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Abstract: Rate constantkyo (M~1 s71) for the deprotonation of cyanoalkanes by deuterioxide ion 40 Bt

25 °C were determined by following the appearance of the deuterium-labeled cyanoalkaHesNiR.

These data were evaluated to give the following,'p in water: CHCN, 28.9; CHCH,CN, 30.9; NCCH-
CH,CN, 26.6. High level ab initio calculations on cyanoalkanes axcyano carbanions and combined QM/
Monte Carlo calculations of their free energies of solvation were carried out. The interaction between a
carbanionic center and acyano substituent is concluded to be largely polar. The 5.1-fold difference in
o-cyano andg-cyano substituent effects on carbon acidity in water which, nominally, is consistent with
significant resonance stabilization@fcyano carbanions is attributed to the differential solvation of cyanoalkanes
and cyanocarbanions. The free energy change for the highly unfavorable tautomerization of acetonitrile to
ketenimine in water was computed A&t = 30.7 kcal/mol. We propose that the large instability of the
ketenimine cumulative double bond favors the valence bond resonance formose€yfamocarbanion in which

there is a formal carbonnitrogen triple bond and the negative charge is localized atitbarbon.

Introduction Scheme 1

We would like to understand why there are chemical barriers N ’.‘fe N . M
for many strongly thermodynamically favorable reactions of ¢ <« E > Ee EanlAH] N=C—C—C=N
unstable carbocations and carbanions in solution and how thesee //c//C\H Néc’ N N 7 Ny U

activation barriers change with changing thermodynamic driving N
force for the reactiod.The observation of a relatively large
Marcus intrinsic rate constant of 1M1 s~ 2afor thermoneu- ~ Of a-cyano carbanions. For example, the negative charge at
tral protonation of the dicyanomethyl carbanion by secondary acetate ion is delocalized over two oxygen atoms, but this
ammonium cations has been interpreted as reflecting only adelocalization provides only a small stabilization of the hypo-
small transfer of negative charge from thearbon to the cyano  thetical charge-localized anidrBy analogy, it is interesting to
substituents (Scheme 1}Th|s is reasonable because there is consider the possibility that the small Marcus intrinsic barrier
good evidence that the intrinsic barriers to the protonation of for protonation of the delocalized dicyanomethyl carbanion
carbanion3® and to nucleophilic additions to carbocatid#s reflects a relatively small resonance stabilization resulting from
increase with increasing stabilization of charge resulting from the transfer of negative charge to nitrogen, and the corresponding
its transfer to neighboring substituents. By contrast, a recentsma” barrier to the relocalization of this Charge at carbon on
comparison of Hirshfeld atomic charges at acetonitrile and the moving to the transition state for proton transfés{[AH],
cyanomethyl carbanion shows that deprotonation of acetonitrile Scheme 1§10
results in a ca. 0.4 unit increase in negative charge at the cyano The development of models to rationalize the magnitude of
group and that there should be an even larger transfer of the interaction between the cyano group and a neighboring
negative charge to thievo cyano groups of the dicyanomethyl ~ carbanion requires accurate values of ti&'s for ionization
carbanion. of simple cyanoalkanes in water. The widely cited,f 25

The results of these experiments and calculations raisefor acetonitrile is based on a long extrapolation of a fate
interesting questions about the relationship between the extentequilibrium relationship for the ionization of relatively strong
of transfer of Charge to the_-cyano substituents at-cyano carbon acid4! This value is almost Certainly too |0W, since a
carbanions, the stabilization which results from this transfer of better documented value oKp= 26.7 has been estimated for
negative charge, and the activation barrier to the protonation P"NSCHCH,CN,/'? and there is good evidence that, in ethanol,
the addition of g-thiophenyl substituent results in an increase
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in cyanoalkane acidity® The results of ab initio calculations
give pK, = 28.6 for acetonitrile in wate¥¥>and K, = 31 has
been determined for acetonitrile in dimethyl sulfoxide.

We have shown thatH NMR spectroscopy is an effective
analytical method to monitor the base-catalyzed exchange for
deuterium of thea-carbonyl protons of thiol and oxygen
esters.’~19 We report here second-order rate constants for the
lyoxide-ion-catalyzed exchange of tlhehydrons of several
simple cyanoalkanes, along with evidence that the protonation
of simple a-cyano carbanions by solvent water is limited by
the rate of rotation of a molecule of water into a reactive
configuration. The K's for thesea-cyano carbon acids have
been calculated from the experimental rate constants-fiyano
carbanion formation and the estimated rate constant 8fst®
for the reverse protonation of the carbanions, which is limited
by reorganization of the solvent, wittyorg~ 10t s71.20-22We
also report the results of calculations of the following: (1) The
proton affinities of simple cyanocarbanions in the gas pRase.
(2) The relative free energies of transfer of simple cyanoalkanes

Richard et al.

inverse gated homonuclear decoupling by irradiation of the methyl
protons during data acquisition (5 s). There should be no nuclear
Overhauser effect on the signal for the methylene protons when the
methyl protons are irradiated only during the acquisition of spectral
data?*

Deuterium and Hydrogen Exchange ReactionsThe methods used
for preparation of solutions is described in the Supporting Information.
The pDs of buffered solutions were determined by adding 0.40 to the
reading of a pH meter standardized in®¥> The details of the
procedures used to monitor the following isotope exchange reactions
are given in the Supporting Information: exchange reactions of CH
CN in D;O, exchange reactions of GON in H,O, exchange reactions
of CH;CH,CN in DO, exchange reactions of NCGEH,CN in D0,
exchange reactions of NCGOD,CN in H;O.

Calculations. The procedures for ab initio calculations are described
in the Supporting Information. Statistical mechanical Monte Carlo
simulations were carried out to evaluate the differences in the free
energies of solvation of the cyanoalkanes and of the cyanocarbanions
in water. In these computations, we employ a combined quantum
mechanical and molecular mechanical (QM/MM) potential that has been
developed at Buffalo for the treatment of solute and solvent interac-

and cyanocarbanions from the gas phase to water and their uséions?® Specifically, the solute molecules are represented by the

in an analysis of solvent effects on the relative basicity of
o-cyano andp-cyano carbanions. (3) The free energy of
tautomerization of acetonitrile to ketenimine in water.

Experimental Section

Materials. Propanenitrile, succinonitrile, quinuclidine hydrochloride,
3-quinuclidinol, deuterium chloride (37 wt %, 99.5% D), and potassium
deuterioxide (40 wt %, 98% D) were purchased from Aldrich.,D
(99.9% D) and CBCN (99.8% D) were purchased from Cambridge
Isotope Laboratories. Acetonitrile and methanol (HPLC grade) and
standard solutions of potassium hydroxide were purchased from Fisher.
Quinuclidine hydrochloride was recrystallized from ethanol, and
3-quinuclidinol was recrystallized from acetone. All other chemicals
were reagent grade and were used without further purificatiir. [
Succinonitrile (NCCRCD,CN) was prepared by the reaction of NCE£H
CH.CN (0.25 g) in 0.10 M KOD in RO (5 mL) for 4 h atroom
temperature. The product (0.1 g, 99% D) was isolated by extraction
into chloroform.

IH NMR Spectroscopy.'H NMR spectra at 400 and 500 MHz were
recorded at 25°C on Varian Unity Inova 400 and 500 NMR
spectrometers, respectively. The relaxation times for all of the
exchangeable protons of the cyanoalkanes studied in this work were
determined to be in the rangge = 4—6 s. In all cases the relaxation
delay between pulses was at least 10-fold longer than the lomgest
the protons of the compound under examination. Chemical shifts were
referenced to the solvents CHGind HOD at 7.24 and 4.67 ppm,
respectively. In many cases, the baseline of the NMR spectrum was
subjected to a first-order drift correction before integration. The
methylene protons of CG#€H,CN and CHCHDCN were subject to
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semiempirical Austin model 1 (AM%) method and the solvent
molecules are described by the three-point charge potential (TIP3P)
developed by JorgenséhThe method has been shown to provide
reliable calculations of the free energies of solvation of a wide range
of organic molecule¥’3? The details of these simulations are described
in the Supporting Information.

Results

The hydron exchange reactions of the simple cyanoalkanes
examined in this work are much faster than hydrolysis of these
nitriles to the corresponding carboxylate ions. For example, no
hydrolysis products were detected By NMR spectroscopy
during the course of quantitative exchange for deuterium of the
o-hydrogens of succinonitrile in alkaline;D, followed by the
guantitative re-exchange for hydrogen of tnaleuteriums of
the product §i;]-succinonitrile in alkaline HO. Similarly, there
was no detectable hydrolysis of the nitrile groups of acetonitrile
or propanenitrile during their base-catalyzed deuterium exchange
reactions in RO.

The exchange for deuterium of the fisthydrogen of CH-

CN in D,O (Scheme 2, X= H) was followed by monitoring
the disappearance of tleeCH3; group of the substrate and the
appearance of the-CH,D group of the product byH NMR
spectroscopy at 400 MHz. RepresentatiteNMR spectra of
recovered acetonitrile obtained during exchange of 24% of the
first a-hydrogen for deuterium in the presence of deuterioxide
ion in D,O at 25°C andl = 1.0 (KCI) are shown in Figure
S1A of the Supporting Information. Exchange leads to the
disappearance of the singlet at 1.983 ppm due toot{eH;
group of acetonitrile and the appearance of an upfield triplet at
1.972 ppm due to thex-CH.D group of monodeuterated
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Scheme 2
kpo[DO]
XCH,CN ——— > XCHDCN
(X=H, CHg)

(kpo)pHO"]
CDEON —22 5 CD,HCN

kpo[DO']
NCCH,CH,CN — " » NCGH,CHDCN

(kyo)plHO"]
NGOD,CD,oN —HOHOL e ep,comen

acetonitrile, in which the remaining-protons are coupled to

the o-deuterium Jup = 2.4 Hz). The progres®, of deuterium
exchange was determined from the integrated areas of the singlet
due to theo-CHs group of CHCN (Achz) and of the triplet

5

due to then-CH,D group of the monodeuterio produ@dyzp), 0

according to eq 1. It was only possible to obtain baseline 0.0 0.2 0.4 0.6

[LO /M
R= Achs @ Figure 1. The dependence dfusa (S7%) for exchange of the first
a-hydron of simple cyanoalkanes on the concentration of lyoxide ion
Achizp
+— in water at 25°C andl = 1.0 (KCI). (A) hydron exchange reactions of
H3 2

CLsCN. Key: (@) reaction of CHCN in D;O; (a) reaction of CRCN

separation of the last of the three peaks for the triplet due to Lgaii%h(g),\Té(g;gﬁ:gnggz(r)e_a(cjl)oﬂfag;Oﬁcﬁfgéggg&\ﬁ%

the a-CH,D group of CHDCN. Therefore, the integrated area .5 ) Hydron exchange reaction of GEH,CN in D;O.

of this triplet (Acu2p) was calculated by multiplying the

integrated area of only the most upfield of the three peaks by proquct, which is shifted upfield from the singlet at 1.983 ppm
three, and the integrated area of the singlet due taxtH; due to CHCN present as an internal standard (Figure S1B of
group of CHCN (Acug) was calculated as the difference the Supporting Information). The progregsps, of hydrogen
between the total integrated area of all the signals and thateychange was determined from the integrated areas of the signals
calculated for the triple¥® Semilogarithmic plots of reaction  §ye to the CHCN standard Acrs) and thea-CD,H group of

progressk against time were linear during exchange of up to the product according to eq 2, where [GEBN]/[CH3-
30% of the firsta-hydrogen of CHCN (Figure S2 of the P feoa) g a [ VcHs

Supporting Information). The negative slope of these plots is 10.3Ac1i3 — 3Acpon
x = Kobsd3, wherekopsd (s71) is the observed first-order rate fep, = 10 2
constant for exchange of tHest a-hydrogen of acetonitrile HAchs

catalyzed by deuterioxide ion (Scheme33}* . . )
Figure 1A @) shows the dependence ksq for exchange CN] = 10.3 is the ratio of the concentrations of the §C]]}I
of the firsta-hydrogen of acetonitrile on the concentration of Substrate and the GEN standard present at zero time.
deuterioxide ion in BO at 25°C andl = 1.0 (KCI). The slope ~ Semilogarithmic plots of reaction progregss against time were
of this correlation is the second-order rate constant for exchangelinéar during exchange of up to 5% of the firstdeuterium of
of the first a-hydrogen of CHCN catalyzed by deuterioxide CDsCN (Figure S3 of the Supporting Information). The negative
ion, kpo = 2.7+ 0.4 x 104 M-1s1(Table 1, error calculated slope of these plots ikpsq (S71), the observed first-order rate
at the 80% confidence limit). constant for exchange of the first-deuterium of CRCN
Figure S9 of the Supporting Information shows tkatqfor catalyzed by hydroxide ion (Scheme 2). The valuek#fa
exchange of the firsti-hydrogen of CHCN does not depend ~ determined in different experiments at the same concentration
on the concentration of quinuclidine buffer (Figure S9A, Of hydroxide ion were reproducible @ 10%. Figure 1A &)
[BJ/[BD *] = 1.0, pD= 12.2) or 3-quinuclidinol buffer (Figure ~ Shows the dependence dfnsq for exchange of the first
S9B, [B])/[BD'] = 1.0, pD= 10.8) in D,O at 25°C and| = q-deuterlum of CCN on the concentration of hydrOX|de'|on
1.0 (KCI). The inset to Figure S9B is a logarithmic plotigfsg in H,0 at 25°C andl = 1.0 (KCI). The slope of this correlation
against [DO], which includes the data from Figure 1A and those IS the second-order rate constant for exchange of the first
for the reaction in the presence of quinuclidine and 3-quinu- @-deuterium of CRCN catalyzed by hydroxide ionkio)o =
clidinol buffers. The solid line of unit slope through the data 824 1.0x 10> M~*s™* (Table 1, error calculated at the 80%

was calculated from the rate lakynsa= koo[DO], usingkpo confidence limit). _ _ _
= 2.7 x 104 M1 s! (see above). Figure S4 of the Supporting Infqrmatlon shows representative
The exchange for hydrogen of the firstdeuterium of C- 'H NMR spectra at 500 MHz in the methylene region of
CN in H,0 at 25°C andl = 1.0 (KCI) (Scheme 2) was followed ~ recovered propanenitrile obtained during exchange of 16% of
by monitoring the appearance of thECDZH group of the the f”’st(l-hydrogen for deuterium in the presence of deuteri-
product by!H NMR spectroscopy at 400 MHz, using GEN oxide ion in DO at 25°C andl = 1.0 (KCI) (Scheme 2, X=
as an internal standard. Exchange leads to appearance of a penté&ta)- In these spectra, couplings between the methylene protons
at 1.960 ppm Jup = 2.4 Hz) due to thex-CD,H group of the of CH3;CH,CN and CHCHDCN and the protons of the methyl
: : groups were eliminated using an inverse gated decoupling
11?2)3;'2"3‘_”%22' C.J.; Frey, P. A.; Tobin, J. B. Am. Chem. 504993 procedure (see Experimental Section). The deuterium-exchange
(34) Tobin, J. B.: Frey, P. AJ. Am. Chem. Sod996 118 12253- reaction leads to disappearance of the singlet at 2.363 ppm due
12260. to the a-CH, group of propanenitrile and appearance of an
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Table 1. Rate and Equilibrium Constants for lonization of SimpleCyano Carbon Acids (Cyanoalkanes) in Water at’@5andl = 1.0
(KCI)

carbon acid koo* (M~1s™Y) Kuo® (M~1s7) Krore (s79) pKd pKa + log p®
CHsCN 2.7+ 0.4 x 10°4f 1.1x 104" 1x 104 28.9 29.4
CDsCN 8.24+1.0x 1075W
CH3CH,CN 3.0£0.2x 10°6f 1.25x 10°8h 1x 104 30.9 31.2
NCCH,CH,CN 6.0+ 0.2x 1029 2.5x 1072h 1x 104 26.6 27.2
NCCD.CD.CN 2.1+ 0.2x 10721k

aSecond-order rate constant deprotonation of the carbon acid by deuterioxide i@ idefermined as the slope of a plot kfsq (s71) for
exchange of the firsti-hydrogen for deuterium against the concentration of deuterioxide ion (Figure 1). The error was calculated at the 80%
confidence limit.> Second-order rate constant for deprotonation of the carbon acid by hydroxide ig@if First-order rate constant for protonation
of the cyanocarbanion by solvent water, estimatett-as = keog ~ 10' 571, wherekeorg is the rate constant for reorganization of solvent by
dielectric relaxation (see textj Acidity of the carbon acid in water, calculated according to eq 6 of the t&didity of the carbon acid statistically
corrected for the number of acidic protoms,’ Determined by following exchange of up to 30% of the fisshydrogen for deuterium catalyzed
by deuterioxide ion in BO. 9 Determined by following exchange of up to 70% of all fawhydrogens for deuterium catalyzed by deuterioxide ion
in D,O. " Calculated from the value d§o using the relationshigno = koo/2.4, where 2.4 is the maximum secondary solvent isotope effect on the
reactivity of lyoxide ion (see text).Determined as the slope of a plotlkafsq (s72) for the exchange of the first-deuterium for hydrogen against
the concentration of hydroxide ion (Figure 1). The error was calculated at the 80% confidenceDietérmined by following exchange of up to
5% of the firsta-deuterium for hydrogen catalyzed by hydroxide ion #OH* Determined by following exchange of 5@80% of all foura-deuteriums
for hydrogen catalyzed by hydroxide ion in®!.

upfield triplet at 2.351 ppmJip = 2.5 Hz) due to thex-CHD of NCCH,CH,CN (Figure S7 of the Supporting Information).
group of the product. The progress, of deuterium exchange  The negative slope of these plotsis (s™1), the first-order rate
was determined from the integrated areas of the singlet due toconstant for exchange afl four a-hydrogens of succinonitrile
the a-CH, group of the substratédtyz) and the triplet due to  catalyzed by deuterioxide ion. The observed first-order rate
the a-CHD group of the productAcnp), according to eq 3. It constant for exchange of thiest o-hydrogen of succinonitrile
catalyzed by deuterioxide ion kgpsq (S™1) = 4kex (SCheme 2).
R— Acz 3) Figure 1B @) shows the dependence ky,sqfor exchange of
Acrz T Acip the first a-hydrogen of succinonitrile on the concentration of
deuterioxide ion in RO at 25°C andl = 1.0 (KCI). The slope
was only possible to obtain baseline separation of the last of of this correlation is the second-order rate constant for exchange
the three peaks for the triplet due to teCHD group, and the of the firsta-hydrogen of NCCHCH,CN catalyzed by deute-
integrated area of this tripleAénp) was calculated as described  rioxide ion, kpo = 6.0+ 0.2 x 102 M1 s7! (Table 1, error
for CH,DCN.18 Semilogarithmic plots of reaction progreBs calculated at the 80% confidence limit).
against time were linear during exchange of up to 30% of the  The exchange for hydrogen of theedeuteriums of d]-
first a-hydrogen of CHCH,CN (Figure S5 of the Supporting  succinonitrile in the presence of hydroxide ion ipHat 25°C
Information). The negative slope of these plot&ds= Kopsd2, andl = 1.0 (KCI) (Scheme 2) was followed by monitoring the
wherekopsg (S71) is the observed first-order rate constant for appearance of the partially protonated forms of succinonitrile
exchange of the firsti-hydrogen of propanenitrile catalyzed by 'H NMR spectroscopy at 500 MHz, using methanol as an
by deuterioxide ion (Scheme 2934 Figure 1C shows the internal standard. The progress, of hydrogen exchange,
dependence okopsq fOr exchange of the first-hydrogen of calculated as the fraction of deuterium remaining in succino-
propanenitrile on the concentration of deuterioxide ion y©D nitrile, was determined from the integrated areas of the signals
at 25°C andl = 1.0 (KCI). The slope of this correlation is the  due to the CHOH standard Acnson) and the protons of the
second-order rate constant for exchange of thedifsydrogen partially protonated forms of succinonitrildg,) according to
of CH3CH,CN catalyzed by deuterioxide iokgo = 3.0+ 0.2 eq5
x 1078 M~1s™1 (Table 1, error calculated at the 80% confidence
limit). f— (AsudAcrzor)e — (AsudAchizon)
The exchange for deuterium of thehydrogens of succino- b (AsudAchzon
nitrile in D,O at 25°C andl = 1.0 (KCl) (Scheme 2) was
followed by monitoring the complete disappearance of the Where AsudAcrzon. is the ratio of these areas when the reaction
a-hydrogens by!H NMR spectroscopy at 500 MHz, using IS complete. Semilogarithmic plots of reaction progréss
methanol as an internal standard. RepresentafiveNMR against time were linear during exchange of-80% of all four
spectra of succinonitrile obtained during exchange of 60% of a-deuteriums of NCCBCD,CN (Figure S8 of the Supporting
the a-hydrogens for deuterium in the presence of deuterioxide Information). The negative slope of these plot&ds= kopsd4,
ion in D,O at 25°C andl = 1.0 (KCI) are shown in Figure S6  Wherekonsa(s™?) is the first-order rate constant for exchange of
of the Supporting Information. The progress, of deuterium  the firsta-deuterium of NCCBCD.CN catalyzed by hydroxide
exchange, calculated as the fraction of hydrogen remaining inion (Scheme 2). Figure 1Ba( shows the dependence ksq
succinonitrile, was determined from the integrated areas of the for exchange of the firat-deuterium of NCCBCD,CN on the
signals due to the C#0D standard Acnzop) and the protons  concentration of hydroxide ion in 4 at 25°C andl = 1.0

(5)

of all the forms of succinonitrileAsyd according to eq 4 (KCI). The slope of this correlation is the second-order rate
constant for exchange of the firgstdeuterium of NCCBCD,-
(AsudAchzop) CN catalyzed by hydroxide ionkio)p = 2.1+ 0.2 x 1072

H™ (AcudAcrizon)o “4) M~1s™1(Table 1, error calculated at the 80% confidence limit).

where AsudAchzon)o is the ratio of these areas at zero time. Calculations

Semilogarithmic plots of reaction progrdgsagainst time were Table 2 gives the values &E°, AH28 (proton affinity), AS,
linear during exchange of up to 70% of all foarhydrogens and AG for the ionization of CHCHg, the ionization of CH-
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Table 2. Computed Thermodynamic Quantities from MP2/ Table 3. Relative Free Energies of Solvation of Cyanoalkanes and
Aug-cc-PVDZ and HF/6-31+G(d,p) Calculations for the Reaction Cyanocarbanions by Water Determined from Monte Carlo QM/MM
AH — A~ + H at 298 K Simulations at 298 K
AE°2  AH28(PA) AS(call AG  PA (exp) AGe2  AGWA—B)  AAGpdA—B)2P
A- (kcal/mol) (kcal/mol) mol-K) (kcal/mol) (kcal/mol) molecule  (kcal/mol)  (kcal/mol) (kcal/mol)
CH3CH, ™ © 427.7 417.4 29.3 408.6 420 CHsCH,CN —-0.14+0.1 0.0 0.0
CH,CH"CN 383.2 375.0 26.9 367.0 3752 NCCH,.CH,CN —-0.54+0.1 -0.2+0.1 —-0.6+£0.1
~CH,CH,CN 405.4 396.7 258  389.0 3%5 544 0%
NCCH,CH CN  366.0 357.9 268  349.9 Average= —3+ 2.4
CH,CH CN —45.6+0.3 0.0 0.0

a Since the 6-311G(d,p) basis set is slightly larger than Dunning’s o
doubleg function, the electronic energy @K is computed as follows: NCCH,CH CN —38.5+ 0.2 0.2+£0.1 7.3£0.4
AE°= AE(6-311+G(d,p)) + AEup(aug-cc-PVDZ)— AEr(aug-cc- a Quantities from Scheme S1 and eq 3 of the Supporting Information.
PVDZ). Total energies for C}CH,CN are—171.00720;-170.98323, b Free energies of transfer of the cyanoalkanes and cyanocarbanions
and—171.56303 hartree at the HF/6-386(d,p), HF/aug-cc-PVDZ// grom the gas phase to water, relative to the arbitrary vaiut@f,s =
HF/6-311G(d,p) and MP2/aug-cc-PVDZ levels, respectivélipata 0 for the cyanoalkane GJEH,CN and the cyanocarbanion GEH-CN,
from ref 23.¢ Energies calculated at the MP4(SDTQ)/aug-cc-PVDZ// computed according to eq 3 of the Supporting Information. Note that
HF/6-311G(d,p) level. long-range electrostatic (Born) corrections beyond the cutoff distance
for the anions are canceled o&itComputed using Jorgensen’s OPLS
Scheme 3 parameters for acetonitrile with the assumption that NGCHJCN has
CHsCH,4 the same parameters. In these calculations, the solute molecules are
treated classically.
AH =-424 +

kcal/ny CHa(?HCN aug-cc-PVDZ level (Scheme 3) is in reasonable agreement with
o the value of 23 kcal/mol from the GAMP2) calculatior?®
CH;3CH, ]L however, it is 8 kcal/mol smaller than the experimental value

AH =217 of 29 4+ 6 kcal/mol23 The value ofAH = 21.7 kcal/mol for

+ kcal/mol

CH,CH,CN isomerization of thex-cyanoethyl to thg-cyanoethyl carbanion
(Scheme 3) is also in accord with the values of 467 and
21.9 kcal/mol determined, respectively, by experiment and

CH;CH
AH =-20.7 svre calculations at the GR(MP2) level3
keal/mol o * Table 3 gives the free energies for the transfer of cyanoalkanes
CHCHCN and cyanocarbanions from the gas phase to solution, relative to
S the arbitrary value oAGpyq = O for the cyanoalkane GJ€H,-
gnzct:r']\l tat Ca andlat IC,f?,dandt t?ﬁ 'O&'égg'on of NI(D:\%EWH-F/G CN and the cyanocarbanion @EH CN that were determined
at were caiculated at the aug-ce- "~ by Monte Carlo QM/MM calculations. The difference in the
311+G(d.p) level. F|gure.810 of the Supporting Informaftmn free energies of solvation of two molecules and B
shows selected geometrical parameters for propanenitijle ( AAGn,(A—B) was computed as described in the Suppc;rting
and the corresponding- and -cyano carbanions2(and 3), Y

MR . d Information, whereAGe(A) — AGE|(B) is the difference in the
?Egd succinonitrile4) and the correspondirg-cyano carbanion “electrostatic decoupling” foAA and B and AG'™W(A—B) is

N . . . the difference in the van der Waals interactionsfofind B
The proton affinities of the carbanions given in Table 2 ™. X
(AHzgg)pwere used to calculate the valuegs aH for the with solvent. The AM1/TIP3P model predicts thaGyyq for

isodesmic reactions shown in Scheme 3. The Calculatedsuccinonitrile is only 0.6 kcal/mol more negative than for
stabilization of the ethyl carbanion by the addition ofoenyano propaner_ntnle (Table 3). However, th's. method P“’b‘?‘b_'y
group (42.4 kcal/mol) is in good agreement with the earlier underestimates the free energy of solvation of succinonitrile,
reported value of 44 kcal/mol obtained from calculations at the PEcause the same type of calculations predict a free energy of
G2+(MP2) lever® and with the value from experiment of 45 solvauoq of acetonltr!lg of 0.9+ 0.3 kqal/mol, which is
kcal/mol23 Similarly, a value of 43 kcal/mol for stabilization ~ Substantially more positive than the experimental value &8

of the methyl carbanion by the addition of a cyano group has kcal/mol. This tendency of the AM1/TIP3P calculations to

/

been obtained from calculations at the-g#P2) levels The underestimate the free energy of solvation of acetonitrile is
structure of thex-cyano carbanion C¥CH-CN (2, Figure S10) probably due to the failure of the method to fully account for
obtained from ab initio calculations at the HF/6-31G(d,p) the effect of polarization of charge at the cyano group on

level shows that the €CN bond (1.394 A) is shortened by ~Solvation. The OPLS parameters developed by Jorgensen to
0.077 A and the CN bond (1.156 A) is lengthened by 0.026 A calculate AGnyq for acetonitrile using classical Monte Carlo
in comparison with the neutral carbon acid propanenitrile (  Simulations gives a better agreement with experiment. The same
Figure S10). A Mulliken population analysis indicates that the OPLS parameters give a free energy of solvation for succino-
cyano group a has a total net charge 6f0.549 e, while the nitrile that is 5.4 kcal/mol more favorable than for propanenitrile,
remaining charge densities are nearly equally distributed over which is similar to the 5.7 kcal/mol difference in the experi-
the CH and CHgroups. These structural and electronic changes mental free energies of solvation of ethane and propanenitrile.
upon deprotonation of propanenitrile are consistent with the We consider it unlikely that the addition of the first and second
conclusion from a more detailed computational study of cyano groups to ethane to give succinonitrile should cause
acetonitrile and the corresponding cyanomethyl carbanion thatequally large changes ifGryq. Rather some attenuation of the
there is significant transfer of negative charge to the nitrile group effect of the cyano group is expected to result from interactions
of a-cyano carbanion%. between individual solvent molecules which prevent optimal
The large stabilization of the ethyl carbanion by the addition solvation of closely spaced cyano groups in a single molecule.
of a S-cyano group has been not&d.For example, the Therefore, we regard the values ANGhy(A—B) (Table 3)
stabilization energy of 20.7 kcal/mol calculated here at the MP2/ for succinonitrile obtained by these two computational methods



720 J. Am. Chem. Soc., Vol. 121, No. 4, 1999 Richard et al.

Scheme 4 of acrylonitrile 6-SR) and fumaronitrile 7-SR).123° The
H—O<
. H 227A NCCH,CH SR NCCH,CH(CN)SR
88.3° = o
978 - 2.174)
(978" ¢\ 6-SR 7-SR
O\ H

formation of similara-cyano carbanions as intermediates of
AE = -13.7 (-14.6) base-catalyzed exchange of thénydrons of simple cyanoal-
kanes will also be favored because there is no strong imperative

as upper and lower limits for the difference in the free energies for 4 concerted exchange mechanism that avoids the carbanion
of solvation of this compound and propanenitrile. intermediate©

To ensure that the combined AM1/TIP3P potential provides S . .
an adequate description of the interactions between the cyano- The data in this work givekbo)u/(kuo)o = 3.3 and 2.9 for

carbanions and water, the bimolecular hydrogen-bonded Com_acetonitrile and succinonitrile, respectively, whekgd) is the
plex between water ’and the-cyanoethyl carbanion was second-order rate constant for exchange for deuterium of the

examined at the HF/6-331G(d,p) level, and the results were first_a-hydrogen of the _carbon acid catalyzed by deuterioxide
compared with those obtained using the combined AM1/TIP3p ion in D20, and kqo)o is the second-order rate constant for
model (Scheme 4). It was found that if the valueoofor the exchange for hydrogen of the firetdeuterium of the perdeu-
carbon Lennaré Jones parameter is increased from the standard terated carbon acid catalyzed by hydroxide ion #OHTable
value of 3.5 A for the neutral species to 3.75 A for anionic 1). These rate constant ratios reflect the secondary solvent
carbon, then there is reasonable agreement (Scheme 4) betweeotope effect resulting from the stronger hydrogen bonds
the hydrogen-bond energp\E, kcal/mol) and length obtained ~ between hydroxide ion andB® than between deuterioxide ion
from ab initio and combined AM1/TIP3P calculations (values and DO, with a maximum equilibrium value of 2#4;together
in parentheses). This modification, along with the Lennard-JonesWwith any primary isotope effect on exchange. This analysis
parameters determined in earlier work, were used in this $fudy. neglectsx-secondary isotope effects on exchange, but these are
Thermodynamic data were determined for the nitrile and expected to be very smédf.
ketenimine tautomers of acetonitrile at the MP2/aug-cc-PVDZ//  Scheme 5 shows a detailed mechanism for stepwise hydron
HF/6-311G(d,p) level using Gaussian 92, as described in the exchange at an-cyano carbon, catalyzed by lyoxide ion, and
Supporting Information. Vibrational frequency calculations Figure 2 shows the corresponding free-energy reaction coordi-
confirmed that theCs, and Cs geometries are energy minima. pate profile for deuterium exchange at acetonitrile. In this

for CHCN Oand CH=C=NH, respectively. The computed |\ achanism, the carbanion formed by hydron abstraction by
values ofAE°, AH, AS andAG for the tautomerization of CH lyoxide ion ;) must undergo solvent reorganizatidgedsg) in

CN to give CH=C=NH are, respectively, 29.4 kcal/mol, 28.4 5 o1 for incorporation of the isotopic label to occlrzb,2).

keall mor:, t0|'29 cal/ rToKbiaEr:d_nggklfaI{/moll at 298 K. tAd Both the primary isotope effect and the secondary solvent
somewhat farger value — 2.0 Keajmol was reporte isotope effect will be expressed in the rate constant rk#e)/

in earlier work (MP2/6-3%G*//6-31+G*).36 The difference in ) .
the free energies of solvation of GEN and CH=C=NH in (kio)o when hydron exchange takes place by this stepwise
mechanism in which the initial hydron abstraction is rate-

water w termin Monte Carlo fr ner rturbation o .
er was dete ed by Monte Carlo free energy perturbatio determiningk %ot < kreorg- However, when the rate-determining

calculations using a three-site model, developed originally by for hvd h b h N f ol
Jorgensen for CKCN 27 and parameters developed in this work step for hydron exchange becomes the reorganization of solvent

for CH;=C=NH. The free energy of solvation was computed that exchanges the hydron of substrate with the labeled hydron

to be 2.4 kcal/mol more favorable for GEN than for CH= of solvent K 2oL* > keeorg, then this ratio will reflect only the
C=NH, which givesAGr = 28.3+ 2.4 = 30.7 kcal/mol at  €quilibrium secondary solvent isotope effect on the basicity of

298 K for the tautomerization of acetonitrile to ketenimine in yoxide ion of 2.4 (see abové}:**The values ofKpo)n/(kHo)o

water. for the hydron-exchange reactions of acetonitrile and succino-
nitrile determined in this work are slightly larger than 2.4 (see
Discussion above), a fact which shows that, in addition to the secondary

The second-order rate constant for exchange for deuteriumsolvent isotope effect, there are small primary isotope effects
of the firsta-hydrogen of acetonitrile catalyzed by deuterioxide ©N €xchange.
ion in D,O at 25°C determined in this workkpo = 2.7 x The conclusion that there is a small contribution of a primary
104 M~1s71 isin fair agreement with the early literature value isotope effect to the rate constant rakgd)w/(k-o)o is consistent
of kpo = (3—5) x 1075 M~ s !that was estimated by making ~ with a stepwise mechanism in which hydron abstraction from
a small temperature correction of the rate constant determinedthe substrate is partly rate-determining for exchange. It is not
at 35°C.38 The difference in these rate constants is probably easily rationalized by a concerted mechanism for exchange in
due to the improvement in analytical methods over the last sixty which hydron abstraction by lyoxide ion and hydron transfer
years. from labeled solvent occur in a single step, because the transition
Mechanism for Hydron-Exchange ReactionsThere is good  states for the hypothetical concerted hydron exchange at both
evidence for the formation af-cyano carbanions as intermedi-
ates of the base-catalyzed elimination reactions of thiol adductssoé?) Fishbein, J. C.; Jencks, W.R.Am. Chem. S0d98§ 110, 5075~

(35) Gao, J.; Xia, XSciencel992 631-635. (40) Jencks, W. PChem. Soc. Re 1981, 10, 345-375.

(36) Kaneti, J.; Schleyer, P. v. R.; Clark, T.; Kos, A. J.; Spitznagel, G. (41) Gold, V.; Grist, SJ. Chem. Soc., Perkin Trans.1®72 89-95.
W.; Andrade, J. G.; Moffat, J. BJ. Am. Chem. Sod 986 108 1481- (42) Kresge, A. J.; More O'Ferrall, R. A.; Powell, M. F. Isotopes in
1492. Organic ChemistryBuncel, E., Lee, C. C., Eds.; Elsevier: New York, 1987;

(37) Jorgensen, W. L.; Briggs, J. Mlol. Phys.1988 63, 547—558. Vol. 7.

(38) Bonhoeffer, K. F.; Geib, K. H.; Reitz, @. Chem. Phys1939 7, (43) Alston, W. C.; Haley, K.; Kanski, R.; Murray, C. J.; Pranata).J.

664—670. Am. Chem. Socd 996 118 6562-6569.
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Figure 2. Free-energy reaction coordinate profile for exchange for
deuterium of the firsti-hydrogen of acetonitrile catalyzed by deute-
rioxide ion in D;O. In this mechanism, the carbanion formed by hydron
abstraction by deuterioxide iok,f must undergo solvent reorganization
(kreorg to place a molecule of D in a position to react with the
carbanion koop). The slashed lines indicate that solvent reorganization
is irreversible, because the concentration of DOH @05 negligible.
When the rate of deuterium exchange is limited by solvent reorganiza-
tion (koon > kreorg, proton abstraction by general basks) does not
result in general base catalysis of exchange, because the barrier t
diffusional separation of the ion pair BH CH,CN (not shown) is larger
than that for solvent reorganizatiok § < korg).*®
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nated by the secondary solvent isotope effect on the reactivity
of lyoxide ion, kpo/kpo < 2.4.

Rate-Determining Step for Hydron Exchange.The rate
constant kpo)n for exchange of the firsti-hydrogen of simple
cyanoalkanes in D may be limited by either deprotonation
of the substrate by deuterioxide ioky,( Figure 2), or if this
step is reversible, by the rate constant for reorganization of
solvent to place a molecule of,D in a position to deliver a
labeled hydron to the-cyano carbanionk{eorg Figure 2). The
following observations provide strong evidence that hydron
transfer to lyoxide ion is reversible and that the reorganization
of solvent is largely rate-determining for the lyoxide-ion-
catalyzed exchange of tleehydrons of simple cyanoalkanes.

(1) The value of Kpo)n/(kuo)o for hydron exchange at GL
CN is expected to lie between (a) an upper limit kfd)n/
(kro)o ~ (1.8)(4)= 7.2 when proton transfek(, Scheme 5) is
rate-determining, where 1.8 is the secondary solvent isotope
effect observed for the lyoxide-ion-catalyzed deprotonation of
6-SR and7-SR;2% and 4 is the primary isotope effect observed
for the deprotonation of these carbon aéfdsnd (b) a lower
limit of (kpo)n/(kno)o = 2.4 when reorganization of solvent
(kreorg Scheme 5) is rate-determining, so that the full equilibrium
difference in the basicities of deuterioxide and hydroxide ions
is expressed in the transition state (see ab&/&)l'he observed
ratios of kpo)n/(kno)o = 3.3 and 2.9 for the hydron-exchange
reactions of acetonitrile and succinonitrile, respectively, are
considerably smaller than those expected for rate-determining
deprotonation of the substrate, and they are consistent with a

Jathway in which solvent reorganization largely rate-

determining for hydron exchange.
(2) General base catalysis by amines of the stepwise elimina-
tion reactions o6-SR and7-SR is observed when the leaving

protonated and deuterated substrates are symmetrical (Schemgroup RS is weakly basic so that formation of thecyano

6). The fractionation factor for the-C—L bond at cyanoalkanes
is close to unity? so that the nethangein zero-point energy

carbanion is rate-limiting for the elimination reacti&hBy
contrast, there is no catalysis by methylamine of exchange of

at the transferring hydrons on proceeding from reactants to thethe a-hydrogen of7-SMe'? and no catalysis by quinuclidine or
transition state must be similar for the two substrates, and any3-quinuclidinol of deuterium exchange at gEN (Figure S9

primary isotope effect on this concerted reaction should be small of the Supporting Information). These results are consistent with
or negligible (Scheme 6). Thus, for the hypothetical concerted the reaction coordinate profile for deuterium exchange at simple
exchange mechanism, the ratlgd)n/(kqo)o would be domi- cyanoalkanes shown in Figure 2, in which general bases
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Scheme 7
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decrease the barrier to proton abstraction from the subskedte (
but solvent reorganizatiorkéorg is rate-determining for deu-
terioxide-catalyzed exchandgéGeneral base catalysis of the
elimination reactions 06-SR and 7-SR is observed when the
barrier to reprotonation of the-cyano carbanion by solvent to
regenerate substrate,6) is larger than the barrier to expulsion
of the thiol anion leaving group from the carbanion to give the
alkene. However, proton abstraction from the substrate by
general baseskg) does not result in general base catalysis of

deuterium exchange because solvent reorganization is Iargelya

rate-determining for exchang&pbn > keorg Scheme 532

The Acidity of Simple Cyanoalkanes Table 1 gives the
pKa's of the simple cyanoalkanes acetonitrile, propanenitrile,
and succinonitrile in water determined in this work. Thelkgp
were calculated using eq 6 derived for Scheme 7

pKa = pKW + IOg(kHOH/kHO) (6)

wherekyo is the second-order rate constant for deprotonation
of the carbon acid by hydroxide ion in,8 (Table 1) kyon =
10" s1 is the first-order rate constant for protonation of the
o-cyano carbanion by solvent watérandK,, = 10714 is the
ion product of water. The values déio (Table 1) were
calculated from the corresponding rate constants for deproto-
nation of the carbon acids by deuterioxide ion igD(Table
1) using the relationshigkyo kpo/2.4, where 2.4 is the
maximum secondary solvent isotope effect on the reactivity of
lyoxide ion. This is appropriate because almost the entire
difference in the basicities of deuterioxide and hydroxide ions
will be expressed in the transition state for carbanion formation
when solvent reorganization is rate-limiting for exchange (see
above). The principle of microscopic reversibility requires that
the reverse protonation of thee-cyano carbanions by solvent
water also be limited mainly by solvent reorganization, with a
rate constant on the order of that for the dielectric relaxation of
water, kpon = Kreorg ~ 10 57120722

The value okyon = 10 s71 should not severely overestimate
the limiting rate constant possible for the strongly thermody-
namically favorable protonation of carbanions by solvent water,
because there is good evidence that the rate constant for th
reaction of solvent water with other highly unstable species can
approach 18 s™1. For example, the reaction of solvent water
with the 3,5-ditrifluoromethylbenzyl carbocation is 5-fold faster
than the reaction of 1.0 M azide ihandk,, ~ 6 x 10° M1
s 1 has been determinttfor the diffusion-limited reaction of
azide ion with unstable benzylic carbocatidhsIhere is no

(44) Finneman, J. |.; Fishbein, J. €.Am. Chem. Sod995 117, 4228~
4239.

(45) McClelland, R. A.; Kanagasabapathy, V. M.; Banait, N. S.; Steenken,
S.J. Am. Chem. S0d99], 113 1009-1014. McClelland, R. A.; Cozens,
F. L.; Steenken, S.; Amyes, T. L.; Richard, J. P.Chem. Soc., Perkin
Trans. 21993 17171722.

(46) The average rate constant for the diffusion-limited reaction of azide
ion with highly unstable carbocationskig = 6 x 10° M~ s~1.45 However,
the 3,5-ditrifluoromethylbenzyl carbocation is so short-lived that it cannot
be trapped by azide ion so that essentially all of the observed azide ion
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Figure 3. Rate-equilibrium correlations for the deprotonation of simple
a-carbonyl carbon acid® slope= —0.37) and simple-cyano carbon
cids @, slope= —1.0) by hydroxide ion in KO at 25°C. The rate
constants kpo (M™* s71), and the carbon aciditie,, have been
corrected for the number of acidic protons of the carbon gzidhe
data for thea-carbonyl carbon acids were compiled in an earlier
publication!® and the data for the-cyano carbon acids (cyanoalkanes)
were taken from Table 1.

chemical barrier to the reaction of this carbocation with
solvent}* so thatkeog ~ ks > 3 x 109 s71. The failure of
tertiary amines to catalyze deuterium exchange into acetonitrile
(see Results) requires that the lifetime of the'BHCH,CN ion

pair complex of the buffer reaction be so short that its
protonation by RO occurs before there is significant separation
to free ions kpop > k—q ~ 1010 s71),12.18.39.4ANe conclude that
kuon for the protonation of the cyanocarbanions in this work
by solvent water lies between®@nd 161 s™1. This introduces

an uncertainty of at most 0.5 units in the EJ's reported in
Table 1. There is less uncertainty in theative values of the
pKa's reported in Table 1, because in all cakgsy (Scheme 7
and eq 6) is largely limited by the rotation of a molecule of
solvent into a reactive position, and this process should be nearly
independent of the structure of the reacting carbanion.

The value of K, = 28.9 for acetonitrile reported here is
higher than the widely cited estimate dfp= 2511 The earlier
value was obtained by extrapolation of a linear rate-equilibrium
relationship for relatively strongly acidiz-carbonyl andx-nitro
carbon acids. Figure 3 shows the fit of the data for deprotonation
of the simplea-cyano carbon acids (cyanoalkanes) determined
in this work to a more extensive ratequilibrium relationship
for the deprotonation of simple-carbonyl carbon acids by
hydroxide ion*® In this correlation, the values &fio and K,

ave been statistically corrected for the number of acidic protons
at the carbon acidp. The point for succinonitrile exhibits a
positive deviation from the correlation line farcarbonyl acids,
as a result of the relatively small intrinsic barrier to proton
transfer at cyanoalkanéddowever, the point for acetonitrile
lies close to the intersection of the correlation lines for the
cyanoalkanes«, slope= —1.0) and thex-carbonyl carbon acids
(@, slope= —0.37). This point of intersectiomustoccur when
Kron = Kreorg & 10 s71 for the reverse protonation of both
enolates and-cyano carbanions by solvent water, because this
is the point at which both correlations must break to a slope of
—1.0 (eq 6). The small 0.4 unit positive deviation of lkgp

(47) The small association constants for the formation of ion pairs in
water, Kas = kg/k-g¢ ~ 0.1-0.2 M1 [Davies, C. S.lon Association
Butterworth: London, 1962; pp 7@87; Richard, J. P.; Jencks, W. P.
Am. Chem. Socl984 106, 1373-1383], and the large rate constants for

adduct is formed by a preassociation mechanism with an apparent rateion pair formation in diffusion-limited reaction&{= 6 x 10° M~1 s71)45

constant that is larger than>6 1&° s~ for the diffusion-limited reaction of
1 M azide ion**

requirek—q¢ ~ 10'° s71 for the diffusional separation of ion pairs to free
ions.
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Scheme 8
H H H CN
H+H H+CN H—}—CN H+CN
H H CN CN
pKy +log p 49.6 29.4 11.7 -5.1
A(pKy + log p) 20.2 17.7 16.8

(M~1 s for the deprotonation of acetonitrile by hydroxide
ion from the linear correlation for simple-carbonyl carbon
acids shows that any difference in the intrinsic barriers to proton
transfer ato-cyano carbon acids ara-carbonyl carbon acids
of pKa > 29 isnotreflected in the rate constant for deprotonation
of the carbon acid to give thieee carbanion, because solvent
reorganizationkeorg rather than the chemical stelg) is then
largely rate-determining for proton transfer (Scheme 5 and
Figure 2).

The value okpo = 1.7 x 103 M1 s for the deuterioxide-
ion-catalyzed exchange of the fikgthydrogen of ethyl acetate
in D20 is larger, and the i, of 25.6 for this carbon acid is
smaller® than the corresponding valueslefo = 2.7 x 104
M~1s 1and K, = 28.9 for acetonitrile (Table 1). We conclude
that ano-ester substituent has a larger effect tharoiacyano
substituent on both the rate and the equilibrium constant for
the deprotonation of methane. By contrasap= 21.4 for
PhSCHCO.Et in DMSO is 0.6 unitshigherthan K, = 20.8
for PASCHCN in the same solveri and similar gas-phase
acidities are observed for methyl acetate (BA371.0 kcal/
mol) acetonitrile (PA= 372.2 kcal/mol)*® The larger increase
in the acidity ofa-ester than ofi-cyano carbon acids observed
on moving from the gas phase to water is consistent with a

greater stabilization by solvation of an enolate oxyanion, where

the charge is mostly localized at oxygen, than ofoanyano

carbanion, where a greater fraction of the negative charge (0.6

units) lies at thea-carbon®

Resonance and Polar EffectsThere are two interactions
between thexr-cyano group and the carbanionic center that may
be responsible for the greater stability @fcyano carbanions
than of alkyl carbanions: (a) a stabilizing polar interaction

J. Am. Chem. Soc., Vol. 121, No. 4, 1239

substituent on carbon acidity as a function of the number of
o-cyano groups attached to the acidic carbon. K, pf 49.0
for methane was estimated fromKp = 50.6 for ethane
determined by ab initio calculatidrt,with the assumption that
there is the same 1.8 unit difference between the statistically
corrected §5's of propanenitrile (31.2, Table 1) and acetonitrile
(29.4, Table 1), and ethane and methane. TKisfor ethane is
viewed as reliable because the same calculations digeo
28.6 for acetonitrilé15which is in excellent agreement with
the experimental value oy = 28.9 determined here. The data
for dicyanomethane = 11.4p2 and tricyanomethane Ka
= —5.1P3 were taken from the literature. Scheme 8 shows that
there is only a 3.4 unit decrease, from 20.2 to 1&8upits, in
the effect of an individuad-cyano substituent on carbon acidity,
as the number ofi-cyano substituents is increased from none
at methane to two at dicyanomethane. This 17% decrease in
thea-cyano substituent effect is smaller than the 25% decrease
reported in a similar analysis by Bordwell for the ionization of
acetonitrile and malononitrile in DMSO, which utilized a larger
estimated [, of 56.2 for ethané?

By contrast, the addition of an acetyl group to methane results
in a large ca. 30 unit decrease in carbon acidity frofa &
49.0 for methane (see above) tK4= 19.3 for acetoné&® but
the addition of a second acetyl group results in a much smaller
ca. 10 unit decrease in carbon acidity t€,p= 8.9 for acetyl
acetoné® The marked absence of any large tendency toward
“saturation” of thea-cyano substituent effect on carbon acidity
as the number afi-cyano substituents is increased is consistent
with the conclusion that the stabilization of cyanocarbanions
by transfer of negative charge onto tleecyano groups is
relatively unimportant in comparison with their stabilization by
the polar effect of cyano substituents.

Falloff Factors. The polar effect of thet-cyano substituent
on acidity could be determined from the “pure” polar effect of
a fs-cyano substituent and the change in this polar interaction
that occurs upon removal of the intervening methylene group
between the cyano substituent and the acidic site. However, care
must be exercised in the interpretation of these data, which show
considerable variation depending upon whether the reactions
occur in water or in the gas phase. A comparison of the effect

between the electron-deficient cyano carbon and the adjacenty¢ ana-cyano group on the statistically correcteLf ethane
negative charge and (b) stabilization due to transfer of negative(51.4_ 31.2= 20.2 units, Table 4) and of &cyano group on

charge from thex-cyano carbon to the nitrile nitrogen, which
we will refer to as aresonanceeffect®® We have used two

the K, of propanenitrile (31.2- 27.2= 4.0 units) gives a factor
of 20.2/4.0= 5.1 for the falloff in the effect of am-cyano

methods to evaluate the relative contribution of these polar and g pstituent on carbon acidity in water resulting from insertion

resonance interactions to the overall effect of theyano
substituent on carbon acidity.
Saturation of the Resonance Effect The stabilization of

of an intervening methylene group. A different result is obtained
from the corresponding analysis of cyano substituent effects on
carbon acidity in the gas phase. Here@tyano substituent

a-cyano carbanions by the transfer of negative charge to the ggyits in a 42 kcal/mol stabilization of the ethyl carbanion, and

nitrile nitrogen should result in a decrease in the effect of an
o-cyano substituent on carbon acidity as the number-ofano
groups is increased. This is because eaatyano substituent

the resulting CHCH CN is stabilized by a further 17 kcal/mol
by the addition of g-cyano substituent to give NCGBH CN
(Table 2). These data give a smaller falloff factor of 4247

will lead to a decrease in the remaining negative charge at a3 5 for the effect of a cyano substituent on carbon acidity in

carbon that is available to interact with an additionatyano
substituent! Scheme 8 summarizes the effects ofcanyano

(48) Bordwell, F. G.; Fried, H. EJ. Org. Chem1981, 46, 4327-4331.

(49) Bartmess, J. E.; Scott, J. A.; Mclver, R.JTAm. Chem. Sod979
101, 6046-6056.

(50) Theresonanceeffect is defined as the stabilization of a hypothetical
localizeda-cyano carbanion resulting from the transfer of negative charge
from the a-carbon to the nitrile nitrogen. No attempt is made here to
distinguishresonancestabilization resulting from the intrinsic stability of
delocalized compared with localized charge from that resulting from the
intrinsic stability of nitrogen-localized compared with carbon-localized
negative charge at the-cyanomethyl carbanion.

(51) Lowry, T. H.; Richardson, K. Svlechanism and Theory in Organic
Chemistry Harper & Row: New York, 1987; pp 363308.

the gas phase (Table 4).

A related analysis shows thatcyano ands-cyano substit-
uents stabilize the ethyl carbanion in the gas phase by 42 and
20 kcal/mol, respectively (Table 2Z3which gives a falloff factor

(52) Hojatti, M.; Kresge, A. J.; Wang, W.-H. Am. Chem. S0d.987,
109 4023-4028.

(53) Boyd, R. H.J. Am. Chem. S0d.961, 83, 4288-4290.

(54) Bordwell, F. G.; Algrim, D. JJ. Am. Chem. Sod988 110, 2964~
2968.

(55) Keeffe, J. R.; Kresge, A. J. [fhe Chemistry of Enol&kappoport,
Z., Ed.; John Wiley and Sons: Chichester, 1990; pp-3480.

(56) Ahrens, M. L.; Eigen, M.; Kruse, W.; Maas, Ber. Bunsen-Ges.
Phys. Chem197Q 74, 380-385.
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Table 4. Comparison of the Effects af-Cyano and3-Cyano Substituents on Carbon Acidity in the Gas Phase and in Water

gas phase

water

substituent effeét

substituent effeét

carbon acidity ~ a-cyano B-cyano  falloff factor®  carbon acidity — a-cyano B-cyano  falloff factor
carbon acid AGE (kcal/mol)  (kcal/mol)  (kcal/mol) Co/Cy pKa + log pf (kcal/mol)  (kcal/mol) Co/Cy
CH3CH;z 409 51.4
367 (&)
CH3CH,CN 389 (G;) 42 20 (16.5) 2.1 (2.5Y 31.2 (Q) 27.5
NCCH,CH,CN 350 17 25 27.2 5.4 5.1

a Effect of removal of the cyano substituent on the free energy change for ionization of the carbon acid in the g@sRatimsef o-cyano and

p-cyano substituent effects, see teXEree energy change for reaction

AH A~ + HT in the gas phase at 298 K. Data taken from Table 2.

dValues in parentheses are corrected for the stabilizatio€kCH,CN by a pe* interaction, see text Effect of removal of the cyano substituent
on the free energy change for ionization of the carbon acid in wataidity of carbon acid in water at 2%5C, statistically corrected for the number
of acidic protonsp. Data taken from Table 1, unless noted otherwdg@alculated from g, = 50.6 for ethane determined by ab initio calculation

(ref 14).

of (42/20)= 2.1 in the gas phase (Table 4). However, the
stabilization of the ethyl carbanion by f&cyano substituent
results in part from electron donation from the anionic carbon
to the o* orbital of the CG-CN bond at"CH,CH,CN.2% The
importance of this effect was assessed by determining the
difference in energies of the two conformers of fheyanoethyl
carbanion: the lower energy configurati8a where the effect

is a maximum, an@b where the ps* interaction is minimized

W
Ne—c
J

3a

by the perpendicular arrangement of orbitals. At the HF/6-
311+G(d,p) level, structur8b is 3.5 kcal/mol higher in energy
than structureg3a so that no more than (20 3.5)= 16.5 kcal/
mol of the effect of g8-cyano substituent on carbanion stability
can be polar in origin. This gives a slightly larger falloff factor
of (42/16.5)= 2.5 for the effect of a cyano substituent on carbon
acidity in the gas phase (Table 4).

The magnitude of polar effects on reaction equilibridog
K) usually falls off by (2-3)-fold with insertion of a methylene
group between interacting polar centefsThis decrease is
similar to the ca. 2.5-fold falloff observed for the-cyano
substituent effect in the gas phase, but it is smaller than the
5.1-fold falloff observed for ionization of cyanoalkanes in water
(Table 4).

Solvent Effects.The difference between the falloff factor of
2.5 obtained from comparison of the effect of@cyano group
on the acidity of ethane and that offacyano group on the
acidity of propanenitrile in the gas phase (Table 4) and the much
larger falloff factor of 5.1 obtained from comparison of the same
cyano substituent effects on carbon acidity in water is the direct
result of the 11.6 kcal/mol difference in the Gibbs free energy
change for proton transfer between succinonitrile angGHICN
to give propanenitrile and NCGEH™CN of AGy = —17 kcal/
mol in the gas phase amiG,, = —5.4 kcal/mol for the same
reaction in water (Scheme 9 and eq 7).

AG, — AG, = AG, J — AG,,{ = —11.6 kcal/mol  (7)

Scheme 9
NC. _~ e)
CN CN AGg NC\/\CN
/ CN
S) _/
Gas Phase
R P
---------------- AG e~ || AG ————--
Water WL hyd 1 hyd
NC
~"cN ne. 2
CN AGy ~"cN N
— 0 —/

(Scheme 9 and eq 7) requires that the solvation of the reactants
(succinonitrile and CECH™CN) be 11.6 kcal/moinore faor-

able than the solvation of the products (propanenitrile and
NCCH,CHCN). In other words, the addition of g-cyano
group to propanenitrile results in a relative increase in the
stabilizing solvation of the neutral cyanoalkane and a relative
decrease in the stabilizing solvation of the cyanocarbanion (eq
8 derived for Scheme 9). The Monte Carlo QM/MM calculations

AGyy R = AGy,f = [AGy,(NCCH,CH,CN) —
AGyy CHCH,CN)] + [AGy,(CH,CN CN) —
AG,,,(NCCH,CH CN)] (8)

show that the addition of A-cyano substituent results in an
increasein the stabilizing solvation of the cyanoalkane of
AGhyd(NCCH2CH2CN) - AGhyd(CHg(:HzCN) = -3+ 24
kcal/mol (average value from Table 3), but decrease
in the stabilizing solvation of the cyanocarbanion of
AGpyd(NCCH,CH CN) — AGpy¢(CHsCH CN) = 7.3 kcal/mol
(Table 3). The good agreement between the difference of these
calculateds-cyano substituent effects on solvation3 — 7.3
= —10.3 kcal/mol (eq 8) andhGy — AG,, = —11.6 kcal/mol
(Scheme 9 and eq 7) shows that the experimental acidities of
propanenitrile and succinonitrile determined in water are
internally consistent with those determined from ab initio
calculation (Table 2) and the relative free energies of solvation
of these cyanoalkanes and the corresponding cyanocarbanions
(Table 3).

We propose that there are two effects that contribute to make

To better understand this solvent effect, we have carried outthe free energy of solvation of NCGAEHCN 7.3 kcal/mol

Monte Carlo QM/MM calculations of the relative free energies

less favorable than that of GAH™CN (Table 3).

of solvation of these cyanoalkanes and cyanocarbanions by water (1) The difference is due, in part, to the additional polar

(Table 3). The 11.6 kcal/mol difference betwe®By andAG,

(57) Hine, JStructural Effects on Equilibria in Organic Chemistdohn
Wiley & Sons: New York, 1975; pp 3846, 92-96.

interaction between thg-cyano group and the anionic carbon
at NCCHCH™CN which will tend to cause this carbanion to
prefer the gas phase where polar interactions are most strongly
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Scheme 10 so that this ketenimine is an unusually strong neutral nitrogen
H acid (cf. Ky ~ 41 for ammoniaf? The large unfavorable
H C=N K ). =289 equbnum constant for the tautomerization of acetonitrile
! \\(P\a)c provides insight into the following results.

(1) Ab initio calculations show that a substantial portion of

H 5- the negative charge at the cyanomethyl carbanion (ca. 0.6 units)
pKr =226 8- y==C==N resides at thet-carbon, despite the greater electronegativity of
H o, W nitrogen than carbof.The large value of gt = 22.6 for
tautomerization of acetonitrile (Scheme 10) requires that a
H . . - .
>=C=N / ~ carbon-nitrogen triple bond at a nitrile be substantially more
Ny \ (PKaIN =063 stable than the cumulative double bonds at a ketenimine. This

favors the hypothetical cyanomethyl carbanion, in which there
is carbon-nitrogen triple bond and the negative charge is
localized at thea-carbon, and opposes the preference for
negative charge to reside at the more electronegative nitrile
nitrogen. The result is a ground-state carbanion with greater
negative charge at the more weakly electronegativ@rbon
t(0.6 units) than at the nitrile nitrogen (0.4 unifs).

stabilizing. This stabilizing polar interaction is largely respon-
sible for the favorable free energy change for proton transfer
from propanenitrile to this carbanion in the gas phdséy =

—17 kcal/mol (Scheme 9). The magnitude of the attenuation of
the gas-phase polar substituent effects on proton transfer a

anionic carbon on moving to solution has not been determined. (2) Only a small fraction of the stabilization of carbanions

However, the change from reaction in the gas phase to reaction . ;
. ; . S . by ana-cyano substituent can be attributed to the transfer of
in solution results in a 30% reduction in the effect of aromatic . . S

negative charge from carbon to nitrogen (vide infra). The

ring substituents on the Gibbs free-energy change for proton. o . .
transfer froma,a-dimethylbenzyl carbocations to-methylsty- inherent greater stability of delocalized than of localized charge
rene to give the corresponding ring-substitutethethylstyrenes favors a structure of the cyanomethyl carbanion in which there
and the unsubstituted cumyl carbocatlnA similar 30% IS some transfer of negative charge from thearbon to the
attenuation of the 17 kcal/mgkcyano substituent effect on the nltr!le_ nitrogen, and this is reinforced by_the greater electrqne-
acidity of propanenitrile in the gas phase on moving to water g?etlf\g:)éng; fgﬁrggsipqctﬂfgvﬁvmi;ﬁ ?krlirésisaésgar?ar;m:opp;r? g
would result in a ca. 5 kcal/mol decrease in the free energy Pr . 09
change for proton transfer between succinonitrile ang@EHCN triple bond rather than cumulative double bonds, which favors
t0 AGw ~ 12 kcalimol in water, and hence a free energy of localization of the negative charge at ecarbon (see above).

solvation of CHCH CN ca. 5 keallmol more favorable than o~ SES, T8 288 020 e o o cloeronic
that of NCCHCH CN (Scheme 9). 9 oy

(2) The expected stabilizing interactions between#uoyano reo_rganization of the h_ypothetical cyanome_thyl ce_lrbanions in
group and solvent at NCGEBH-CN may not be fully realized which all of the negative charged is localized either at the
because the solvent is “overloaded” with polar centers requiring a-carbon or at Fhe nitrile nitrogen, to give the ground-state

o . . structure, is minimal.

stabilization by solvation. For example, the solvation of the . . o
carbanionic carbon of NCGIEH"CN may not be compatible We also suggest the foIIovx.n.ng..(l) Itis useful_to d|st|ngu!sh
with the arrangement of water molecules required for optimal bgtweend (a)h the;tr?ng |§ta?|llzat|on ItOf 'carbflamlonst thatf IS f
dipole—dipole interactions between solvent and the two electron- 0 se?/e Vr\]’ en fe ocaliza Iorlll reslu ? In a tqrge ra;)ns etr 0
withdrawing cyano groups, because of unfavorable steric and/ ntega |\I/e ? atrge r0|;r_1 a v;/ea y e:c ro_negg lve Cc?lrf on to a
or electrostatic interactions that develop as water molecules areE ronlg y ebec ronega |v|e ta om, suc dasbls uc:' sekrve oar-
moved into an alignment that provide optimal stabilization of '?T)YI' ca}[r anl?ns .(eno.a € If‘(l)'nfsl),than h( ) ca rr]esogance I
these centers by hydrogen-bonding and electrostatic interactions> ap!ization of anions in which the charge Is shared equally

In summary, the falloff factor of ca. 2.5 observed éocyano between two atoms, such as is observed for carboxy_laté ions
substituent effects in the gas phase is consistent with a Iargelyand o-cyano carbampns. In the case of carboxylate ions, the
polar substituent effect on carbanion stabifityOur computa- results of a compqtatlonql study of the effect .Of the{arbonyl
tional study shows that the increase in the falloff factor to 5.1 ?thp or: the E_‘dc_'td'tnyf S|tr)1ple_glcotlof,8prg)\tlrllde e\fndtehnce lthat
for thea-cyano substituent effect in water is not due to a larger e greater acidity of acetic acidip= 4.8f° than of ethano

— 0 i i
contribution of a resonance effect to carbanion stability in water (PKa= 15.9f°is due mainly to the ppllar ?ﬁe“ of thecarbonyl .
but rather is the result of differential solvation of cyanoalkanes group and that the resonance stabilization of carboxylate anions

ando- and 8-cyano stabilized carbanions (Scheme 9). is relatively small (2) No Iarge intrinsic barrier to proton-
Tautomerization of Acetonitrile to Ketenimine. We have transfer arises from the requirement fqr the transfer OT negative
calculated the free energy change for the tautomerization of charge from.nltrogen to carbon on moving to the transition state
acetonitrile to give ketenimine in the gas phasé\@ = 28.3 for protonation ofa-cygno carbaniorid because thls_ transfer
kcal/mol (see Results). The free energy of solvation of aceto- of negative c_harge, _Wh'Ch shows no preference to lie at carbon
nitrile determined by Monte Carlo simulations is 2.4 kcal/mol or nitrogen, is a facile process.
more favorable than that for the ketenimine tautomer, so that
AGt = 30.7 kcal/mol for the tautomerization of acetonitrile to
ketenimine in water, which corresponds tép= 22.6 (Scheme
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acetonitrile can be combined to giveKgn = 6.3 for depro- (59) Jencks, W. P.; Regenstein, J. Htandbook of Biochemistry and

tonation of the ketenimine tautomer at nitrogen (Scheme 10), Molecular Biology (Physical and Chemical Dat&yd ed.; Fasman, G. D.,
Ed.; CRC Press: Cleveland, OH, 1976; Vol. 1; pp 3G51.
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Y. J. Am. Chem. S0d.994 116 6706-6712. So0c.1971 36, 1205-1209.
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at CLECN, CHCHCN, and NCCHCH,CN; and semilogarith- - a1ison of the hydrogen-bonding interaction energies and
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