved issue.!?
The deprotonation of 5-H may, however, show a more
pronounced R effect on kq; @b initio calculations by
Gassman and co-workers'?¢ suggested that -
backbonding in the phosphonium ylides is stronger
than in the sulfonium ylides.

CN
3

A second point of interest is the degree of transition-
state imbalance’!® that arises from the lag in the
resonance development behind proton transfer. This
imbalance can be investigated by comparing Brensted
Be values determined from the dependence of the
deprotonation rates on the pK 2" of the base with the
Bronsted acy values obtained by varying the pK <! of
the carbon acid (5-Z with Z = H, Br and NO>).

A third question we wish to examine is the extent by
which the transition-state structure changes with the
reactivity of the carbon acid and the base. Such changes
can be described by the interaction coefficient
Do = 80s/IpK £ = dacuf — dpK 21,2 In proton trans-
fers with very high intrinsic barriers, such as the depro-
tonation of nitroalkanes, there is essentially no change
in transition-state structure, i.e. py, = 0, but with lower
intrinsic barriers such changes can be substantial, e.g.
P =0:04 and 0-07 for the reaction of 4-Z with
primary amines and oxyanions, respectively.® Our
results show similar but smaller changes in transition-
state structure for the deprotonation of 5-Z by primary
amines.

RESULTS

All measurements were made in 50% Me,SO-50%
(v/v) water at 20°C and an ionic strength of 0-5M
maintained with KCl. The pK<" values of 5-H, 5-Br
and 5-NO: were determined by standard spectro-
photometric procedures, exploiting the large difference
in the UV spectra of the triphenyl(2-substituted-9-
fluorenyl)phosphonium bromides and their respective
ylides. Typically the pK'$* was obtained as the average
of nine determinations according to the equation

CH Ac- - A
pKa DH+log<A_ACH> e8]
where Ac-, Acy and A are the absorbances at
pH » pK Y, pH < pK &M and pH = pK &Y, respect-
ively. The measurements were carried out in 2-
methoxyethylamine (5-H), cacodylate (5-Br) and
acetate buffers (5-NO3). The pK<$H values are reported
in Table 1; they have an estimated uncertainty of
*0-03 pK, units.
All rates were measured in a stopped-flow spectro-
photometer. The reactions can be described by

P29+ kPMaon + kP[Bl
5-Z 5-7° (2)

<

KM an. + k7 1™ BH)
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where B represents primary aliphatic amines and
piperidine and morpholine. Under pseudo-first-order
conditions, which were used throughout, the first-order
rate constant is given by

kobsa = k1129 + kPHaon- + & aur + k11O
+kP[B] + &% [BH] 3

The individual rate constants were determined by pro-
cedures detailed previously.'® For a given base, Kobsa
was obtained at six amine concentrations, usually with
a [B]:[BH] ratio of 1:1 and in numerous cases also
with 4:1 or 1:4 ratios. The raw data are summarized
elsewhere.!* The slopes of the plots of kopsa vs [B]
afforded k‘(l + au K™Y, which from their pH
dependence allowed a kinetic determination of pK<H,
These kinetic pK5*® values are 9-32 + 0-05 for 5-H,
7:47 +0-05 for 5-Br and 5:76 = 0-05 for 5-NOa.
They agree well with the spectrophotometric values
(Table 1).

The intercepts of the plots of kopsa vs [B] were
approximated by k PMaou- in the high-pH range and
by kHian- in the low pH range, and hence allowed a
determination of kPH and kY, respectively. In con-
junction with pK$™, k%% and 4§2° were then also
obtained.

All rate constants are summarized in Table 1. The
estimated error in these rate constants is *4%.

DISCUSSION
Bronsted correlations

Figure 1 shows plots of log k| éq and log KB p vs
ApK + log(p/g), with ApK = pK;H — pK &P (variation
of amine), for the reactions of 5-H, 5-Br and 5-NO;
with primary amines (p and g are statistical factors>?);
Figure 2 shows the corresponding plots for the reactions
with piperidine and morpholine (strictly these plots are
‘Eigen! plots’ rather than Brensted plots, but the slopes
have the same meaning as in Brensted plots). The slopes

vield Bg and ogu, respectively, while the points where

the lines cross correspond to log ko. These parameters
are reported in Table 2, which includes standard devi-
ations based on a least-squares analysis for the
reactions with primary amines (Figure 1).

Bronsted plots for the variation of kP with the pK&H
of the carbon acid are displayed in Figure 3 (primary
amines) and Figure 4 (piperidine, morpholine, OH~
and H,0). The acu values obtained from the slopes,
and B¢ =1 — acu, are summarized in Table 3.

Changes in 8 and acH

Be decreases with increasing acidity of the carbon acid
whereas acu decreases with increasing basicity of the
amine. There is, however, considerable experimental
uncertainty in 8g for the primary amines which may

log(k,Bq)

log(k,®/q)

6

5

4
2 g
m\'__ f%:a:J
k' b
=3 2 ¥
< 9

1

0

ApK + log(p/q)

Figure 1. Bronsted (Eigen) plots for the reaction of

triphenyl(2-Z-9-fluorenyl)phosphonium ions (5-Z) with

primary amines k%, open symbols) and its

reverse (K2 solid symbols). The slopes vield 8z and asn,

respectively, and the point of intersection is log ko. (A) Z = H;
(B) Z = Br; (C) Z = NO;

cast doubt about how significant the dependence of Gs
on pKE&H really is. In fact, considering the standard
deviations, the value of 0:49 * 0:-06 for 5-NO; is,
strictly, barely distinguishable from 0-61 + 0-05 for
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Table 2. Bronsted parameters, 8s and opy, and intrinsic rate constants obtained from the dependence on pK B

Primary amines®

Piperidine/morpholine®

5-Z 5 aBH Log 4o 88 aBy Log ko
5-H 0-61 + 0-05 0-39*+0-05 2:96 £ 0-10 0-49 0-51 3-39
5-Br 0-57 £ 0-06 0-43 + 0-06 2:66 +0-16 0-48 0-52 3-11
5-NO; 0-49 + 0-06 0-51 + 006 2:45+0-23 0-45 0-55 277

*Error limits are standard deviations.

®No standard deviations can be calculated on the basis of two-point Brensted plots.

log(k, %a)
log(k ;")

ApK + log(p/q)

Figure 2. Bronsted (Eigen) plots for the reaction of

triphenyl(2-Z-9-fluorenyl)phosphonium ions (5-Z) with sec-

ondary amines (k?, open symbols) and its reverse (kBY solid

symbols) for Z=H (m, @), Br (a, a) and NO; (», ). The

slopes yield Bs and agu, respectively, and the point of inter-
section is log ko

@ -
~
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0
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Figure 3. Brensted plots for triphenyl(2-Z-9-fluorenyl)

phosphonium ions (5-Z ) showing the variation of k¥ (primary

amines) with the pK ™ of the carbon acid, for the reaction

with n-butylamine (@), 2-methoxyethylamine (m), glycine

ethyl ester (©) and cyanomethylamine (®). The slope of the
lines is acu

log k?
[N

4 A A, 1
-12 .10 -8 -6 -4 -2
log K¢

Figure 4. Brensted plots for triphenyl(2-Z-9-

fluoreny!)phosphonium ions (5-Z ) showing the variation of k%

with the pKSH of the carbon acid, for the reaction with

hydroxide ion (@), piperidine (# ), morpholine (©) and water
(®). The slope of the lines is acpy

Table 3. Brensted parameters, acu and 8¢, obtained from the
dependence of the proton transfer rate constants on pKsH

B acu® Bc?

OH~ 0-25+0-02 0-75 £ 0-02
Piperidine 0-27 + 0-03 0-73+0-03
Morpholine 0-29+0-02 0-71 £ 0-02
n-BuNH; 0-30 £ 0-03 0-70 + 0-03
MeOCH,CH,NH, 0-33+0-04 0-67 +£0-04
EtOOCCH,;NH: 0-40 +0-04 0-60 *+ 0-04
NCCH,NH; 0-46 + 0-01 0-54 + 0-01
HxO 0-70 + 0-01 0-30+0-01

#Error limits are standard deviations.

There are two features which demonstrate that the
trend in Bg is real, as follows.

(i) Piots of log k£ (Br) vs log £ ' (H) and log k 8(NO,)
vs log kB (H) (Figure 5) suffer from much less scatter
than the Bronsted plots (Figure 1) and have slopes of
0-94 £ 0-03 and 0-81 + 0-03, respectively. These
slopes are significantly different from unity [log k F(H)
vs log k£ (H)) and from each other; they correspond to
Be(Br)/Be(H) and Be(NO:)/Bs(H), respectively
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Figure 5. Plot for the reaction of triphenyl(2-Z-9-

fluorenyl)phosphonium ion (5-Z) with primary amines,

showing a comparison of log k¥(Z) versus log kB (H), where
Z =H (0), Br (*), NOz (a)

{Bs(Br)/Bs(H) =093 and Bg(NO2)/Bs(H) = 0-80 from
the Bp values in Table 2].

(ii) The experimental error in the acy values (Table
3) is much smaller relative to the range of the acu
values, leaving little doubt about the authenticity of the
trend in acy. Since, by virtue of the cross-interaction
coefficient  p., = dBs/IpK M = dacu/ —IpK 2P, P a
dependence of acu on pK M requires a corresponding
dependence of 8g on pK M, the observed trend in acn
implies that the trend in Bg is real. A plot of acu vs
~pK 8" is shown in Figure 6. It vields p, =0-031 %
0+002, while py, determined from a plot of 8p vs pK < H
(not shown) yields p,, = 0-031 * 0-006. All py, values,
including those for the reaction of 5-Z with piperidine
and morpholine and for the reactions of 4-Z with

0.6

04}

03r

0.2 2 —_— " -

12 -10 -8 -6 -4 -2
BH
- K,

Figure 6. Plot for the reaction of triphenyl(2-Z-9-
fluorenyl)phosphonium ions (5-Z) with primary amines,
showing the variation of acy with the pK EY of the protonated
amine. The slope of the line is the interaction coefficient p,,

primary amines and oxyanions, are summarized in
Table 4.

pxv as a measure of changes in transition-state
structure

The py values for the deprotonation of the 4-Z are
reported in Table 4, They are all positive and hence
reflect qualitatively similar changes in transition-state
structure. These changes can be understood on the basis
of a reaction coordinate diagram with separate axes for
acu and Be, as described by Murray and Jencks. ® Such
a diagram is shown in Figure 7, with the transition state
for the reaction of 5-H with n-butylamine (e =0-31,
Bs = 0-61) indicated by the symbol f. This diagram pre-
sumes that 8p can be regarded as some measure of
proton transfer to the base and that «cny is related to the
progress of proton dissociation from the carbon acid. It
is important to realize, though, that this does not imply
a linear relationship between proton transfer and the
Bronsted parameters, only that an increase in 3s means

Table 4. Cross interaction coefficients, py, for the deprotonation of 5-Z and 4-Z

. Log ko
Acid Base Solvent TGO Dy (X=H)
5.7 Primary amines 50% Me,SO 20 0-03%° 2-97
5-Z Piperidine/morpholine 50% Me,SO 20 0-01%¢ 3-39
4.7 Primary amines 28 0-04¢ ~4-1¢
4-7 RCOO~ 28 0-07¢ ~5-0
2 This work.

*dacnf - IpK B = 0-031 = 0002, 3Bu/dpK M = 0-031 + 0-006.

¢ dacn] ~ Ipk BH
IRef. 9.

0-0085, 38s/dpK CH = 0-0096 = 0-0022.

“Ref. 9 gives 4-0, but our own calculation based on the data in Ref. 9 yields 4.1.
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Figure 7. Energy-reaction coordinate diagram for the reaction
of 5-H with n-butylamine, with the transition state indicated
by the symbol 1, as described in the text. A change to a more
acidic carbon acid (e.g. 5-Br, 5-NO;) lowers the right-hand
edge, as the carbanion is stabilized; the transition state moves
toward the lower left-hand corner (arrow a;) and the lower
right-hand corner (arrow a); the result (arrow a) is a lower Sgs.
A change to a less basic amine raises the upper right-hand
corner, as BH" is destabilized; the transition state moves
toward that corner (arrow b), implying an increase in both acn

and (s

more protonation of the base and an increase in acn
means a greater loss of the proton from the carbon acid
(the meaning of 8g and acp is considered further under
Imbalance).

With reference to Figure 7, a change to a more acidic
carbon acid lowers the right-hand edge of the diagram,
because the carbanion becomes more stable. This
induces the transition state to shift along the reaction
coordinate towards the lower left corner (arrow a;) and
perpendicular to the reaction coordinate towards the
lower right-hand corner (arrow a;). The resulting vector
(arrow a) suggests that the transition state moves in the
direction of less protonation of the base, implying a
lower 8p as observed (Table 2).

A change to a less basic amine raises the energy of the
upper right-hand corner because BH* becomes less
stable. This induces the transition state to move
towards this corner as indicated by arrow b. It implies
a more product-like transition state in terms of both a
greater degree of protonation of the base and more pro-
gress in the dissociation of the proton from the acid,
i.e. both acu and Bg should increase. The increase in
acu 18 clearly seen in Table 3; the increase in 8g should
manifest itself in a downward curvature of the plots of
log(k P/q) vs ApKa. + log(p/q). However, the relatively

small pK2® range (5.3 units) and small number of
amines, coupled with experimental scatter, make detec-
tion of this curvature impossible. Even in more
optimum situations, such curvature is often difficult to
detect. For example, in the reaction of 4-Br with eight
primary amines spanning a pKE" range of 7.3 units,
the data at best suggest but definitely do not clearly
establish the presence of such curvature.®

The large difference in p,, for the deprotonation of
5-Z by primary amines (0-03) compared with the
reaction with piperidine and morpholine (0-01) is puz-
zling. Murray and Jencks® also observed a substantial
difference in py, when comparing the deprotonation of
4-Z by primary amines (0-04) with that by oxyanion
(0-07). Since there appears to be a tendency for py, to
become larger with increasing intrinsic rate constants
(see Introduction), the larger py, value in the reaction of
4-Z with the oxyanions may possibly be attributed to
the higher log ko (ca 5-0 for oxyanions, ca 4-0 for
primary RNH,). However, this explanation is not
applicable to 5-Z because here the reactions with the
higher log ko (piperidine/morpholine) are those with the
smaller p,y value (Table 2). In the absence of data for
other systems which would more firmly establish
whether p,, for secondary alicyclic amines is inherently
lower than that for primary amines, it seems premature
to speculate on possible reasons for our results. It is
also unclear at this point whether the difference between
Pry =0-04 and 003 for the reactions of primary amines
with 4-Z and 5-Z, respectively, can be safely interp-
treted as a reflection of the higher ko for the reactions
of 4-Z, especially in view of the different solvents used
in the two studies.

Imbalance

The (g values are significantly larger than the acu
values, indicating a charge imbalance at the transition
state. We have usually taken the difference acu — Gs as
a measure of such imbalance.” In view of the relatively
strong dependence of acy on pKE¥ and of 8 on
pK <Y, there is some question as to how to define the
imbalance in the present situation. For lack of a better
method we shall use average oacu and g values
(@cu, Bs), i.e. for the reactions of 5-Z with primary
amines we have acy-—B=0-37-0-56= —0-19,
with piperidine/ morpholine &cu — B =0-28 —~ 0-47 =
-0-19,
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The negative imbalances can be understood in terms
of a difference in charge distribution between the tran-
sition state (6) and the product (7). In 6 the developing
negative charge is mainly localized on the carbon
whereas in 7 it is strongly delocalized into the fluorenyl
moiety, i.e. charge delocalization in the transition state
lags behind charge or proton transfer. As a conse-
quence, the charge seen by the Z substituent is further
away in the transition state than in the product, which
depresses acu. This interpretation presumes that 8g can
be viewed as at least an approximate measure of proton
or charge transfer (this is the traditional view,!3%!¢
although this view has been challenged!”) at the tran-
sition state, while acy 1s clearly not such a measure.

The kind of lag in the charge delocalization observed
here is characteristic of systems that involve resonance
stabilization of the product.” It is not restricted to
proton transfers or even carbanion-forming reactions,
but has also been observed in reactions involving
resonance-stabilized olefins,'® carbocations'® and
radicals. 2°

In many reactions for which requisite data are
available, the imbalance is positive (ocy — 88 > 0). This
is not because in these cases delocalization is ahead of
charge transfer, but because the position of the report-
ing substituent Z is such as to be closer to the charge in
the transition state than in the product. This leads to an
enhancement of acu. A well known example is the
deprotonation of arylnitromethanes by secondary ali-
cyclic amines for which ac =129 and 8 =0-56;%' 8
and 9 show the transition state and product ion,
respectively.

5+ 5-
B---~H-~~-CH—NO, CH=NO,
z Z
8 9

If Murray and Jencks® data are analyzed in a similar
way, the imbalance for the reaction of 4-Z with oxy-
anions calculated from their average o«cy and 8g values
yields &cn—PBp=0-81-0:74=0-07. They did not
report acy values for the reactions of 4-Z with amines.
However, when such acy values are calculated from
their & P(4-Br)/k B(4-H) ratios, one obtains an average
oacu =0-58 and thus, with the average Bs=0-73,
acu—Bs=—0-15. This is «close to our
&cu — Be = — 019 for the reactions of 5-Z with amines.

The positive value of acu — Bs for the reactions of
4-Z with oxyanions is surprising. There are three poss-
ible rationalizations for this result. (i) These reactions
constitute the first known exception to the rule that
charge delocalization lags behind charge transfer at the

transition state. In view of the large body of exper-
imental evidence confirming this rule,” including the
reactions of 4-Z with amines, in addition to theoretical
reasons why charge delocalization should lag behind
charge transfer? (inasmuch as charge delocalization
involves the breaking and making of bonds, the for-
mation of a delocalized carbanion by proton transfer
may be regarded as a multi-bond reaction; hence the
factors that make it difficult for multi-bond reactions to
be synchronous?? are relevant here), this rationalization
is unattractive.

(ii) m-Backbonding from the carbon to the d-orbitals
of the sulfur in the ylide (10b) may be important. This
would decrease the negative charge in the fluoreny!
moiety in the product and could lead to an enhanced
acw value. If this were the correct explanation, it would
be difficult to understand why the sign of acu —Bs
changes when amines are used as bases. This expla-
nation also contradicts Murray and Jencks® conclusions
regarding the unimportance of 10b, and is inconsistent
with our own analysis, presented below, of the relative
importance of resonance effects of the Me,S* and
Ph;P* groups.

=10 - QO Z

Sltiea SMe,
10a 10b

(iii) The wrong sign of the imbalance may be an
artifact resulting from the strong endoergicity of many
of carbon acid—-base combinations (range of
pKSY — pKk " = 0-6 to 13-0) and the low curvature of
the energy surface near the transition state (high py).
This endoergicity leads to highly unsymmetrical,
product-like transition states located near the upper
right-hand corner of the corresponding reaction coor-
dinate diagram (Figure 7), where imbalances tend to
become negligible (this is clearly seen from Figure 7,
where the distance between the curved reaction coor-
dinate and the diagonal dashed line represents the
imbalance acu — ). It is interesting that when only
the reactions of 4-Z with the two most basic oxyanions
[(CF3);CHO~ and AcO~"] are considered, which
removes the most endoergic reactions from the
correlation (range of pK<H — pK B =06 to 8-5), the
average  acH is 0-66, which leads to
acy—Pp=0'66—-0-74= —0-08, ie. the expected
negative value. This pK<H — pKBP range is close to
that for the reactions of 4-Z with the primary amines
(0-8-9-34).

By way of comparison, for the reactions of 5-Z with
amines, pK <t — pK B ranges from —5-43 to 3-99 and
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for the reactions of arylnitromethanes with secondary
alicyclic amines?! pK£® — pKBH ranges from —1-2 to
—4-7, implying much more symmetrical transition
states, consistent with 8p values close to 0-5. These con-
siderations suggest that meaningful imbalances can only
be obtained from acu and 8s when | pK £ — pKBH | is
relatively small, ensuring a transition state that is not
too far from the center of the reaction coordinate
diagram (Figure 7). A ‘permissible’ |pKSH — pK2H|
range cannot be given in absolute terms, however, since
it depends on how strongly the transition state changes
as a function of pKSH, i.e. low pxy values allow a
larger | pK M — pKPH| than high pxy values. In view
of the high pxy values for the reactions of 4-Z with
oxyanions, even the reactions with just (CF3;),CHO~
and AcO~ probably involve too large | pKEH — pK2H |
values (up to 8-5) to produce a quantitatively mean-
ingful imbalance, although the correct sign is obtained.

Intrinsic rate constants
Effect of the base

The log ko values for the deprotonation of 5-Z by the
piperidine/morpholine pair are about 0-4log units
larger than for the reactions with the primary amines
(Table 2). The lower intrinsic reactivity of the primary
amines is a common phenomenon.’ It has generally
been attributed to the stronger solvation of the primary
amines in their protonated form, coupled with the
assumption that the solvation of the incipient
ammonium ion at the transition state lags behind
charge development.3®?* In general, the difference in
log ko between primary and secondary alicyclic amines
is 0-7-1-0 log units, '*?* provided that there are no
significant steric effects. For example, in the deproton-
ation of 9-cyanofluorene in 50% Me,SO-50% water
this difference is 0-82.% The relatively small differences
of G-3-0-4 in the reactions of 5-Z suggest the presence
of a significant steric effect, as one might expect on the
basis of the large size of the Ph;P* group.

The presence of a substantial steric effect may also
be inferred from a comparison of k B values for specific
amines with &P® for OH~™. For example,
k- BuNHo e DH o 4.59 % 1072 for 5-H, 6-47 x 1073 for
5-Br and 7-18 x 1073 for 5-NO,. In contrast, the same
ratios for 9-cyanofluorene and 9-carbomethoxyfluorene
in the same solvent are ca 6 X 1072 and 1-37 x 107",
respectively,® i.e. 10-30 times higher. The smaller
ke~ BuNH2{p OH patios for 5-Z are easily explained if one
assumes that it is mainly the reaction with the larger n-
butylamine that is retarded by the steric effect of the
Ph;P* group.

Effect of the 2-substitutent (Z)

The log k¢ values decrease in the order 5-H > 5-Br >
5-NO». This decrease is a consequence of the difference

in the charge distribution between the transition state
(6) and the product (7) that manifests itself in acn
being smaller than 8g. Since Z is far removed from the
developing charge in the transition state but closer to
this charge in the product, the stabilization of the tran-
sition state by an electron-withdrawing Z is dispro-
portionately small compared with that of the product.
Hence the increase in kP is small compared with the
increase in the equilibrium constant (small acu). As
described in detail elsewhere,” this is equivalent to a
decrease in ko which can be related to the imbalance by
the equation

log ko(Z) — log ko(H) = 6 log k5(2)
=(acu — B8)S log K1(Z) (4)

In the present case 6 log K1(Z), with I referring to the
inductive/field effect (in contrast to resonance effects),
is given by pKSH(H) — pKEH(Z). {1t is assumed that
the resonance effect of the nitro substituent is negli-
gible. If resonance were important, the point for 5-NO»
would show a substantial negative deviation from the
Brensted plots in Figures 3 and 4, as has been observed
e.g., in the deprotonation of 4-nitrophenylnitro-
methane by PhCOO~ in Me;SO.?® Note that in the
reactions of 4-Z no negative deviation from the
Bronsted plots for 4-NQOz was observed either.® Note
also that in a situation such as the deprotonation of
arylnitroalkanes, where acu > 8s, log ko increases for
electron-withdrawing aryl substituents [acy — 8 > 0 in
equation (4)], since the closer proximity of the substi-
tuent to the charge in the transition state (8) leads to a
disproportionately large increase in k£ compared with
the increase in the equilibrium constant.}

Plots of log ko vs pK £ (not shown) yield acyu — 88
=-0-13£0-01 and = -0-170-01 for the
reactions of 5-Z (Z = H, Br, NO,) with primary amines
and piperidine/morpholine, respectively. These imbal-
ances are, within experimental error, the same as those
obtained from the average acy and g values (—0-19),
since the experimental uncertainty in these latter values
may be as high as +0-06 or higher.

Effect of the 9-substituent (X)

Data now exist on log ko for the deprotonation of four
different 9-X-fluorenes (X = COOMe, CN, Me,S* and
Ph;P*), which are summarized in Table 5. The data for
the dimethylsulfonium derivative (4-H) determined in
water at 28 “C are not strictly comparable with the bulk
of the results that were obtained in 50% Me,SO—-50%
water at 20 °C. However, as seen with the CN and
COOMe derivatives, log k¢ for these compounds
depends very little on solvent. Assuming a similarly
weak solvent dependence for 4-H and taking the slight
temperature difference into account, one estimates
log ko in 50% Me2SO—50% water at 20 °C to be ca 4-10



418 C. F. BERNASCONI AND D. E. FAIRCHILD

Table 5. pKEH values of 9-X-fluorenes and log ko for their deprotonation by primary aliphatic amines at 20 °Cc

H,0 50% Me SO 90% Me,SO
X pkEH Log ko pk&H Log ko pK Y Log ko
COOMe (2)° 10-97 2-84 10-03 3-09
PhsP* (5-H)® 9-38 2-97
CN (3 10-71¢ 362 9-53 3-76 8-01" 3.57
Me,S* (4-H ) 13-7¢ ~4-1¢ (~12-5)% (~4-1)*
“Ref. 8.
® This work.
“Ref. 9.

410% Me,SO-90% water.

© At 28 °C, see footnote e in Table 4.
"In MexSO, pK,“ M =8-30.7

¢ Estimated, see text.

(see footnote e in Table 4). Table 5 also reports
pK ™ values. The pK < for 4-H in 50% Me,SO—50%
water was estimated assuming the same solvent
dependence as for the pK. of 3, i.e. pKS¥(50%
Me;SO) = pK ¥ (H,0) - 1-2.

As indicated in the Introduction, the 9-X substituent
may affect ko in four major ways: by inductive/field (I),
resonance (R), polarizability (P) and steric (S) effects.
We wish to estimate the contributions from these
factors to the differences in log ko among the four 9-X-
fluorenes in Table 5. We shall use 2 (X = COOMe) as a
reference compound. For any of the other three
fluorene derivatives one can then write

log ko(X) = log ko(COOMe) + 6 log kb(X)
+81log kE(X) + 8 log k5 (X) + 6 log k§(X) (5)

With respect to the I effect, an electron-withdrawing
substituent should increase and an electron-donating
substituent should decrease ko because, in contrast to
the Z substituent in the 2-position, the X substituent in
the 9-position is closer to the negative charge in the
transition state than it is in the product (see, e.g. 6 vs
7). For a substituent with the same R, P and S effects
as for COOMe, 6 log kH(X) may be obtained from
equation (6) [equation (6) is very similar to equation (4)
except that in equation (4) the reference substituent is H
and in equation (6) it is COOMe].

8 log k6(X) = log ko(X) — log ko(COOMe)  (6)

In analogy with equation (4) & log k$(X) can also be
expressed by the equation

5 log k4(X) = (adu — B8)8 log K1(X) )

where 6log K§(X) is the change in the equilibrium
constant induced by the change in the I effect; since
the other effects are assumed to cancel,
6 log K1 (X) = pKSH(COOMe) — pKsH(X). oy is the
Bronsted « value obtained by varying the I effect of X.

Among the substituents in Table 5, CN comes closest

to meeting the criteria for equation (6). On the basis of
various sets of substituent constants, the resonance
effects of CN and COOMe appear to be nearly the
same, e.g. or =0-16 for COOMe, 0-18 for CN;®
Aoy = 0-28 for COOMe, 0-29 for CN;?° ox = 0-34 for
COOMe, 0-33 for CN;?° only the R~ values?® suggest
a slightly stronger R effect for CN (0-49) compared
with COOMe (0-41) [In a previous paper® it was
assumed that it is the COOMe group that has a larger
resonance effect, as reflected in the o% values®® (0-08
for CN, 0-16 for COOR), but this now appears
unlikely]. A slightly larger R effect for CN would
slightly reduce ko(CN) and with it & log k4 (CN) calcu-
lated from equation (6), but this reduction would be too
small to affect our conclusions significantly.

With respect to steric effects, the larger size of
COOMe compared with CN does not appear to have
a significant rate-retarding effect, as judged by the
kP BaNHz O ratios (see above); in fact, this ratio is
slightly larger for the COOMe derivative but this is
probably at artifact caused by some uncertainty in & P
for the cyano derivative.® Since no significant P effects
are expected for CN or COOMe, we conclude that, to
a good approximation, the difference of 0-92 between
the observed log £¢(CN) and log ko(COOMe) values
can be attributed entirely to the stronger I effect of CN,
i.e. 6log kG(CN) =0-92. This allows us to calculate
afu from equation (7): with 6 log K1(CN) = 1-44 and
the average 8p value of 0-48 (3 = 0-49 for 2, 0-47 for
3%) for reactions of 2 and 3 we obtain afy = 112 [this
large o2y value is consistent with findings by Murdoch
et al.3! for the reaction of 9-alkylfluorenes with (9-
alkylfluorenyl)lithium in diethyl ether; it is reminiscent
of acu>1 found in the deprotonation of
nitroalkanes?"'*?> and indicates a dramatic difference
between the charge distributions in the transition state
and the product ion].

6 Log kb(X) for X = Me,S* and PhsP* can now be
estimated. From & log K} (CN) = 1-44 above it follows
that & log K1(CN)/601(CN) = 5-54 with 60(CN) =
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01(CN) ~ 01(COOMe) = 0-57 — 0-31 = 0-26. 3" We now
assume 8 log K1(X)/801(X) = & log K} (CN)/801(CN);
from o1(Me;S*) =0-8930 one obtains
d01(MezS™) = o1(Me2S™) — 61 (COOMe) = 0- 58 and
8 log K1(Me,S*) = 321, and from o (PhsP*)=0-76%
one obtains 801(PhsP*) = 01(Ph3P*) — 0;(COOMe) =
0-45 and 6 log K1 (PhsP*)=2-49. These calculations
are based on the premise that &oj(Me,S*) and
d01(Ph3P™) are an acceptable approximation of the dif-
ferences in the I effects relative to COOMe even if the
R effects of PhsP* and Me,S* differ from that of
COOMe, [As shown below, the R effects of PhsP* and
COOMe are probably not very different so the above
approximation should hold fairly well. On the other
hand, the R effect of Me,S* appears to be significantly
less than that of COOMe. Since the R effect should
reduce the I effect, the use of o;1(Me,S*) to calculate 6
log K'(MesS*) may lead to an estimate of
b log K} (Me,S*) that is too low. However, this will not
affect any of the qualitative conclusions.}

With 8z = 0-61 for PhsP* and 0-70 for Me,S*, the
average (3 values used in equation (7) become 0-55 for
Ph;P* and 0-60 for Me,S*. Assuming the same a2y as
found for X = CN (1-12) leads to & log kb(Me,S™) =
1-67 and & log k§(PhsP*)=1-42 (Table 6). These
numbers imply that were it not for differences in R, P
and S effects, log ko(Me2S*) and log k¢ (PhsP*) should
be larger than log ko (COOMe) by ca 167 and ca 1-42,
respectively, owing to the stronger polar effect exerted
by the charged groups compared with that by COOMe.

We believe that the estimated 8 log k5(X) values for
PhsP* and Me,S* are reasonably accurate, probably
within +0-4 log units or better. Reliable values for
5 log k§(X), 6 log k&5 (X) and 6 log £§(X), whose sum is

given in the equation

>, (X)= 5log k&(X) + & log kE(X) + 6 log k& (X)
RPS < log ke(X) - log ke(COOMe) — 5 log kb(X)
@)

and reported in Table 6, are more difficult to obtain,
but interesting insights can be gained even from
relatively crude estimates. The methods used for these
estimates will be illustrated for X = PhsP*.

A first approximation for & log k§(Ph;P*) may be
obtained from the comparison of the k™ BuNHz/g OH
ratio for S-H (4:59x107%) with that for 2
(1-37 x 107 ') reported above. If it is assumed that
only k7 BNH2 and not kPH js retarded by the larger
steric bulk of PhyP*, the equality § log k5 (PhsP*) =
log(kln—BuNHz/kIOH)S_H _ log(ki;—BuNﬂz/kIOH)z = —1-47
must hold. If & ™ were also reduced by the steric effect,
the above expression would underestimate the steric
effect on log ks(PhsP*). Hence we conclude that
8 log k§(PhsP+) < —1-47.

In estimating the R effect, 8 log k& (PhsP*), we apply
a recent model® that derives from a proposal originally
advanced by Kresge,?** and which is briefly described
in the Appendix, According to this model,
8 log k& (PhsP*) is given by

6 log k& (PhsP*) = (Z§ — B8)5 log KT (PhsP*) (9)
where
AR =(Bs)" (10)

5log K¥(Ph;sP*) is the difference in the resonance
effect of PhsP* and COOMe on log K| and n has a
value between 2 and 3. We shall use n=2-5; with

Table 6. Contributions of I, R, P and S effects to log ko{X) relative to log ko(COOMe)

X COOMe CN PhsP* Me:S*
pKH(X) 16-97 9-53 9-38 ~12-5
a(X) 0-31 0-57 0-76 0-89
Log ko(X) 2-84 3-76 2-97 4.1
8 Log K{(X) 0 1-44 2-49 3-21°
& Log &6(X) 0 0-92 1-42 1-67°
Lr.ps (X) 0 0 -1-29 ~—0-51°
8 Log k3(X) 0 0 < -1-47

4 Log KT(X) +8 Log KT(X) 0 0 ~-0-90 ~—4-74°
8 log K} (X) 0 0 <-0-90 < —4-74°
8 Log KT (X) 0 0 >0 >0

8 log k§(X) 0 0 >0-29 >1-37°
8 log k§(X) 0 0 >0 >0

2See footnote e in Table 4.

®If the reduction in the I effect by the R effect for COOMe is taken into account, 5 log K} (Me>S*) would be
higher (see text). This would also make & log k6(Me>S* ) and 6 log k& (Me2S*) higher and Ir,s,p (MeS*), &
log K®(Me,S*) + 8 log K¥(Me;S*) and 8 log K¥(X) more negative.
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B =0-061 (Table 2) we obtain AX— 8= —0-32.
5 log KX (PhsP*) is difficult to estimate but the com-
bined contribution of the R and P effects [P effect:
6 log K¥ (PhsP*)] to K| can be obtained from a com-
parison of the pKH values after subtracting out the [
effect according to the equation

8 log KR (PhsP*) + 6 log KT (PhsP™)
= pK{H(COOMe) — pKEH(PhsP*) — & log K} (PhsP ™)
1y

This yields 6 log KR(PhsP*) +6log KT (PhsP¥) =
—0-90. Since the P effect of Ph3P™ is certainly larger
than that of COOMe and hence & log KT (PhsP*) has to
be >0, this means that §log KT (PhsP¥) < ~0-90.
With N{—8e=—-0-32, equation (9) yields
b log k& (PhsP™) > 0-29,

Polarizability effects have not been considered in our
earlier discussions of factors that affect kp.*’ Using the
same model from which equation (9) has been derived,
a formalism can be developed that relates
5 log k5 (PhsP*) to 6 log K (PhyP ™). This formalism is
outlined in the Appendix. It provides the equation

8 log k& (X) = (\f - B88)d log KT (X) (12

where
188 — (xx + xv)(B8)"]?
[—1+xx+xv])?

xx and xy are the negative charges on X and Y in the
product ion [see equation (A6) in the Appendix; with a
positively charged X such as PhsP™*, xx is the amount
by which the positive charge has been reduced] and n
has the same meaning as in equation (10). Since xx and
xy are unknown, \¥ cannot be calculated. However, it
is instructive to consider some limiting cases which give
an insights into whether the P effect should be expected
to enhance or lower k. We shall again use n =2-5 and
Be=0-61.

Case I' xx + xy=0. This case refers to a situation
where neither X nor Y is a w-acceptor. Equation (13)
simplifies to AM¥=p% and A —gBs= —0-24. Since
8 log KT (X) > 0, this means that & log k§(X) < 0, i.e.
the P effect lowers the intrinsic rate constant,

Case II: xx+ xy =1. This case represents the other
extreme from case I where the entire negative charge is
delocalized and no charge is left on the carbon in the
product. Equations (12) and (13) cannot be applied here
since & log KT (X) = 0 and A § = o, but qualitatively it is
clear that since only the transition state benefits from
the P effect, ko is enhanced.

Case III: xx+ xy=0-5. This case, or one where
Xxx + xy is larger than 0-5 but smaller than 1-0, may
come close to the actual situation with 5-H. Here
equation  (I13) gives Af=0-85 and hence
AP —Be =024, i.e. ko is enhanced. These consider-
ations clearly suggest that if the ylide is stabilized by a
P effect this should lead to 8 log k5 (PhsP*) > 0.

B =

(13)

Further conclusions may be drawn about
8 log k§ (PhsP*) and 6 log k& (PhsP*) from their sum
given by

2, (PhyP*) = & log k& (PhsP*) + 6 log kE(PhsP *)
R,P

= 2, (PhsP*)—5log k§(PhsPY)  (14)
R,P.S

With Zrsp (PhsP*)= —1:29 and §log k§(PhsP™)
< —1-47 (Table 6), we obtain Zg,p (PhsP*) > 0-18. If
—1.47 were the actual value for 6 log k3(PhsP ™) rather
than an upper limit, the lower limit of 0-29 estimated
above for &log k¥(PhsP*) would more than fully
account for g p (Ph3P*), implying that the P effect is
non-existent, or even slightly negative
[8 log k§ (PhsP*) < 0]. This seems unreasonable and
suggests that the steric effect is substantially larger, i.e.
6 log ko(Pth )< —1-47. For example, if
5log k3 (PhsP*) were —2-47 this would give Lgr,p
(PhsP*)=1-18; using Ak — s = —0-32and \} - Ba =
0-24, one obtains 4 log K¥ (PhsP*) = —2-50, & log KT
(PhsP*) =160, 5 log k§ (PhsP*)=0-38 and
8 log k8 (Ph;P*) = 0-80. This example is meant to illus-
trate the effect of a more negative 6 log k§(PhsP™")
value rather than to imply that §log k5(PhsP*) is
indeed —2-47.

Similar conclusions are reached if the reaction of 4-H
(X =Me,S") is subjected to the same type of analysis
even though the uncertainties in our various estimates
are higher than with 5-H (X = PhsP"). [There are two
reasons for these additional uncertainties: (a) the
log ko(MesS*) and pKS$H(Me,S*) values are not
known in 50% Me,SO—-50% water and had to be esti-
mated based on values in water; (b) as indicated earlier,
01(Me;S*) may underestimate the difference in the I
effects between Me,S* and COOMe, which would lead
to an underestimate of & log K} (Me,S*) and uncertain-
ties in parameters derived therefrom (see footnote b in
Table 6).] With 8a = 0-70 one calculates A = 0-41 and
Ak — Be = —0-29. By means of an equation analogous
to equation (11), & log K} (MeS*) + 8 log K} (MexS™*)
= —4-74 is obtained, from which & log K¥(Me.S*)
< —-4-74 is derived [assuming & log K} (Me,S¥) > 0].
With A\{ — 8s= —0-29, one obtains & log k§(Me,S*)
> 1-37. Assuming 8 log k§(MexS*) = —1-47 yields
Lrr (MeS*)=0-96, i.e. the lower limit of 6 log k§
(MezS™) of 1-37 would more than fully account for
Yrp(MeS*), requiring that §log k§(Me,S*) <
—1-47, as was inferred for & log k5§ (PhsP*).

It should be noted that the much more negatlve
5 log K¥(MesS*) < —4-74 compared with 6 log K%
(Ph;P*) < —-0-90 is consistent with the notion that
resonance stabilization of the ylide by Me,S™ is
relatively unimportant and possibly altogether
absent,”'? but that with PhsP* there is probably a
significant R effect. '2¢:9
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The conclusions from our analysis of the I, R, P and
S effects on log ko(X) (X = CN, PhiP*, Me,S*) rela-
tive to log ko(COOMe) can now be summarized as
follows.

To a good approximation, the entire difference
between log ko(CN) = 3-76 and log ko(COOMe) =2-84
may be accounted for by the stronger electron-
withdrawing 1 effect of CN.

For PhsP* and Me,S™ all four factors, i.e. the I, R,
P and S effects, contribute to the difference bet-
ween log ko(X) and log ko(COOMe). The first three
enhance log ko(X), whereas the § effect lowers
log ko(X). For X =PhsP* the S effect almost exactly
balances the other three factors, resulting in nearly
equal log ko values for Ph;P* and COOMe. For
X =Me;S* there is a net increase of over one log unit
in ko relative to COOMe or Ph3P*. The main factor for
this increase appears to be the smaller resonance stabi-
lization by Me,S*  [5log k§ (Me:S*) > 5 log k&
(PhsP*)]. There is also a small contribution from the
slightly larger I effect [8log kb(Me:S*) > 6log kb
(PhsP*)]. Whether the smaller size of Me,S* contrib-
utes to the larger ko value [i.e. 6log k§(MeS™) less
negative than & log k3(PhsP*)] cannot be ascertained
from the data, but it is a reasonable hypothesis.

PhsP* and Me,S* are likely to exert substantial
ylide-stabilizing P effects. Since neither 6 log KT (X) nor
the charge on the carbon of the ylide [— 1 + xx + xy in
equation (13)] is known, no numerical estimate of
& log k§(X) can be given, but we have shown that the
effect should lead to an increase in ko.

EXPERIMENTAL

Compound 5-H. This was prepared as the bromide
salt by reaction of Ph;P with 9-bromofluorene
according to Johnson et al.,** m.p. 289-291 °C (lit.,**
289-291 °C). The ylide of 5-H was obtained by the
method of Pinck and Hilbert,® m.p. 264-266°C
(lit.,>* 258-260°C). 'H NMR (60 MHz, CDCls); &
6:26—6+42 (m, 2H), 6-73—-7-14 (m, 4H), 7-49-8.30
(m, 17H), identical with that of Pouchert. ¢ Mass spec-
trum (MS); mjz 426 (M™).

Compound 5-Br. The precursor, 2,9-dibromo-
fluorene, was synthesized following the general strategy
of Dickinson and Eaborn.?” 2-Bromofluorene (10-2 g
41-5mmol) and  N-bromosuccinimide (7-42g,
41-7 mmol) were dissolved in 120 ml of CCls. Benzoyl
peroxide (0-12 g 1 mol %) in 30 m] of CCl, was added
and the solution was stirred at reflux for 8 h. After
standing for 13 h, a starch—iodide test was slightly posi-
tive. The reaction mixture was chilled and the insoluble
succinimide was separated by vacuum filtration. The
filtrate was stripped of solvent and the crude prodgct
recrystallized from 400 m! of hexane, m.p. 122-124 'C

(lit.,¥2 123-125°C). Conversion of 2,9-dibromo-
fluorene into 5-Br (bromide salt) followed the pro-
cedure of Johnson et al.,*® m.p. 276-278 °C (lit.,*
264—265 °C). The ylide of 5-Br was obtained by the
method of Pinck and Hilbert,* m.p. 261-262°C
(decomp.) (lit.,** 262-263°C). 'H NMR (60 MHz,
CDCl3): 6 6:22—-6-49 (m, 2H), 6-87-7-12 (m, 3H),
7-35-8-21 (m, 17H). MS; m[z 504/506 (M ™).

Compound 5-NO,. The precursor, 9-bromo-2-
nitrofluorene, was prepared from 2-nitrofluorene in a
similar manner to 2,9-dibromofluorene. The crude
product was dissolved in hot methanol and vacuum
filtered; the filtrate was diluted with hot ethanol and
allowed to cool, yielding an orange product, m.p.
136-140°C (lit.,*® 142-143°C). Conversion of 9-
bromo-2-nitrofluorene into 5-NOz (bromide salt) was
the same as for §-H, m.p. 272-273°C [lit.,*
281-282°C (decomp.)]. The ylide of 5-NOy was pre-
pared in the same way as the others, m.p. 267-268 °C
(decomp.) (lit.,** 276-277°C). 'H NMR (60 MHz,
CDCl;3): 6 6-40—6-60 (M, 1H), 6-94-7-16 (m, 3H),
7-35-8:38 (m, 16H). MS: mfz 471 (M™).

Reagents. Buffer materials of analytical grade were
obtained from Aldrich (unless specified otherwise) and
purified as follows. Piperidine, morpholine, n-
butylamine and 2-methoxyethylamine were refluxed
over CaH, for 1h and distilled under nitrogen.
Cyanomethylamine hydrochloride and glycine ethyl
ester hydrochloride were recrystallized twice from 1:1
isopropanol—ethanol. Cacodylic acid (free acid, Sigma,
98%), glacial acetic acid (Mallinckrodt, AR) and KCl
(Mallinckrodt, AR) were used as received. All HCI and
KOH solutions originated from ‘DILUTE IT’ ana-
lytical concentrates (J. T. Baker). Dimethyl sulfoxide
(Fisher, certified ACS) was distilled from CaH, and
stored over 4 A molecular sieves. Ultra-pure water was
obtained from a Millipore Milli-Q Plus water system.

Spectra and pKS® measurements. The following
spectral parameters were obtained in 50% Me;SO—50%
water at 20°C using a Perkin—Elmer Model
559 UV—visible spectrophotometer. 5-H: Amax 268 nm
(log € 4-27), ylide Amax 250 nm (log € 4-62), 285 nm
(log € 4-47), 368 nm (log £ 365, broad). 5-Br: Amax
272 nm (log € 4:33); ylide Amax 253 nm (log £ 4-65),
289 nm (loge 4-54), 385 nm (loge 3-56, broad).
5-NO2: Amax < 250 nm (covered with the absorption by
Me,SO) (log € > 4-5), 330 nm (log € 4-18); ylide Amax
270 nm (log € 4-30), 296 nm (log £ 4-40), 340 nm (log ¢
4-11), 390 nm (log € 4-06), 530 nm (log € 3-26, broad).
The ylides have a low solubility in 50% Me>SO—-50%
water and tended to precipitate. However, if spectra
were taken within a few minutes after mixing, the pre-
cipitation of phosphonium bromides could be avoided.
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The pK <M determinations were carried out at 285 nm
for 5-H, at 253 and 289 nm for 5-Br and at 396 nm for
5-NO:. The pH measurements were conducted with an
Orion Model 611 pH meter equipped with an Orion
Model 910100 glass electrode and a Fisher Model 13-
620-51 calomel reference electrode. The meter was cali-
brated with Hallé3? buffers.

Kinetic measurements All Kkinetic determinations
were carried out with a Durrum—Gibson stopped-flow
spectrophotometer. The general methodology was as
described previously.?***® The pH of the reaction sol-
utions was determined in mock mixing experiments.
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APPENDIX

We first consider the deprotonation of a carbon acid
activated by one m-acceptor (Y) and another group (X)
that may exert I, P and/or S effects but no R effect.
This reaction is schematically represented by

. |
BY + H—(ll—Y —_— B---H--—('I=-Y —_—
X X
“hg

BH"'! \,ch (A1)
X

It has been shown that § log A& (Y), which is the change
in log ko caused by the R effect of Y relative to a refer-
ence compound, is given by the equation*’

&log k& (Y) = (A — B)d log KT (Y) (A2)

where 6 log KR(Y) is the contribution of the R effect of
Y to the change in K; and \§ measures the progress in
resonance development at the transition state, defined

as
Nk =8 log kT (Y)/8 log KR(Y) (A3)

with & log kR (Y) representing the contribution of the R
effect of Y to the change in k;.
On the basis of our model,* the equations

Ak = 8y/x (A9)
8y = x(68)" (AS)

hold with the most likely value of n being between 2
and 3. If we equate 6 with 8g (this is the traditional
view, **!€ aithough this view has been challenged'’),
it follows that A¥ is given by

MK = (88)" = (8B)" (A6)

The above formalism may be extended to the situ-
ation where X, too, is a w-acceptor, as represented in
the equation

t
woy b by
B' + H—C—Y—> B---H---(:f‘:-Y —
X
X —ox

~1 +Zx+lY Y—XY
P
BH"'! + —c\g (A7)
_xx

Besides the 6 log k§(Y) term given by equation (A2),
there is now an additional term, 6 log k& (X), given by

6 log k&(X) = (\X - B8)d log K} (X) (A8)

which contributes to the change in k. In this situation
the following relationships hold:

Oy = xy(&n)" (A9)
8x = xx(6m)" (A10)
AR = 8y/xy = (68)" = (B8)" (AllD)
A = 8x/xx = (68)" = (BB)" (Al12)

The result that NX = A} and that A} is the same for
reactions (Al) and (A7) may seem surprising because
one would expect that the R effect of X would influence
(decrease) the R effect of Y. According to our model,
the influence of the R effect of X on the R effect of Y
exerts itself through a change (decrease) in 6 log K ¥ (Y)
rather than a change in \§.

The above model can also be used to estimate the P
effect of X on ko. With reference to reaction (Al), 6 log
k5 (X) can be expressed by

8 log k§(X) = (\F - B)dlog KT(X)  (A13)

where 6 log KT (X) is the contribution of the P effect to
the stabilization of the product ion relative to a refer-
ence compound for which there is no P effect and A
measures the progress of P development at the tran-
sition state. \ §, which is defined as

AE =6 log kT (X)/8 log KT (X) (Al4)

with 8 log k¥ (X) being the increase in log k; caused by
the P effect on the transition state, may be estimated by
assuming that the P effect is limited to the stabilization
of the negative charge on the carbon directly adjacent
to the substituent. This is a reasonable assumption since
P effects fall off with the fourth power of distance.*' As
P effects are proportional to the square of the charge,*'
the transition-state stabilization must be proportional
to (5c)® and product stabilization to (-1 + x)? and
hence AJ is given by
A= __6%__
(-1+x)
From 8¢ = 8 — 6y, equation (A5) and again equating
ég with Bg, one obtains

x_ 8o = x(n)"1?
(—1+x)

Extension to reaction (A7) where X also exerts an R
effect leads to

(A15)

A (A16)

0c = dp — 0x — by (Al7)
In combination with equations (A9) and (A10),
equation (A17) yields
6c =08 = (xx + xy)(8)" = Br — (xx + xy (BB)" (Al8)
and hence
[8s — (xx + x¥ )(B88)"1*

M= S
(=14 xx+xv)

(A19)





