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Abstract: Twenty-three diarylcarbenium ions and 38ystems (arenes, alkenes, allyl silanes and stannanes,
silyl enol ethers, silyl ketene acetals, and enamines) have been defined as basis sets for establishing general
reactivity scales for electrophiles and nucleophiles. The rate constants of 209 combinations of these
benzhydrylium ions anda-nucleophiles, 85 of which are first presented in this article, have been subjected to

a correlation analysis to determine the electrophilicity param&ensd the nucleophilicity parametexsand

s as defined by the equation 1&g20 °C) = s(N + E) (Mayr, H.; Patz, MAngew. Chem., Int. Ed. Endl994

33, 938-957). Though the reactivity scales thus obtained cover more than 16 orders of magnitude, the individual
rate constants are reproduced with a standard deviation of a factor of 1.19 (Table 1). It is shown that the
reactivity parameters thus derived from the reactions of diarylcarbenium ionstwitltleophiles (Figure 3)

are also suitable for characterizing the nucleophilic reactivities of alkynes, mei@nplexes, and hydride
donors (Table 2) and for characterizing the electrophilic reactivities of heterosubstituted and metal-coordinated
carbenium ions (Table 3). The reactivity parameters in Figure 3 are, therefore, recommended for the
characterization of any new electrophiles and nucleophiles in the reactivity range covered. The linear correlation
between the electrophilicity parametdtf benzhydryl cations and the corresponding substituent constants
ot provides Hammett™ constants for 10 substituents frorl.19 to—2.11, i.e., in a range with only very

few previous entries.

Introduction nucleophiles. Kane-Maguire and Sweigart reported analogous
relationships for reactions of electrophilic metal-complexes
with phosphines, amines, and aref€3hese results indicated
that electrophile-nucleophile combinations that do not involve
the cleavage of a €X bond in the rate-determining step follow
a much simpler reactivity pattern than thg2type reactions

that were investigated earlier.

In view of the results of Ritchie, Kane-Maguire, and Sweigart
it was not astonishing that many reactions of carbocations with

electrophiles by two parameters, (og ki,0).3 Succeeding olefins were also found to follow constant selectivity relation-
investigations added more and more paraméteesd finally shipsi® To satisfactorily describe the reactivities of a larger
Bunnett listed 17 factors that have to be considered in a variety of nucleophiles, however, the introduction of a second
quantitative description of nucleophiliciyOn this background, ~ Parameter for nucleophil&s*3 was found to be necessary. In
Ritchie’s “constant selectivity relationship” attracted much 1994, we subjected the rate constants of 327 reactions of
attention because it calculates the rates of the reactions ofcarbocations, metatr-complexes, and diazonium ions with,
carbocations or diazonium ions with nucleophiles from only a o-, and n-nucleophiles to a correlation analysis on the basis of
single parameter for electrophiles and a single parameter foreq 1,

Lapworth was the first to recognize that polar reagents fall
into two categories which he termed “cationoid” and “anionoid”
(1925)! Shortly after, Ingold suggested the alternative designa-
tions “electrophilic” and “nucleophilic” for these classes of
compoundg, two terms that are now in general use for
discussing organic reactivity.

Attempts to quantify these terms started in 1953, when Swain
and Scott characterized nucleophiles by one parametend
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Characterization of Cationic Electrophiles and Neutral Nucleophiles

log k(20°C)=s(N+ E) Q)
whereE is the electrophilicity parameteN is the nucleophilicity
parameter, andis the nucleophile-dependent slope parameter,
and obtained\ and s parameters of 56 nucleophiles aid
parameters of 43 electrophilés.
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In both cases the originally publish&gN, ands parameters
were kept unchanged. As a consequence, rate constants that had
entered our data collection at an early stage (before 1994)
received higher weight than data that were introduced later.

An alternative and more consequent way of handling the
kinetic data would be a complete correlation analysis of all

Despite the large structural variety of substrates and reactionsavailable rate constants after the addition of each new entry.

considered, the rate constakitsalculated by the three-parameter
eq 1 were usually found to be accurate within a factor of 10

100, when reagents of obvious steric bulk (e.g., tritylium ions)
were excluded. This precision is quite remarkable in view of

This procedure is not practicable, however, because it would
continuously alter all reactivity parameters and thus cause
confusion.

The use of all available rate constants for the determination

the fact that each of the scales covered 18 orders of magnitudeof E, N, ands by correlation analysis would cause an additional
resultmg. in an overall reactivity range of appoxmgtgly 36 orders problem: Imagine the case that a reaction series, investigated
of magnitude. Because solvent effects are small in ion molecule for the elucidation of the reactivity parameters of a structurally

reactions;t1415 their influence is already included in the
aforementioned error-limits.

unigue reagent, matches eq 1 only moderately. One would then
have to decide whether the benefit of obtaining the new

Since 1994, numerous other types of reactions have beenreactivity parameter compensates for the deterioration of the

found to follow eq 1.N ands parameters of further classes of
nucleophiles, e.g., amine borar€snetal-z-complexes$1’
heteroarene® silyl enol ethers? and silyl ketene acetal8 have
been determined by plotting the rate constants Kpgf their

quality of the overall correlation, which is associated with the
incorporation of a poorly matching reaction series. An unam-
biguous decision would often be impossible!

We will now provide a solution for these problems by

reactions with previously characterized electrophiles versus thederiving E, N, and s parameters for a set of well-behaved

publishedE parameters of the electrophilic reaction partners.
Electrophilicity parameterE of dithiocarbenium iong?
iminium ions2%22 propargyl cations with cobalt carbonyl
stabilizatior?® or (arene)Cr(CQ)substituentg#25cationic allyl
palladium complexe® and Fe(COjcoordinated tropylium

reference electrophiles and nucleophiles. Because of the clearly
defined origin of the reactivity parameters presented in this
article, future reparametrizations are not intended, and it will
be shown that the parameters determined in this way can be
used for characterizing any further reagents in the reactivity

iong” have been derived from the rate constants of the reactionsrange covered.
of these electrophiles with nucleophiles that were characterized E|ectrophile Basis Set: Benzhydryl CationsPrevious work

by the reactivity parameteisandsin the 1994 papelt Ideally,

the electrophilicity paramet; of a certain electrophileshould

not depend on the choice of nucleophileused for its
determination. In practice, the electrophilicity parameters ob-
tained from reactions of the electrophilevith various nucleo-
philes differed slightly, an&; was taken as the arithmetic mean
of the values calculated with different reaction partners (eq 2)

1 1 flogk;
:_Z‘ J_|\|j
nj= %

wheren is the number of nucleophiles used for the characteriza-
tion of the new electrophilé; is theE parameter of electrophile
i derived from the reaction with the nucleophjjes andN; are

1 n
E=- i
ni=

2

the slope and nucleophilicity parameters published in 1994 (ref

11).
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(16) Mayr, H.; Mler, K.-H. Collect. Czech. Chem. Commur®99 64,
1770-1779.

(17) Mayr, H.; Kuhn, O.; Schlierf, C.; Ofial, A. RTetrahedron200Q
56, 4219-4229.

(18) Gotta, M. F.; Mayr, HJ. Org. Chem1998 63, 9769-9775.

(19) Burfeindt, J.; Patz, M.; Mier, M.; Mayr, H. J. Am. Chem. Soc.
1998 120, 3629-3634.

(20) Mayr, H.; Henninger, J.; Siegmund, Res. Chem. Intermed996
22, 821-838.

(21) Batger, G. M.; Fidnlich, R.; Wirthwein, E.-U.Eur. J. Org. Chem.
200Q 1589-1593.

(22) Mayr, H.; Ofial, A. R.Tetrahedron Lett1997 38, 3503-3606.

(23) Kuhn, O.; Rau, D.; Mayr, HJ. Am. Chem. S0d.998 120, 900—
907.

(24) Muller, T. J. J.; Ansorge, M.; Polborn, KOrganometallics1999
18, 3690-3701.

(25) Netz, A.; Miller, T. J. J.Tetrahedron200Q 56, 4149-4155.

(26) Kuhn, O.; Mayr, HAngew. Chem1999 111, 356-358; Angew.
Chem., Int. Ed1999 38, 343-346.

(27) Mayr, H.; Muler, K.-H.; Ofial, A. R.; Bthl, M. J. Am. Chem. Soc.
1999 121, 2418-2424.

has shown perfect linear reactivityeactivity correlations for
reactions of benzhydryl cations with numerous classes of
nucleophiles?8 probably because the steric situation at the
reaction centers is kept constant while the reactivities of the
benzhydrylium ions are modified by variation of the para-
substituents. For that reason the choice of benzhydryl cations
as reference electrophiles appeared attractive. However, whereas
we had characterized numerous benzhydrylium ions with 6

E > 0, the 4,4-bis(dimethylamino)benzhydrylium ion was the
only diarylcarbenium ion with a negative value studied so
far. For the construction of benzhydryl cation based reactivity
scales, the characterization of more benzhydryl cations &ith

< 0 was, therefore, necessary.

H H
MeO OMe Me,N NMe,

E 0.00 -7.02
pKg+ -5.71 +5.61
oy -0.78 (OMe) -1.70 (NMe,)

Since previous work showed a correlation betwe&®p
values and the electrophilicity paramet&ref carbocationd?23
we searched for benzhydrylium ions witiKgp, > —5.71.
However, while dozens of benzhydrylium ions witKgp. <
—5.71 have been reported in the literatét€? the 4,4-bis-

(28) Mayr, H. Angew. Chem199Q 102 1415-1428; Angew. Chem.,
Int. Ed. Engl.199Q 29, 1371-1384.

(29) (a) Deno, N. C.; Jaruzelski, J. J.; Schriesheim]./Am Chem. Soc.
1955 77, 3044-3051. (b) Deno, N. C.; Schriesheim, A.Am Chem. Soc.
1955 77, 3051-3054.

(30) (&) Mindl, J.; Véera, M. Collect. Czech. Chem. Commutf71,
36, 3621-3632. (b) Mindl, J.; Véera, M. Collect. Czech. Chem. Commun.
1972 37, 1143-1149.
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(dimethylamino)-substituted cation was the only one with a
higher Kr+ value so far characterized. The surprising lack of

compounds in this range mirrors the shortage of substituents

with Hammetto,™ parameters more negative thai0.7831:32

We have not been successful in synthesizing benzhydrylium

ions with ap-dimethylamino group on one phenyl ring and
p-alkoxy on the other ring? and problems were encountered
when preparing bis(3-Me,4-NMgsubstituted benzhydrylium
ions34 Probably because of electrophilic attack at nitrogen, the
generation of such carbenium ions was not well reproducible,

Mayr et al.
Scheme 1
Q 1. POCI, H BF,
R R' 2.NaBF, R - R'
I+ o UL e
RY NP RY N
ﬁa R4 R4 |Iq3 FI‘S R4 R4 ﬁa
1-(ii) 2-(lil) (lify, CH* BF, -
1-(jul) 2-(jul) (jul), CH* BF,-
1-(ind) 2-(ind) (ind), CH* BF, -
1-(thq) 2-(thq) (thq), CH* BF, -

and for that reason we have not selected such species as

reference electrophiles.

We have been able, however, to isolate and characterize te
Ar,CH*
which are summarized in Schemes3a.

H
R1 RI
+
o UL e
¥ N
Rs R" Rd RS

Ar,CH* 2 R R? R3 R*
(lil) CH* «(CH.CHy)- (CH.CH,CHy)-
(le)zCH+ '(CHZCHZCHZ)' -(CHchchz)-
(il’]d)zCHJr -(CHzCHz)- CHs H
(thq)2CH+ -(C H,CH,C Hz)- CHs H
(pyl’)chJr H -(CH2C H,CH,C Hz)- H
(dma)CH+ b H CHs CHs H
(mpa)CH* H CeHs CHs H
(Mor,CH* H ~(CH.CH,OCH,CH;)- H
(dpa)ZC H™ H C5H5 CeHs H
(mfa),CH* H CH.CFs CHs H
(pfa)CH* H CH.CF CeHs H

aFor abbreviations, see ref. 35Michler’'s Hydrol Blue.

The tetrafluoroborate salts of (BEH™, (jul)2CH™,36 (ind),-
CH*, and (thg)CH™ were generated by phosphorus oxychloride-
promoted coupling of the arenek with the corresponding

was achieved in the presence of potassitert-butoxide.
. s "Reduction of4 with sodium borohydrid® gave the 44
analogues of Michler's Hydrol Blue, the syntheses of diaminobenzhydrol$, which were treated with tetrafluoroboric

acid to generate the corresponding tetrafluoroborates of
(mpa)CH™", (dpa)CH", and (pyr}CH™.

Since pure 4,4bis(morpholino)benzhydrylium tetrafluorobo-
rate was not obtained by this procedure, the benzhys(oior),

was ionized with tritylium tetrafluoroborate according to eq 3.

CH.CI

— 272 —
5-(mor), + Ph,C" BF, ncon (mor),CH" BF,

®3)

Oxidation of the trifluoroethylamino-substitut€ciphenyl-
methaness-(mfa), and 6-(pfa), with DDQ in methanol and
reduction of the resulting benzophenones with sodium borohy-
dride gave the bis(diarylmethyl) eth& (R = Me) and the
benzhydrolb-(pfa), (R = Ph), respectively (Scheme 3). Treat-
ment of these compounds with tetrafluoroboric acid yielded the
corresponding benzhydrylium salts (mf@H* BF,~ and (pfa)-

CH™ BF4™.

Since the synthetic procedures illustrated in Scheme3 1
still require optimization, we will describe details of these
syntheses later.

In contrast to the yellow or red alkyl- and alkoxy-substituted
benzhydryl cations, which have absorption maxima between 435

carbaldehyde€®” and successsive treatment with an aqueous and 510 nnf!-42 the p-amino-substituted benzhydrylium ions
solution of sodium tetrafluoroborate analogous to a procedure are blue due to their absorption maxima between 590 and 680

described by Ju#g (Scheme 1).

The 4,4-diaminobenzophenonds(pyr), and4-(mor), were
obtained by heating sulfolane or dimethyl sulfoxide solutions
of 4,4-difluorobenzophenoné8 and excess pyrrolidine or
morpholine, respectively, as described by Hepworth &t al
(Scheme 2). The analogous formatioMefmpa) and4-(dpa)

(31) Exner, O.Correlation Analysis of Chemical Dat&lenum Press:
New York, 1988.

(32) Shorter, J. I'supplement F2, The chemistry of amino, nitroso, nitro
and related groupsPatai, S., Ed.; Wiley: Chichester, 1996; Chapter 11,
pp 479-531.

(33) Saadatjou, NJ. Sci. I. R. Iran1989 1, 39—-43.

(34) Castelino, R. W.; Hallas, Q. Chem. Soc. B971 1471-1473.

(35) The following abbreviations are used (in alphabetical order): ani:
p-anisyl (= 4-methoxyphenyl); dpa: 4d{phenybmino)phenyl; fc: ferro-
cenyl; fur: 2,3-dihydroben#aran-5-yl; ind: N-methyl-2,3-dihydro-H-
indol-5-yl; jul: julolidin-9-yl (= 2,3,6,7-tetrahydro+,5H-pyrido[3,2,1-
ij]quinolin-9-yl); lil: lil olidin-8-yl (= 1,2,5,6-tetrahydro+4-pyrrolo[3,2,1-
ijJquinolin-8-yl); mfa: 4-nethyl(trifluoroethylamino)phenyl; mor: 44(-
morpholino)phenyl; mpa: 4rethylphenybamino)phenyl; pcp:p-chlorophenyl;
pfp: p-fluorophenyl; pfa: 4-phenyl(trifluoroethyllamino)phenyl; pop:
p-pheroxyphenyl; pyr: 4-(-pyrrolidino)phenyl; thg: N-methyl-1,2,3,4-
tetrehydroquinolin-6-yl; tol: p-olyl (= 4-methylphenyl).

(36) For a synthesis of bis(julolidin-9-yl)methylium perchlorate, see:
Mikhailenko, F. A.; Balina, L. V.Khim. Geterotsikl. Soedil982 450—
452,

(37) Carbaldehyde® were obtained from the corresponding areties
by Vilsmeier-Haack formylations. See also: Gawinecki, R.; Andrzejak,
S.; Puchala, AOrg. Prep. Proced. Int1998 30, 455-460.

(38) Jutz, C.Chem. Ber1958 91, 850-861.

nm36:39.43 Details of the U\V-vis spectra are given in Table
S19 of the Supporting Information.

Nucleophile Basis Set: wrcc-Systems.Previous work has
shown that the reactions of benzhydrylium ions with many types
of nucleophiles, including aliphatic and aromatiesystems,
metalsz-complexes, hydride donors, and n-nucleophiles, follow
linear reactivity-reactivity correlations of comparable qualify.

For that reason, representatives of all of these classes of
compounds may be considered as potential reference nucleo-
philes. Since carboencarbon double-bonded systems, including
substituted benzenes, heteroarenes, alkenes, allylsilanes, silyl
enol ethers, and enamines, represent the largest group of
structurally related nucleophitesll these compounds share an
sp*-hybridized carbon atom as the center of nucleophilieity
representatives of these classes of compounds were selected as

(39) Beach, S. F.; Hepworth, J. D.; Jones, P.; Mason, D.; Sawyer, J.;
Hallas, G.; Mitchell, M. M.J. Chem. Soc., Perkin Trans.1®89 1087
1090.

(40) Armstrong, L.; Jones, A. MDyes Pigm.1999 42, 65—-70.

(41) Bartl, J.; Steenken, S.; Mayr, H.; McClelland, R.JAAm. Chem.
S0c.199Q 112 6918-6928.

(42) Olah, G. A.; Pittman, C. U.; Symons, M. C. R.@arbonium lons
Olah, G. A., Schleyer, P. v. R., Eds.; Interscience Publishers: New York,
1968; Vol. |, Chapter 5, pp 153222.

(43) (a) Barker, C. C.; Hallas, Gl. Chem. Soc. B969 1068-1071.

(b) Castelino, R. W.; Hallas, G.; Taylor, D. @. Soc. Dyers Colourl972
88, 25—-27.



Characterization of Cationic Electrophiles and Neutral Nucleophiles

Scheme 2
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o 0 H OH i

HNR, NaBH4 HBF, OEt,

. g sulfolane RN NR, FPrOH R,N NR, RN BF, NR,
3 4 5

(base)

HNR, = N-methylaniline 4-(mpa), 5-(mpa), (mpa),CH* BF -
diphenylamine 4-(dpa), 5-(dpa), (dpa),CH* BF
pyrrolidine 4-(pyr), 5-(pyr), (pyn),CH* BF
morpholine 4-(mor), §-(mor),

Scheme 3
1. DDQ / MeOH
2. NaBH,, 0.4 equiv. KOH H OH
kl}l N R=Ph N N
R 6 R Ph 5-(pfa), Ph
6-(mfa),, R = Me
6-(pfa),, R=Ph
1. DDQ/ MeOH
R=Me |2. NaBH,, 0.4 equiv. KOH HBF,-OEt,
in EtOH, 70 °C
I\IAe r\llle
N N
AOUIO ! !
? : HBF, OEt, CF, * CFy
1/2 O )
CF ,:l BF4 r;l
TS " "
N N (mfa),CH* BF, R = Me
Me Me (pfa),CH* BF,, R=Ph

reference nucleophiles. Electrophilic attack at#hleond yields constants kexy (M~ s1) were then calculated from

cationic adducts, which usually undergo fast consecutive reac-Kops = Kexg[NUC]o.

tions (Scheme 4), as proven by the independence of the reaction For slow reactionst(;, > 10 s) the decrease of the absorptions

rates of the nature and concentration of the countéfiéh** of the benzhydrylium ions at or close fonax was followed
The reaction products are generally analogous to thosephotometrically as a function of time by using fiber optics and

identified in previous investigatiots!9444%(see Supporting  the working-station described in ref 14.

Information). In some cases, diarylmethanes were isolated as petails of the kinetic experiments can be found in Tables
side products which were presumably formed by hydride transfer g1_g13 of the Supporting Information.

from the reaction products to the benzhydrylium ions. Correlation Analysis for the Basis Set CompoundsTable

me(_aélc Inv'?stlgatlorls.lgv—V|S|ble klfnetlc ?easurﬁm_?nti 1 lists 209 rate constants for the reactions of 23 benzhydrylium
of rapid reactionst,, s) were performed on a Hi-Tech o'\ 38r-nucleophileg’t-56 87 of which have not been

ﬁgl]géixi;fpﬂ??{zgﬁvéﬁgfzgpstloztosnoqg\t;;rzyﬁsmnanodn (;?1”' published previously. It is a complete collection of all presently
y using NELASY L gon available rate constants for reaction series consisting of a
IBM-compatible PC. The kinetic runs were initiated by mixing S . . .
benzhydrylium ion with three or more-nucleophiles. To avoid

equal volumes of the nucleophile solution and the benzhydryl- o o . .
. . . ambiguity, this listing does not include rate constants which
ium salt solution. The temperature of the reactant solutions was . .

cannot definitely be assigned to the relevant carbmarbon

controlled within+0.1°C using the circulating water bath F25- bond-formina step. For that reason. the aross rate constants for
HD by Julabo and monitored via the Pt resistance thermometer 1Ing step. : N gre :
the reactions of benzhydrylium ions with 2,3-dimethyl-2-

of the SF-61DX2 mixing unit. Nucleophile concentrations ;
g P butené® are omitted, though they match eq 1 very well.

[Nuc]o at least 10 times higher than the benzhydryl cation i ) -
concentrations were usually employed, resulting in pseudo-first-  Following our previous treatmeft, the electrophilicity

order kinetics with an exponential decay of the benzhydryl cation Parameter of the dianisylcarbenium ion and the slope parameter
concentration. Observed first-order rate constaggs(s 2) for of 2-methyl-1-pentene were selected as standardzi(@niCH]

the reactions of benzhydrylium ions with nucleophiles were = 0 ands(2-methyl-1-pentenej= 1.00. All other reactivity
obtained from at least five runs at each nucleophile concentration
by least-squares fitting of the absorbance data to the single
exponentialA = Ay exp(—kopd) + C. The second-order rate

(46) Patz, M. Dissertation, Technische Hochschule Darmstadt, 1994.

(47) Patz, M.; Mayr, HTetrahedron Lett1993 34, 3393-3396.

(48) Patz, M., unpublished results.

(49) Mayr, H.; Rau, DChem. Ber1994 127, 2493-2498.

(50) Funke, M. A. Diplomarbeit, Technische Hochschule Darmstadt,
1993.

(51) Roth, M. Dissertation, Technische Hochschule Darmstadt, 1996.

(44) Hagen, G.; Mayr, HJ. Am. Chem. Sod.99], 113 4954-4961.
(45) (a) Mayr, H.; Pock, RChem. Ber1986 119, 2473-2496. (b) Pock,
R.; Mayr, H.Chem. Ber1986 119 2497-2509.



9504 J. Am. Chem. Soc., Vol. 123, No. 39, 2001 Mayr et al.

Scheme 4
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” Ar)\/-l-kR MYy Ar)\/u\R
OSiMe,
Ar OSiMe Ar O
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NR - Ar)\)w*\OR MYa Ar)\)LOR

parameter&, N, ands, as defined by eq 1, were then calculated acetonitrilé® was the deviation between calculated and experi-
by minimizing A2 specified by eq 4 using the program mental rate constants greater than a factor of 1.7.
"What'sBest!4.0 Commercial" by Lindo Systems IR€. Comparison of thé& andE parameters given in Table 1 with
those published in 1994shows that the parameters remained
A? = 3(log Kexp — 109 ka0 = Z(log Kexp — S(E + N))? (4) almost identical for systems with > 0 or N < 2, because the
data basis in these regions has only slightly been altered. More
Since charge is neither developed nor neutralized during the remarkably, however, though (dre@H" is the only electrophile
combination of the carbocations with the neutral nucleophiles, with E < —3 which has been used in this and in the 1994
solvent effects are usually small (e.Benno/Kempcl, = 4),1114 correlation, itsE parameter and thé\ parameters of the
and the few rate constants measured in solvents other thanmucleophiles linked to it (3 N < 13) also have not changed
dichloromethane (footnotes in Table S20) have been used inby more than 0.5 units. 2-(Trimethylsiloxy)-4,5-dihydrofuran
the correlation analysis without correction. Comparison of is the only compound for whiciN has to be corrected by as
calculated (eq 1) and experimentally obtained rate constants inmuch as 0.9 units, because the original calculatioras based
Table 1 shows a standard deviafidof a factor of 1.19. Only ~ on an erroneously estimated value ©fSince the previous
for 4% of the reactions, predominantly those with rate constants correlatiort* rested predominantly on reactions of electrophilic
> 10" M~1 571 or those for whichk(20 °C) was extrapolated =~ metal-z-complexes and heteroaromatic cations in this range,
from measurements at lower temperature, the deviation is higherthis agreement implies that the reactivity parameters presented
than a factor of 1.50. It should be noted, however, that in none in this work are transferable to other types of compounds as
of the eight entries with 5¢< 10° < kexp < 1 x 1B M1 571 demonstrated in detail below.
which have been determined by laser flash spectroscopy in A graphical representation of this correlation analysis is given
in Figures 1 and 2. Figure 1, which plots I&gversus theE
parameters of the electrophiles shows correlation lines with

(52) Schneider, R. Dissertation, Friedrich-Alexander-Univér&itéan-
gen-Nunberg, 1987.

(53) Mayr, H.; Bartl, J.; Hagen, GAngew. Chem1992 104, 1689 slightly different slopes for different nucleophiles. Deviations
1691;Angew. Chem,, Int. Ed. Endl992 31, 1613-1615. from the linear correlations occur as the diffusion limit x5
195(,%4)12/'2‘3‘)"12’1542228?'“" R.;Irmgang, B.; SchadeJCAm. Chem. Soc. 1 p -1 g-1) js approache®5? and for that reason rate

(55) (a) Bartl, J.; Steenken, S.; Mayr, Bl. Am. Chem. Sod991, 113 constantkexp > 108 M~ s7% have not been considered for the
7710-7716. (b) Bartl, J. Inaugural Dissertation, Medizinische Univérsita  correlations. For the sake of clarity, only 20 out of 38 correlation
zu Libeck, 1990. lines are shown in Figure 1, and we have omitted nucleophiles

(56) Wang, Y.; Dorfman, L. MMacromoleculed98Q 13, 63—65. . . . . . .
(57) The What'8est!s nonlinear solver employs both successive linear N regions with a high density of data points.
programming and generalized reduced gradient algorithms. The minimiza- ~ An important message can be taken from Figure 1. The

tion procedure for\z was performed by solving the model several times  gjmjlarities of the slopes and the narrow range accessible by
with different initial values ofg, N, ands.

(58) The standard deviatiom is defined as logr = (An)>5 with A2 second-order kinetics6 < log k < 9) implies that crossing
from eq 4. This definition has been criticized by one referee. We did, can only occur for correlation lines of nucleophiles with closely
however, not find a more straightforward way to characterize the reliability
of the calculated rate constants which result from 23 correlation lines in  (59) Roth, M.; Mayr, HAngew. Chenil995 107, 2428-2430;Angew.
Table 1 and from 15 correlation lines in Table 2. Chem., Int. Ed. Engl1995 34, 2250-2252.
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Table 1. Second-Order Rate Constahkt$M 1 s, 20 °C, CH,Cl,), Activation ParameteraH* (kJ mol?), andAS' (J molt K-1), and
Reactivity ParameterE( N, ands) Determined for the Reactions of Basis Set Benzhydrylium lons with Basig-8kicleophilest The
Complete Content of Table 1 Is Found as Table S20 in the Supporting Information

Reactants N s AH* AS? kexp keae  Ref. Reactants N s AH' AS? kexp keac Ref.
@ @
W (1il),CH", E = ~10.04 Ph\,ﬂmwh (mpa),CH", E = —5.89
1-phenoxy-1-(trimethylsiloxy)ethene 8.23 0.8]1 — — 3.60x 102 342x 107 * Me M . L,
Danishefsky's diene 857 084 — — 584x102 578x102 * (2—m.ethylally'l)tnmethylsﬂane 441 096 — — 3.64x 10_I 3.74 x 10.| X
2-(rimethylsiloxy)-5,6- 1~(tnmexhylsﬂ_oxy)cycl.ohexene 521 100 — — 214x107 2.10x10 .
dihydro-4H-pyran 1061 0.86 — — 284 3.08 b l-ph_enyl-1-(l‘r1methylsxloxy)ethene 622 096 — — 200 2.04 .
1-(N-morpholino)cyclohexene 1140 083 — — 1.58x10' 134x10' ° I-(rimethylsiloxy)cyclopentene 657 093 — — 452 428
2-(trimethylsiloxy)-4.5-dihydrofuran 12.56 0.70 31.0 ~107 486x 10] 591x 10' ° tribuyl(2-methylallyb)stannane 748 089 — —  276x 10 259x10
1-(N-piperidino)cyclohexene 1336 0.81 — — 5.06x10° 492x10° * l-phfenoxy-l-‘(tnmethylsﬂoxy)cthene 823 081 — — 749x10° 793x10
® 2-(trimethylsiloxy)-5,6-
dihydro-4H-pyran 1061 086 — — 1.20x10° 1.14x10* °
m (ul),CH", E = -9.45 2-(trimethylsiloxy)-4,5-dihydrofuran 12.56 0.70 — — 4.32x10° 4.87x10* *
@
tributyl(2-methylallyl)stannane 748 089 — — 155x107 1.78x107 ° (T T
1-phenoxy-1-(trimethylsiloxy)ethene 8.23 0.81 — — 125x10" 1.02x10" ° g:)N N()O {mor),CH', E = -5.53
Danishefsky's diene 857 0.84 — — 1.93x10" 1.80x10" ° . . s -
1-methoxy-2-methyl-1- (2-mf:lhylally‘l)tnmethylsﬂane 441 096 — — B8.54x 10'l 845 x 10‘l .
(trimethylsiloxy)propene 900 098 — — 316x10" 357x10" * 1-(tqmethylsnloxy)cyclohexene 521 100 — — 5.18x107 487x10°
2-(trimethylsiloxy)-5,6- 2-(trimethylsiloxy)propene 541 091 — — 745x107" 785x107 °
dihydro-4H-pyran 1061 086 — — 111x10' 9.82 e N-methylpyrrole ) 585 103 — — 225 2.14 ’;
1-(N-morpholino)cyclohexene 1140 083 — — 335x10' 4.12x10' * I-phenyl-1-(trimethylsiloxy)ethene ~ 6.2 0.96 38.6 -101 436 = 4.59 )
2-(trimethylsiloxy)-4,5-dihydrofuran 12.56 0.70 27.5 -108 1.81x 10 1.52x10° * 1-(trimethylsiloxy)cyclopentene 657 093 336 -111 1.05x 10 943
1-(N-piperidino)cyclohexene 1336 081 — — 141x10° 146x10° * tributyl(2-methylaliyl)stannane 7.48 0.89 314 -104 553 x10° 549x10
® 1-phenoxy-1-(trimethylsiloxy)ethene 8.23 0.81 32.3 -94 1.38x10° 157x10* *
m/\gj Danishefsky's diene 857 0.84 316 -88 3.81x10° 3.69x10* *

N N~ (ind),CH', E=-8.76 2-(trimethylsiloxy)-5.,6-

Me Me dihydro-4H-pyran 1061 086 — — 228x10° 235x10' *
1-(trimethylsiloxy)cyclopentene 657 093 — — 944x10° 896x10° * 2-(trimethylsiloxy)-4,5-dihydrofuran 12.56 0.70 — — 8.59x 10* 8.83x10* *
tributyl(2-methylally!)stannane 748 089 — — 821x102 735x10° °* <3
Danishefsky's diene 857 084 — — 658x107 692x107 * onN @/\@NP (dpa)CH', E= 472
2-(trimethylsiloxy)-5,6- 2 n,

dihydro-4H-pyran 1061 086 — — 3.53x10' 388x10' ° (2-methylallyl)trimethylsilane 441 096 — — 6.13x10" 503x10™" *
1-(N-morpholino)cyclohexene 11.40 0.83 26.2 114 1.51 x 10° 1.55x10* ° 1-(trimethylsiloxy)cyclohexene 521 100 — — 205 3.09 b
@ allyltributylstannane 546 089 — — 640 4.53 b
COa0 1-phenyl-I-(urimethylsiloxy)ethene 622 096 — — 301x10' 270x10' *

N N~ (thq),CH', E=-8.22 1-(trimethylsiloxy)cyclopentene 6.57 093243 -128 5.80x 10' 532x10' *

Me Me tributyl(2-methylallyl)stannane 7.48 0.89 24.3 ~116 2.57x 10° 2.84x10* *°
1-(trimethylsiloxy)cyclopentene 6.57 093 — — 268x107 285x107 * 1-phenoxy-1-(trimethylsiloxy)ethene 8.23 0.81 22.5 ~116 5.41x 10° 7.06x 10° *
tributyl(2-methylallyl)stannane 748 089 — — 238x107 221x10" ° 1-methoxy-2-methyl-1-

Danishefsky's diene 857 084 — — 210 1.96 b (trimethylsiloxy)propene 900 098 — — 166x10° 1.51x10* *
2-(trimethylsiloxy)-5,6- 2-(trimethylsiloxy)-5,6-

dihydro-4H-pyran 10.61 0.86 29.2 —106 1.13x 10° 1.12x10°* ° dihydro-4H-pyran 1061 0.86 — — 112x10° 115x10° °
{-(N-morpholino)cyclohexene 11.40 0.83 24.1 -112 397 x 10° 434x10* °* 1-(N-morpholino)cyclohexene 1140 083 — — 338x10° 351x10° *

T & g
Gq 'D (pyn),CH", E=-7.69 N N~ (mfa),CH', E=-3385

1
Me Me

1-(trimethylsiloxy)cyclohexene 521 100 — — 342x107 335x10° ° allyltriphenylstannane 309 090 — — 224x10" 204x10" °
tributyl(2-methylallyl)stannane 748 089 444 97 635x10" 653x10™" * (2-methylallyltrimethylsilane 441 096 — — 297 3.48 b
1-phenoxy-1-(trimethylsiloxy)ethene 8.23 0.81 44.9 -85 2.35 275 b 1-(trimethylsiloxy)cyclohexene 521 100 — — 217x10' 230x10' *
Danishefsky's diene 8.57 0.84 43.9 -83 44l 5.50 ¢ allyltributylstannane 546 089 — — 284x10" 270x10' *°
1-methoxy-2-methyl-1- . . 1-(trimethylsiloxy)cyclopentene 6.57 093249 -112 3.20x 10° 347x10* °

(trimethylsiloxy)propene ~ 9.00 0.98 31.I -1i2 2.32x 10" 1.89x 10 tributyl(2-methylallyl)stannane 748 089 — — 1.80x10° 1.69x10° °
1-(N-morpholino)cyclohexene 11.40 0.83 23.2 -105 1.36x 10° 120x10° * i-phenoxy-1-(trimethylsiloxy)ethene 8.23 0.81 — — 4.16x10° 3.6l x 10° *
1-(N-piperidino)cyclohexene 13.36 0.81 14.3 -108 3.95x 10° 391x10° ° 2-(trimethylsiloxy)-5,6-

4 dihydro-4H-pyran 1061 0.86 — — 640x10° 649x10° °*
N

M ezN'O/\OLNMez (dma),CH’, E =-~7.02 iF’ 4 [
allyltriphenylstannane 309 090 — — 2.54x10™ 280x107™ 46 N N" (pfa),CH, E=-3.14
(2-methylallyl)trimethylsilane 441 096 53.2 -112 3.04x 10”° 3.10x 107 47 Ph Ph
I-(trimethylsiloxy)cyclohexene 521 1.0047.5 -116 191 x 107 1.58 x 107 19 allyltriphenylstannane 309 090 — — 107 8.86x 107" °
2-(trimethylsiloxy)propene 541 091 50.7 -100 3.52x 102 3.40x 107 19 (2-methylallyl)trimethylsilane 441 096 — — 135x10' 1.66x10' *
allyltributylstannane 546 0.89 47.0 -113 321 x 107 4.15x107 46 allyltributylstannane 546 089 — — LI3x10° 114x10* °
N-methylpyrrole 585 103 — — 603x10? 622x107 18 1-phenyl-1-(trimethylsiloxy)ethene  6.22 0.96 24.3 ~106 8.39 x 10> 8.72x 10* °
1-phenyl-1-(trimethylsiloxy)ethene  6.22 0.96 47.5 -98 1.72x 10" 1.72x 107 19 tributyl(2-methylallyl)stannane 748 089 — — 693x10° 7.16x10° *
1-(trimethylsiloxy)cyclopentene 6.57 093 40.8 ~114 3.61 x 10”" 3.82x 10" 19 1-phenoxy-1-(trimethylsiloxy)ethene 823 081 — — 1.72x10° 135x10* °*
tributyl(2-methylallyl)stannane 7.48 0.89 409 98 2.55 2.60 46 1-methoxy-2-methyl-1-
1-phenoxy-1-(trimethylsiloxy)ethene 8.23 0.81 37.9 -97 9.45 9.7 19 (trimethylsiloxy)propene 900 098 — — 480x10° 528x10° *
Danishefsky's diene 857 084 — — 225x10' 204x10' 19
1-methoxy-2-methyl-1- Table continued as Table $20 in the Supporting Information

(trimethylsiloxy)propene 9.00 098 25.7 -121 7.96x 10 8.64x10' 19
2-(trimethylsiloxy)-5,6-

dihydro-4H-pyran 1061 086 — — L131x10° 123x10°
1-(N-morpholino)cyclohexene 11.40 0.83 205 —105 4.69x 10> 4.36 x 10°
2-(trimethylsiloxy)-4,5-dihydrofuran_12.56 0.70 13.8 -122 9.40x 10°  7.90x 10° 19

aThe values ok.qc were actually calculated by eq 1 with more decimal€pN, ands than indicated in the table. The use of #&eN, ands
parameters given in this table leads to slightly deviating restithis work. ¢ In the presence of 2,6-dert-butylpyridine.
similar N parameters. In other words, nucleophiles with suf- the definition ofN as the intercepts of the correlation lines with
ficiently differentN values will not invert relative reactivities  the abscissa (logk = 0) provides a useful measure for
in the experimentally relevant range. Since crossing above log nucleophilic reactivities.
k > 9 (diffusion control) or below logk < —6 (no reaction at It should be noted that eq 1 is mathematically equivalent to
room temperature) does not have any practical consequencesthe conventional linear free energy relationship (eq 5), as eq 5
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Figure 1. Plot of log k(20 °C) vs E for the reactions of benzhydryl cations withnucleophiles (for abbreviations, see ref 35).
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Figure 2. Plot of (logk)/s versusN for the reactions of benzhydryl cations withnucleophiles.

can be converted to eq 1 by replacement of Nushly The only difference between egs 1 and 5 is that the latter
defines nucleophilicities Nu by the intercepts of the correlation
logk = Nu+ s (5) lines with the ordinate (Nu= log k for E = 0) whereas the
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Figure 3. Compilation of all compounds used for the determinatio,dfl, ands. Reactivity parameters of the recommended reference compounds
are explicitly listed ¢ in parentheses}Reference compound, not used for the correlation analysis: see ref 60.

former defines nucleophilicities\ by the intersections of  Figure 3, which are recommended as reference compounds for
correlation lines with the abscissid & —E for log k = 0).11713 the characterization of further electrophiles and nucleophiles.

Thus N, in contrast to Nu, is generally defined within the Reactivity Parameters for Electrophiles and Nucleophiles
experimentally accessible range, and its use avoids long-rangeputside the Basis SetThe definition of basis sets and fixation
extrapolations as needed for the determination of Nu values for of the corresponding, N, ands parameters as described above
very strong (Nu> 8) as well as for very weak nucleophiles s only useful if these parameters can be employed for the
(Nu < —5) according to eq 5. characterization of other types of compounds. We demonstrate

All 209 reactions of Table 1 are included in Figure 2, in which this by analyzing reaction series in which reference compounds
each correlation line corresponds to a benzhydryl cation. Oneare combined with electrophiles or nucleophiles that do not
can see that the benzhydryl cations characterized so far,belong to the basis set.

continuously cover the rangel0 < E < 6 and thus allow the Table 2 examines the applicability of the electrophilicity

straightforward quantification of nucleophiles with8 < N < parameters of benzhydrylium ions listed in Figure 3 for reactions

16. Vice versa, the nucleophiles listed in Table 1 may be used with alkynes, transition metat-complexes, hydride donors, and

to characterize electrophiles withl5 < E < 7. CC-double-bonded systems not belonging to the basis set. The
All compounds used for the determination®fN, ands in standard deviatid§ between experimentally obtained and

Table 1 are depicted in Figure 3 (basis set). However, not all calculated rate constants listed in Table 2 is a factor of 1.26,
of the basis set nucleophiles are recommended as referencenly slightly higher than for the compounds of the basis set,
compounds. Some of them are difficult to handle because of indicating the general applicability of the parameters given
their volatility, others tend to undergo side reactions, and there in Figure 3. Correlations of comparable quality have also been
are highly substituted-systems which can be expected to highly obtained for the reactions of benzhydrylium ions with water
differentiate reaction partners on the basis of steric strain. To and alcohol$>%° To limit the length of this article, reactions
facilitate the usage of these scales, numerical valuek,fol, with n-nucleophiles have not been included in Table 2. In a
ands are only given for those compounds of the basis set in forthcoming paper we will show that all n-nucleophiles,
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Table 2. Second-Order Rate Constahktg§M~* s71, 20 °C, CH,Cl,) including anions (Ritchie-type nucleophilgsare characterized

for the Reactions of Nucleophiles Not Belonging to the Basis Set by similar s values and thus give rise to a set of constant

with Electrophiles of the Basis Set selectivity relationships as a subset of our correlations.
Nucleophile ~ N s  Electrophile E Kexp keatc  Ref. It should be noted that a comparison of calculated with
- mnucleophiles: rat (109 aniPMCH: 211 436 107 @36w 10 58 experimental rate constants is not possible in reaction series
/M O G 459 2omn 1l aax10h 10 only comprising two electrophilesgic andke, must then be
USPR 013 121 (ROCH -136 198x107 155x107 ¢ identical!) and these entries have been omitted when calculating

(ani),CH" 000 457x10" 693x107"
ani(PHCH® 211 290x 10> 247x 10" 44
(tol),CH* 363 1.65x10° 1.68x10° ¢

the standard deviation. In these cases the similarities of the
slopess with the slopes of structurally related nucleophiles

ome 013 127 GXCH' 000 955107 146 53 indicate the applicability of eq 1.
Q e ani(Ph)CH* 211 1.32x10°  6.90x 107 53 . .
(PepyCH' 602 520x10% 653x10° 53 Table 3 proves that thd parameters of-nucleophiles listed
PhC=CH 034 068 aniPICH' 211 377x107 446x10' 6l in Figure 3 are also suitable for the characterization of other
(tol),CH" 363 630x10° 4.76x 10 61 H
PhoCH' 500 146x10" 163x10° €l types of elec.trqphlles. One can see th@p and Keaic shoyv a
ﬁsifprs 344 (094 fePh)CH' 264 572 (572) 19 standard deviatid of a factor of 2.05. This may be considered
(ani),CH" 000 176x10° (1.76x10°) 19 b - h h b t . fth d t t | . t d
sive, 78 (079) W CH 702 276x10° (76X 10% 15 eing high, but in view of the wide structural variety covere
%< ‘ T pephCHT 602 553107 (5.53x 107 55 _by the electrophiles in Table 3, the reliability _of the predictions
- ! | is remarkable, particularly when one considers that a large
/J\,SiPh 4.17  (0.83) (ani),CH 0.00 3.02x10°% (3.02x107) 44 ..
e aniPh)CH 2.1 1.73x10°% (173x 109 44 percentage of the standard deviation comes from the poorly
;f"P'a 538 (085) @maxCH' 702 402x107 (402x107) 19 matching reactions of the-allyl palladium complex®
i CPICHT 264 215107 (I3x10) 19 Comparison ofkex, and keaic for the reactions of the hexa
- metal m-complexes: Xp alc 3
=—SiMe, -1.11 092 ani(Ph)CH® 2.11 895 8.16 17 I I 1 1 I -
/Toz(co): e T Y1t Soaxict carbonyldmobalt poordlnated propargylium ions ywth nucleo
tol(Ph) 459 1.78x1 154 x 1 17
I(Ph)CH" 9 178x10° o philes (Table 3) illustrates the advantage of using reference
A 044 106 ani(o)CH' 148 170x10' 126x10' 17 compounds with fixed, N, ands parameters. The deviations
C0,(CO), N ! |
2 s ani(Ph)CH 211 381x10 578x 10 17 . .
(o, CH 363 265x10° 234x10° 17 between calculated and experimentally obtained rate constants
342 094 UmCH 102 388x10% 429x 107 16 are rather large for some reactions of these cations, that one
fe(Ph)C -2.64 647 5.37 16 HHPS
FoCO), (.CH 136 980x10' 842x10! 16 would not want to aI_Iow these dgta to affect the nqcleophlllcny
- hydide donors: (ani),CH" 000 125x10° 158x10° 16 parameters of allylsilanes and silyl enol ethers which have been
H,SiPh 025 067 aiPCH 211 356x10" 371x10' 62 derived from weII-beh_aved linear free energy relat|0n_sh|ps. This
po;luaznl){gH* ggg ;.Zx;g;: ;ggx}gz gg would be the case, if all rate constants would uniformly be
GO ae TEke e o employed for the correlation analysis. On the other hand, these
HSiPh, 206 068 (un:CH' -136 320 302 63 rate constants are presently the best source providing quantitative
(ani),CH" 0.00 234x10° 257x10 62 : H iliniti
am(OICH 148 270x10° 264x10° 62 information on the electrophilicities of these cobalt complexes,
i 211 672107 705107 €2 and we have showf that they allow the semiquantitative
A . X 2 X . . . .
(onCH 363 896x10% 1712x10° €2 analysis of the reactions of .these cationic c_omplexes. The
HSiMePh 327 073 foPWCH' 264 156 291 49 approach presented in this article, which uses fikgl, ands
(fur),CH*  -1.36 4.07x10 2.51% 10 63 . :
(nnCH' 000 386x10° 249x10° 62 parameters derived from the basis set compounds serves both
ani(to)CH’ 148 331x 10" 3.03x10° 62 requirements.
ani(Ph)CH* 211 805x10° 868x10° 62 . o i
pop(Ph)CH* 290 281x 104 332x10° 62 A final test of the reliability of the approach to employ fixed
(DCH 363 986107 113x10° 62 reactivity parameters from basis set compounds is given in Table
HSiE, 364 (0.65) (fur),CH* -1.36 3.01x10' (3.01x10") 63 . typ . P g
ani(PHCH* 211 529x10° (5.29x10) 62 4, which compares experimentally measured and calculated rate
HGePh 399 062 (anipCH' 000 310x10°" 304x10° 64 constants for electrophiles not belonging to the basis set (Table
ani(Ph)CH*  2.11 599x10°" 6.18x10° 64 . . . .
popPhICH' 290 186x 10 193x10' 64 3) with nucleophiles not belonging to the basis set (Table 2).
A (“"?ZCC“‘ 363 572X10 1 54610 64 The standard deviatidfinow is a factor of 6.26 which reflects
e e ?ﬁﬁé:igs:h ?;§§:}8; P the predictive power of this method in practice. It should be
anitohCH' 148 631 10°" 600x 10 62 mentioned, however, that the maximum deviation for reactions

ani(Ph)CH* 2,11 140x10** 1.50x10* 62

HSnPh, 564 059 (dma)CH' -7.02 1.53x10" 1.56x107
(@ni)CH* 000 237x10** 204x10°
ani(pop)CH’  0.61  7.67x 10°* 4.67 x 10°
ani(to)CH® 148  4.17x10°* 1.51x10°
ani(Ph)CH" 211  326x10** 3.51x 10

HGeBu, 592 073 (dma),CH® -7.02 145x107 1.61x 10"
(ani),CH* 0.00 247x10* 199x10*
ani(pop)CH*  0.61  9.13x 10*' 554 x 10°
ani(tol)CH* 148 1.56 x 10*' 2.36 x 10°
ani(PhICH®  2.11 548 x 10*' 6.69 x 10°

H;B<NEt; 890 075 (pyn,CH™ -769 176 8.15
(dma)CH" -7.02 279x10' 2.64x 10'
fe(Ph)CH®  -2.64 528x10° 532x10°

HSnBu, 996 055 (jul),CH* -945 178 1.91
(pyn),CH*  -7.69 1.68x10' 1.80x 10’ ¢
(dma),CH* -7.02 541x10' 426x10' 64
(dpa),CH* 472 7.18x10° 791x10° °©

with C-nucleophiles is a factor of 3.4, indicating that the
reliability is higher for CC-bond-forming reactions.

(60) By the criteria used for the selection of basis set compounds (Table
1), allyltriphenylsilane should be treated as basis set nucleophile. However,
the rate constants for this compound had not been available at the time the
correlation analysis for the data in Table 1 was performed. For that reason,
the kinetic data for allyltriphenylsilane have only been used for determining
its N ands values, and not for the parametrizationtodf its electrophilic
reaction partners.

(61) Mayr, H.; Gonzalez, J. L.; ldtke, K.Chem. Ber1994 127, 525~
531.

(62) Mayr, H.; Basso, N.; Hagen, G. Am. Chem. So2992 114, 3060
3066.

" GG RRRRT IR

(63) Funke, M. A. Dissertation, Technische Hochschule Darmstadt, 1997.

aFor abbreviations, see ref 35. The valueskgi. were actually (64) Mayr, H.; Basso, NAngew. Cheml992 104, 1103-1105;Angew.
calculated by eq 1 with more decimals®BfN, ands than indicated in Chem., Int. Ed. Engl1992 31, 1046-1048.
the table. The use of thE, N, ands parameters given in this table (65) (@) McClelland, R. A.; Kanagasabapathy, V. M.; Steenken]. S.

I mewhat deviating r ref 60¢ This work.?In Am. Chem. Socl988 110, 6913-6914. (b) McClelland, R. A.; Kanaga-
eads to somewhat deviaing resuftSee ref 60 S Wo sabapathy, V. M.; Banait, N. S.; Steenken,JSAm. Chem. Socl989

acetonitrile.© ~'From rate constants determined at different temperatures,

. N . -1 111, 3966-3972.
assuming the same activation entropy as for the reactions of this (66) (a) Kirmse, W.; Krzossa, B.; Steenken JSAm. Chem. S04.996
nucleophile with other benzhydrylium iongtS" = ¢ —120;" —104;¢ 118 7473-7477. ib) Kirmse, W.: Guth, M.; Steenken, .Am. Chem.
—110;" —105;" —115;1 —97;% —130;' —86 J mot™* K2, Soc.1996 118 10838-10849.
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Table 3. Second-Order Rate Constakt$M * s71, 20 °C, CH,Cl,) for the Reactions of Electrophiles Not Belonging to the Basis Set with
Nucleophiles of the Basis Set

Reactants N s kexp ke Ref. Reactants N s kexp kac  Ref.
—l+
AN 5
] =-10.
PA(P(OPh),), E=-10.33 <:§)_H E=-214
1-methoxy-2-methyl-1- allyltrimethylsilane 179 094 404x10" 4.75x10" 20
(trimethylsiloxy)propene 9.00 098 350x10" 495x107 26 (2-methylallyl)trimethylsilane 441 096 182x10° 1.54x10* 20
1-(N-morpholino)cyclohexene 1140 0.83 1.75x 10 7.69 26 -
2-(trimethylsiloxy)-4,5-dihydrofuran ~ 12.56 0.70 4.49 3.68x10" 26 Me Si( -
< co,co), E=-159
@Fe(CO)B E=-9.19 allyltrimethylsilane 179 094 326 1.55 , 23
- imethylsi . : A3x10°  520x10° 23
1-phenyl-1-(trimethylsiloxy)ethene 622 096 2.78x107° 142x10° 67 (2-methy lally Dirimethylsilane 441096 243x1 x
tributyl(2-methylallyl)stannane 748 089 4.58x107* 3.03x107 67 P
1-methoxy-2-methyl-1- " 1 Co,(CO), E=-1.55
(trimethylsiloxy)propene 9.00 098 2.05x10 6.42x 10 67 allyltrimethylsilane 179 094 751 168 23
QF o (2-methylallyl)trimethylsilane 441 096 621x10° 565x10° 23
M:‘ )s E=-894 1-(trimethylsiloxy)cyclohexene 521 100 829x10° 449x10° 23
1-phenyl-1-(trimethylsiloxy)ethene 622 096 335x107°° 248x10° 67 _/r/*\pn
tributyl(2-methylallyl)stannane 748 089 550x107%° 500x10° 67 cojco), E=-098
1-methoxy-2-methyl-1- allyltri .
. d o yltrimethylsilane 1.79 094 494 5.87 23
| (trimethylsiloxy)propene 900 058  766x107" .14 67 (2-methylallylyrimethylsilane 441 096 244x10° 204x10° 23
E=-854 =
. ; " dhyco), E=-083
1-(trimethylsiloxy)cyclohexene 521 1,00 121x107 4.80x10 49 2w i .
1-(trimethylsiloxy)cyclopentene 657 093 3.05x10° 145x107 49 allyltrimethylsilane 179 094 174x10 805 = 23
1-methoxy-2-methyl-1- (2-methylallyl)trimethylsilane 441 096 128x10 2.82x 10 23
i i 9.00 098 521x10" 281 49 =&
(trimethylsiloxy)propene I;h E=-028
@Fe(c% E=-778 onco), ‘ .
2-methylthioph 1. . ! e 5.2 % 107 8 allyltrimethylsilane 179 094 1.76x10 2,64 x 10 24
foran ) opRERE 1.32 ?gf z.gz: }g«,d ;gg: 0° 8 1,3-dimethoxybenzene 248 109 477x10°  245x10° 24
2-methylfuran 361 111 414x10°° 233x10° 8 allyltriphenylstannane 3.09 090 2.92x10 343 x 10 24
1-(trimethylsiloxy)cyclohexene 521 100 9.16x107°% 2.75x10° 67 Xom
. < 25 2 @ e E=0.14
1-phenyl-1-(trimethylsiloxy)ethene 622 096 256x10 3.20x 10 67 MeO =U.
1-(trimethylsiloxy)cyclopentene 657 093 856x107° 742x107 67 allyltri . Ik !
R b L, yitrimethylsilane 179 094 631x10" 651x10 70
tlnbuttyhl(2—m2ethyltz;]ll{l)lstannane 748 089 236x107"°" 548x107 67 methylenecyclopentane 282 090 471x10Y 457x10° 70
e oz(t)rli-m:tr;le Is)ill(-:x- )propene 9.00 098 6.59° 1.55 x 10 67 Xob
y y)prope . - - - O/\O-BCIG E=093
N _ allylchlorodimethylsilane 045 096 4.087 2.89 70
\ E=-7.14 Y Y 2 2
Me allyltrimethylsilane 1.79 094 2.58x 10 3.61 x 10 70
1-(trimethylsiloxy)cyclohexene 521 100 129x107 119x107 46 3
allyltributylstannane 546 089  455x107°/321x107 68 cricoy, Ph E=1.06
1-(trimethylsil lopent 657 093 2. ! 291x10" 46
l_;eg;gxyy_ ;’;:[yh);ly | pemene 29x107 291x allylchlorodimethylsilane 045 096 760 387 25
(trimethylsiloxy)propene 9.00 098 550x10'“f 650x10' 69 ally!mnlethylsxlane 179 094 2.50x10 4.82x10 25
S,
C;*‘O E=-643 Ly oM poiss
1-(trimethylsiloxy)cyclohexene 521 100 5.64x10? 608x107 20 2-methyl-1-pentene 096 1.00 445x10° 8.17x10° 70
1-(trimethylsiloxy)cyclopentene 657 093 129 1.34 20 allyltrimethylsilane 179 094 581x10°" 328x10° 70
tributyl(2-methylallyl)stannane 748 0.89 9.58 8.62 20 +
+ E=216
?/"Ph Phom
CoCO)PPhy E=—0.15 styrene 078 095 5.65x10* 607x10° 10
tributyl(2-methylallyl)stannane 748 089 375x10' 153x10' 23 2-methyl-1-pentene 096 100 141x10* 131x10° 14
1-methoxy-2-methyl-1- _
(trimethylsiloxy)propene 900 098 226x10° 607x10° 23 & £-29
Es)_o 2-methyl-2-butene 0.65 117 556x10°" 149x10*° *
& E=-5.88 styrene 078 095 437x 10;‘ 3.25 % 10; "
1-(trimethylsiloxy)cyclohexene 521 100 131x10" 215x10" 20 2-methyl-1-pentene 096 100 665x10°  7.69x10  *
allyltributylstannane 546 089 9.16x10" 422x107" 20 isoprene 110 098 7.14x10 = 859x107  *
1-phenyl-1-(trimethylsiloxy)ethene 622 096 858x10" 2.09 20 allyltrimethylsilane 179 094 6.09x 10" 2.70x10
1-(trimethylsiloxy)cyclopentene 6.57 093 3.11 , 4.38 . 20 @—O—m E=325
tributyl(2-methylallyl)stannane 748 089 6.00x10 2.65x 10 20 . . N
2-methyl-2-butene 0.65 1.17 9.10x10°" 3.57x 10
@ E=-372 styrene 078 095 9.89x 102' 6.62 x 10: "
. . 2-methyl-1-pentene 096 1.00 1.00x10 1.63 x 10 "
(2-methylallyl)trimethylsilane 441 096 501 4.64 27 isoprene L10 098 160x10° 179x10° n
1-phenyl-1-(trimethylsiloxy)ethene ~ 6.22 096 227x10° 245x10° 27 allyltrimethylsilane 179 094 1.93x10°* 545x10° "
+
@ Fe(cO), £=-3.50 F £ (pfp),.CH", E=5.39
(2-methylallyDtrimethylsilane 441 096 9.14 7.61 27 toluene 447 132 143x10' L64x10'  55b
allyltributylstannane 546 089 7.54x10' 555x10' 27 m-xylene 354 162 120x10° LOlx10° 55b
tributyl(2-methylallyl)stannane 748 089 2.16x10° 348x10° 27
+
(e
& Q,,, 2%
(2-methylallyljtrimethylsilane 441 096 237x10' 288x10' 49
2-(trimethylsiloxy)propene 541 091 240x10°  1.99x10° 49

aThe values ok.qc were actually calculated by eq 1 with more decimal€pN, ands than indicated in the table. The use of t&eN, ands
parameters given in this table leads to somewhat deviating reuitacetone’ In nitromethane, the original rate constant (a@3 was converted
to k(20 °C) assumingASF = —100 J mot! K1, see also ref 18! This rate constant was not used for the determinatiok.dfin acetonitrile.
f9 From rate constants determined at different temperature assuming the same activation entropy as for the reactions of this nucleophile with
benzhydrylium ions:ASF = —110¢ —120 J mof! K-% " ~MFrom rate constants determined-af0 °C, assuming the same activation entropy as
for the reactions of this nucleophile with benzhydrylium iomsS =" —118;' —123;i —120;% —122;' —121;™ —153 J mof! K~*. " This work.
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Table 4. Second-Order Rate Constaht$M 1 s, 20 °C, CHCI,) 0.5
for the Reactions of Nucleophiles Not Belonging to the Basis Set (pcp),CH*
(from Table 2) with Electrophiles Not Belonging to the Basis Set ot=0.134E-0.767 (tol),CH* @
(from Table 3% 00 (n=17, r=0.9986) !
Electrophile E  Nucleophile N s Kexp kcalc Ref.
& e 0.5 ) (pfp),CH*
-9.19 HSnBuy 996 055 598x10772.66 67 i
Fe(CO), o+ i
@Fe(co)a -8.94 HSnBus 9.96 0.55 831x107°3.67 67 0k
OMe R
-8.54 HiB<NEg 890 075 545 1.87 15
HSnBu; 996 055 3.50 6.14 49 a5k ¢
-7.78 HSnBu 996 055 4.87° 161x10' 67 ) (i) OH { (pfa),CH*
I A *+ +
.T/*\ph -6.15 HSnBus 996 055 1.10x10' 128x10° 23 i (dpa),CH
C0,(CO)5(PPhy) 20 ¢ i
0] 372 HSiMesPh 327 073 3.04x10°°470x 107 27 i (pyn,CH*
HSiEt; 3.64 (0.65)324x1079892x 10" 71 (jul),CH*
HSnPh; 564 059 1.20x 10" 1.34x10' 27 2.5 1 L 1 1 L 1
2290 HSiMePh 327 073 899x107 188 49 -12 -9 6 -3 £ 0 3 6 9
” OMe ——
<:§>_H 214 (-methylallyl-  4.17 (0.83) 2.57x10' 494x10' 20
s triphenylsilane Figure 4. Correlation of Hammett's* constant® with the electro-
HSiMe,Ph 327 073 107 6.75 20
+ ' . ’ B ' ) philicity parameter< of the corresponding symmetrically substituted
Measi/zjco) —1.59 HSiMe:Ph 327 073 L13 L70x10" 23 benzhydrylium ions (for abbreviations, see ref 35).
2 8
.
e ~1.55 HSiMePh 327 073 L79 181x10' 23 . .
P hyco, HSiBu; 445 064 7.09 702x 100 23 is contrasted by a remarkable shortage of substituent constants
= 098 HSiMe,Ph 327 073 935 A81x10 23 for groups that are better electron donors than alkxy.
°°2“i°>s In agreement with earlier studiésthere is only a moderate
- ~0.83 HSiMe;Ph 327 073 395 614x10 23 correlation ¢ = 0.9955) between the electrophilicity parameters
GodeOk @metylally). 417083 L8107 64310 23 E of benzhydrylium ions witt=o™", because in case of unsym
triphenylsilane ' -
Ph 1 T 1eti
=G 028 HsiPhy 206 0.68 248 Lesx 10t 24 metrically substituted systems, the twisting angle of the two
CHeO), aryl rings is differenf2 If only symmetrically substituted benz-
/©/tOMe 0.4 (-methylallyl-  4.17 (0.83) 7.53x 10°° 3.93x10° 70 hydryl cations are considered, the linear correlation (Figure 4)
Mo wiphenylsilane is of higher quality, however, and can be used to determine the
QY o 093 allylriphenylsilane -0.13 1.21 9827 921 7 o" parameters of a series of new donor substituents (Table 5).
+ . 1 3 .
o e 106 HSiMe,Ph 327 073 999x10'° 150x10° 25 Conclusion
/@/tOMe 195 allyliwiphenylsilane -0.13 121 124x10° 1.58x10° 70 The linear free enthalpy relationships presented in Figures 1

. and 2 represent the most extended reactivigactivity cor-
2 The values ofk.ac were actually calculated by eq 1 with more  relations presently known. Since tHe parameters of the

decimals ofg, N, ands than indicated in the table. The use of the ; :
N, ands parameters given in this table leads to somewhat deviating benzhydrylium cations and thdl and s parameters of the

results.” In acetone® A second-order rate constant of 346102 M ! 7-nucleophiles derived therefrom were found to be a proper
s71(25°C, CH,Cly) has been reported in ref 74-'From rate constants
determined at different temperature assuming the same activation (75) For or° constants of amino substituents, see: Gawinecki, R.;
entropy as for the reactions of this nucleophile with benzhydrylium Kolehmainen, E.; Kauppinen, B. Chem. Soc., Perkin Trans1998 25—
ions: AS’=19 —100;¢ —110;" —150 J mot* K1, 29.

(76) Schade, C.; Mayr, Hletrahedron1988 44, 5761-5770.
(77) For classifications of carbon electrophiles, see: (a) Osella, D.;
X . Ravera, M.; Nervi, C.; Cavigiolio, G.; Vincenti, M.; Vessas, A.; Jaouen,
New Hammett Parameters.The Hammett equation is one  G. Eur. J. Inorg. Chem200Q 491-497. (b) Natsume, S.; Kurihara, H.;
of the oldest and the most developed empirical relationship Yamaguchi, T.; Erabi, T.; Wada, M. Organomet. Chen1999 574 86—

93. (c) Wada, M.; KII’IShIma K.; Oki, Y.; Miyamoto, M.; Asahara, M.;
which has been employed for correlating kinetic and thermo- Erabi. T.Bull. Chem. Soc. Jpri999 72, 779-785. (d) Richard, J. P.

dynamic as well as spectroscopic propertie®’* Most  szymanski, P.; Williams, K. BJ. Am. Chem. Sod99§ 120, 10372~
quantitative information about substituent effects have been 10378. (e) Grumbach, H.-J.; Arend, M.; Risch, Sinthesisl996 883—
derived from Hammett's constants and modifications thereof. 887 (f) Bagno, A.; Scorrano, Gzazz. Chim. Ital1996 126 365-375.

However, as indicated above, the wealth of substituent constants.Jg>"ePP: N- P-; Johnston, L. 4. Am. Chem. S0d996 118 2872-

for electron-withdrawing and weakly electron-donating groups  (78) For reactivities of nitrenium ions, see: (a) Mcllroy, S.; Moran, R.
J.; Falvey, D. EJ. Phys. Chem. R00Q 104, 11154-11158. (b) Moran,

(67) Mayr, H.; Muler, K.-H.; Rau, D.Angew. Cheml993 105 1732 R. J.; Cramer, C.; Falvey, D. B. Org. Chem1997, 62, 2742-2751. (c)
1734;Angew. Chem., Int. Ed. Endl993 32, 1630-1632. Moran, R. J.; Falvey, D. El. Am. Chem. S0d.996 118 8965-8966. (d)

(68) Fukuzumi, S.; Fujita, M.; Otera, J. Chem. Soc., Chem. Commun.  Robbins, R. J.; Laman, D. M.; Falvey, D. E.Am. Chem. S0od.996 118
1993 1536-1537. 8127-8135.

(69) Fukuzumi, S.; Fujita, M.; Noura, S.; Otera,Chem. Lett.1993 (79) For classifications of nucleophiles, see: (a) Herrlich, M.; Hampel,
1025-1028. N.; Mayr, H. Org. Lett.2001, 3, 1629-1632. (b) Herrlich, M.; Mayr, H.;

(70) Mayr, H.; Gorath, GJ. Am. Chem. Sod.995 117, 7862-7868. Faust, ROrg. Lett.2001 3, 1633-1635. (c) Dilman, A. D.; loffe, S. L.;

(71) Chojnowski, J.; Fortuniak, W.; Stezyk, W.J. Am. Chem. Soc. Mayr, H.J. Org. Chem2001, 66, 3196-3200. (d) Organ, M. G.; Dragan,
1987 109, 7776-7781. V.; Miller, M.; Froese, R. D. J.; Goddard, J. D. Org. Chem200Q 65,

(72) (a) Hine, JStructural Effects on Equilibria in Organic Chemistry 3666-3678. (e) Sugawara, M.; Yoshida, Bull. Chem. Soc. Jpr2000
Robert E. Krieger Publishing Company: Huntington, NY, 1981. (b) 73, 1253-1257. (f) Crampton, M. R.; Rabbitt, L. C.; Terrier, Ean. J.
Advances in Linear Free Energy Relationshi@hapman, N. B., Shorter, Chem.1999 77, 639-646. (g) Williams, K. B.; Richard, J. Rl. Phys.
J., Eds.; Plenum Press: London, 1972. Org. Chem1998 11, 701—706. (h) Omoto, K.; Fujimoto, Hl. Am. Chem.

(73) Tsuno, Y.; Fujio, MAdv. Phys. Org. Chem1999 32, 267—385. S0c.1997 119 5366-5372. (i) Brook, M. A.; Henry, CTetrahedrorl996

(74) Tsuno, Y.; Fujio, MChem. Soc. Re 1996 129-139. 52, 861—-868.
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Table 5. Hammetto"™ Constants of Donor Substituents

+a bstiti t at 3 +
Ar,CH substituent a \©4 o
5
3
(lil),CH" vg 211
LY
(jul),CH* 6@ -2.03
(ind),CH* 3\/@ 194
(thg).CH* ifNj -1.87
|
(pyr):CH" ) ~1.80
(dma),CH* 4—NMe, -1.70°
(mpa),CH" 4—~N(Ph)Me -1.56
(mor),CH" N Db -151
(dpa),CH* +=NPh, -1.40
(mfa)2CH+ 4_N(Me)CHZCF3 -1.28
(pfa),CH" 4=N(Ph)CH,CF, -1.19

aFor abbreviations, see ref 35From ref 31.

J. Am. Chem. Soc., Vol. 123, No. 3993001

mechanism® and for theoretical treatments of organic reactiv-
ity.84 Though a moderate correlation between the electrophilicity
parameter€ and the corresponding reduction potentials has
been reporteé? outer sphere SET processes for the reactions
of carbocations withz-nucleophiles have been exclud&8.

Though the reactivity scales presented in this work cover
already 16 orders of magnitude, extensions of the scales in both
directions are desirable. Laser flash experiments have already
been employed to characterize more electrophilic carboca-
tions#166.85and quinone methides have been reported to behave
like highly stabilized carbocations which can be used for the
investigation of stronger nucleophil&s8” The integration of
these data is in progress.
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(82) For cationic polymerizations, see: (a) Plesch, AMBicromolecules
2001, 34, 1143-1147. (b) Sipos, L.; Cao, X.; Faust, Rlacromolecules
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Bull. 200Q 45, 207-214. (g) Puskas, J. E.; Kaszas, B¥0g. Polym. Sci.

basis for the characterization of numerous other nucleophiles200q 25, 403-452. (h) Paulo, C.; Puskas, J. E.; AngepatMacromol-
and electrophiles (Tables 2 and 3), the reference CompoundseculeSZOOQ 33, 4634-4638. (i) Hadjikyriacou, S.; Faust, Rlacromol-

listed in Figure 3 are suggested as the basis for a systemati

treatment of polar organic reactions.

ecules1999 32, 6393-6399. (j) Eismann, U.; Spange, Macromolecules

CiQQ?, 30, 3439-3446. For reviews, see: (k) Mayr, H. lanic Polymeriza-

tions and Related Processd3uskas, J. E., Michel, A., Barghi, S., Paulo,

As demonstrated for the electrophiles and nucleophiles treatedC.. Eds.; NATO Science Series: E Applied Sciences; Kluwer Academic

in Tables 2-4, one can now easily compare the reactivities of

structurally different electrophilés’®and nucleophile8 includ-

ing reaction medi#® and use these data for a rational design of

organic transformatiofisand of carbocationic polymerizatioffs.
The electrophilicity parameter& and the nucleophilicity
parameterd can further be employed for elucidating reaction

(80) For silica surface-mediated reactions, see: (a) Spangerdg.
Polym. Sci200Q 25, 781-849. (b) Adolph, S.; Spange, S.; Zimmermann,
Y. J. Phys. Chem. BO0Q 104, 6429-6438. (c) Spange, S.; Zimmermann,
Y.; Graeser, A.Chem. Mater.1999 11, 3245-3251. (d) Spange, S.;
Langhammer, EMacromol. Chem. Phyd4.997 198 2993-3013.

(81) For applications in synthesis planning, see: (a) Lu, Y.; Green, J.

R. Synlett2001, 243-247. (b) Evans, D. A.; Rovis, T.; Kozlowski, M. C.;
Downey, C. W.; Tedrow, J. Sl. Am. Chem. So200Q 122, 9134-9142.
(c) Saitoh, A.; Achiwa, K.; Tanaka, K.; Morimoto, T. Org. Chem200Q
65, 4227-4240. (d) Giese, S.; Kastrup, L.; Stiens, D.; West, FAGgew.
Chem.200Q 112 2046-2049; Angew. Chem., Int. E®200Q 39, 1970~
1973. (e) Asao, N.; Yamamoto, Bull. Chem. Soc. Jpr200Q 73, 1071
1087. (f) Bogenster, M.; Limberg, A.; Overman, L. E.; Tomasi, A. L.
Am. Chem. Sod 999 121, 12206-12207. (g) Pagenkopf, B. L.; Carreira,
E. M. Chem. Eur. J1999 5, 3437-3442. (h) Arend, M.; Westermann, B.;
Risch, N.Angew. Chem1998 110, 1096-1122; Angew. Chem., Int. Ed.
1998 37, 1044-1070. (i) Sefane, B.; Kéevar, M.; Polanc, Sl. Org. Chem.
1997 62, 7165-7169. (j) Miura, K.; Okajima, S.; Hondo, T.; Nakagawa,
T.; Takahashi, T.; Hosomi, Al. Am. Chem. So200Q 122 11348-11357.
(k) Gauthier, D. R.; Carreira, E. MAngew. Cheml996 108 2521-2523;
Angew. Chem., Int. Ed. Endl996 35, 2363-2365. (I) Gallo, R.; Lazzeri,
V. Appl. Catal. A1996 146 87—106. (m) Brengel, G. P.; Meyers, A.J.
Org. Chem.1996 61, 3230-3231. (n) Otera, J.; Fujita, Y.; Sakuta, N.;
Fujita, M.; Fukuzumi, S.J. Org. Chem.1996 61, 2951-2962. (0)
Schumacher, R.; Rgig, H.-U. Liebigs Ann.1997, 521-526. (p) Zimmer,
R.; Repig, H.-U.; Homann, K.J. Prakt. Chem1995 337, 521—-528. (q)
Paulini, K.; Repig, H.-U.; Rademacher, B. Prakt. Chem1995 337, 209—
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