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Abstract: The mechanism of the heterolytic solvolysis of p-tolyldiazonium cation in water was studied by
a combination of kinetic isotope effects, theoretical calculations, and dynamics trajectories. Significant 3C
kinetic isotope effects were observed at the ipso (ki.C/k;3C = 1.024), ortho (1.017), and meta (1.013)
carbons, indicative of substantial weakening of the C,—C3 and Cs—Cs bonds at the transition state. This is
qualitatively consistent with a transition state forming an aryl cation, but on a quantitative basis, simple
Sn1 heterolysis does not account best for the isotope effects. Theoretical Sy2Ar transition structures for
concerted displacement of N, by a single water molecule lead to poor predictions of the experimental
isotope effects. The best predictions of the °C isotope effects arose from transition structures for the
heterolytic process solvated by clusters of water molecules. These structures, formally saddle points for
concerted displacements on the potential energy surface, may be described as transition structures for
solvent reorganization around the aryl cation. Quasiclassical dynamics trajectories starting from these
transition structures afforded products very slowly, compared to a similar Sy2 displacement, and the
trajectories often afforded long-lived aryl cation intermediates. Critical prior evidence for aryl cation
intermediates is reconsidered with the aid of DFT calculations. Overall, the nucleophilic displacement process
for aryldiazonium ions in water is at the boundary between Sy2Ar and Sy1 mechanisms, and an accurate
view of the reaction mechanism requires consideration of dynamic effects.

Introduction to stabilize a transient anionic complex. Within classical physical
organic chemistry, one is left to choose between @i S
mechanism, involving an aryl cation (Scheme 1, path a) and a
concertedront-sidedisplacement (Scheme 1, path b, described
here as {2Ar). Neither is savory. Aryl cations are highly
unstable, and attempts to observe them directly by time-resolved
spectroscopy and in magic acid have fa#édOnly recently

has evidence been presented for the observation of phenyl cation
in an argon matrix at 8 K Despite the dearth of direct evidence,
the stepwise @l process via aryl cations has long been the
favored mechanisim® Some observations have been interpreted
as favoring the concertedy3Ar displacement, in particular

The thermal decomposition of aryl diazonium cations in water
affords phenols by an overall nucleophilic substitution process
(eq 1). This amazing basic reaction figuratively pits the
“immovable object” against the “irresistible force”. Simple aryl
groups are exceptionally resistant to nucleophilic substitution
in the absence of powerful nucleophiles. Howeves,i®lan
exceptionally reactive leaving group, tremendously more so than
a triflate anion in these reactions; I in fact the only effective
leaving group for aryl solvolyses in water, outside of specially
activated systems.

LR ~OH Lewis’s observation that the concentration of nucleophile can
| _ | _ + Nz + HO* (1) influence the raté put the bulk of solvent, substituent, and 15N
x/ x/ and 2H isotope effect observations have been interpreted as

favoring the intermediacy of an aryl catiént® At the least,

The difficulty of this process may be understood with the kinetic behavior of these reactions approximates that
reference to the usualy® (AnDn), Sv1 (Dnv + An), and expected for a rate-limiting heterolytic cleavage to afford an
SVAT (A + Dy) mechanisms for nucleophilic substitution. The — aryl cation.
baCl,(Slde attack associated with a Stan,dam (SSplacement IS (2) (a) Laali, K.; Szele, I.; Zollinger, HHelv. Chim. Actal983 66, 1737
sterically precluded. An @\r mechanism would normally 1747. (b) Butcher, V.; Costa, M. L.; Dyke, J. M.; Ellis, A. R.; Morris, A.

; ; Wi ; Chem. Phys1987, 115, 261—267.
require a Strong nUC|eOphI|e and electron wnhdrawmg groups (3) Steenken, S.; Ashokkumar, M.; Maruthamuthu, P.; McClelland, R1.A.

Am. Chem. Sod 998 120, 11925-11931.

(1) (a) Laali, K.; Szele, I.; Yoshida, KHelv. Chim. Actal983 66, 1710 (4) Winkler, M.; Sander, WAngew. Chem., Int. ER00Q 39, 2014-2016.

1720. (b) Subramanian, L. R.; Hanack, M.; Chang, L. W. K.; Imhoff, M. (5) Zollinger, H.Diazo Chemistry;IVCH: New York, 1994; Chapters-610.
A.; Schleyer, P. v. R.; Effenberger, F.; Kurtz, W.; Stang, P. J.; Dueber, T.  (6) Waters, W. AJ. Chem. Socl942 266-270.

E.J. Org. Chem1976 41, 4099-4103. (c) For solvolyses employimgtho- (7) (a) Lewis, E. S.; Hinds, W. HJ. Am. Chem. Sod952 74, 304-308.
trimethylsilyl or tert-butyl groups, see: Himeshima, Y.; Kobayashi, H.; (b) Lewis, E. S.; Hartung, L. D.; McKay, B. Ml. Am. Chem. S0d.969
Sonoda, TJ. Am. Chem. S0d.985 107, 5286-5288. 91, 419-425. (c) Pietra, FQ. Re.., Chem. Soc1969 23, 504-521.
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Scheme 1 calculations predict that the,€C;—Cg angle is expanded to
©+ 147-149, making G more sp in character. The cation thus
@ %\ has a large molecular effect on the structure that is not well
+ Sy1 represented by hexagonal localized Lewis structures. Our
N=N N @N” * N expectation was that this distortion would give rise to substantial
\Nul _ f{"Nu / 13C kinetic isotope effects (KIEs) throughout the ring, allowing
S(b;Ar W2 the 13C KIEs to in turn serve as a detailed structural probe of
" “N=N the transition state.
a+
H
Scheme 2 . \03/02
Ar-N=N == Arf N, == Arf + N\, H—C, 1473(c}  BALYP/B-31G"
{ massry [MP2/6-31G*]
\ Nu- l Nu- e
Ar-Nu Ar-Nu H 1,436

The most compelling evi_dence_ for the intermediacy of a_ryl Theoretical studies of the dediazotization mechanism have
cations has come from studies of isotopically labeled diazonium gone against the conventional stepwisd $roces€°21 Using

ions.. In 1963, Lewi; observgd isotopic ipterchange between thegas-phase RHF/6-31G* geometry optimizations along with
proximal () and distal £) nitrogen positions over the course  gjngje_noint calculations at the MP2/6-8G* level employing
of the solvolysis in water (eq 2}.The rate of this automerization an IPCM continuum solvent model, Cuccovia and co-workers

process was 1.4% of the rate of the overall solvolysis. Itis of |56 explored the decomposition of phenyldiazonium cation and
course conceivable that the isotopic exchange occurs indepensyis reaction with water and methanesulfonate nucleopBiles.
dently of the nucleophilic substitution. However, the simplest ga\eral transition structures were located for conceri@hB
explanation is that the two processes are interrelated by Aprocesses, including structute which was lowest-energy for
common heterolytic cleavage that is sufficiently reversible to displacement by water. No saddle point was present for either
afford small amounts of the isotopically scrambled diazonium .o |oss of N or nucleophilic attack on a phenyl cation.

lon. Cuccovia argued that many experimental observations were
N 418N equally consistent with @ and_ K2Ar mechar_nsms, and
PN"B H0 UNT concluded that the @Ar mechanism was operative.
Sh A
+F
: . : H

This evidence was strengthened further by Zollinger's \O/H—l
opservgtlop thaEXternglNz was incorporated into recovered [1428) 555 B3LYP/6-31G**
diazonium ion for reactions in trifluoroethanol and hexafluoro- H.q H [(22-55‘{) [MP2/6-31G*]
2-propanol2-14 Zollinger's kinetic observations required a long- H—C o O (RHF/6-31+G")
lived intermediate in these solvents, presumed to be an aryl HoLae A [22'?360]N$N
cation. It was proposed that the loss offkom aryl diazonium (2.46)
cations is reversible and can involve both-enolecule pairs 1

and free ions as intermediates (Schemé3Zfhe effect of

nucleophiles on reaction rate could then be understood by their Using MP2 and B3LYP geometry optimizations and

decreasing the reversibility of aryl cation formafidror by QCISD(T) single-point energies, Glaser very recently reported

nucleophilic solvation of the aryl catiof. results similar to those of Cuccovia, and he reached a similar
Aryl cations are structurally intriguing. From theoretical conclusiort® The out-of-plane transition structuré for a

studies, the parent phenyl cation, in its singlet ground state, isconcerted displacement was deemed the best model for the

quite distorted from th®g, structure of benzeng-1° Gas-phase  Physical reaction. Structurewas described as “rather loose”
but there is a significant component 0of-60 bond formation

®) ?g\'g%g_- G.; Sheats, J. E.; Harbison, K.J5Am. Chem. Sod 975 97, accompanying &-N bond breakage, and the structure of the

(9) Swain, C. G.; Sheats, J. E.; Harbison, K.J3Am. Chem. S0d975 97, phenyl cation moiety does not correspond to that of a free phenyl
796-798, . . cation.

(10) SKVSA? s‘i;éfg%? g%?t?éf_ﬁ%;s,eorensmm' D- G.; Harbison, 19.Gum. Notably, the {2Ar displacement was concluded to be favored

(11) Insole, J. M.; Lewis, E. SI. Am. Chem. S0d963 85, 122. over the unimolecular @ despite the fact that the latter was

(12) (a) Bergstrom, R. G.; Wahl, G. H., Jr.; Zollinger, Hetrahedron Lett. . .
1974 2975-2978. (b) Bergstrom, R. G.; Landells, R. G. M.; Wahl, G. H.,  favored in Gibbs free energy (at standard state) by 6.7 kcal/

w3 Jé&..ﬁ’;ﬁ??ﬁkﬂgt vﬁ%h%r?fﬂhf%%?@n&% 7383%17_,3585150. mol. It was argued “there is no opportunity for a phenyl cation
(14) (a) Szele, I.; Zollinger, HJ. Am. Chem. Soc1978 100, 2811-2815. to exist ever in a water cage” because “the affinity of a water

Sb)A'ﬁsgiﬁ:;anégggg”ibg-Z%i&?z'égg’is' G. E.; Szele, I.; Zollinger, H. - toard an incipient cation will always greatly exceed the affinity

(15) It may be noted that the amount of reversibility base&Phin-14N isotopic
scrambling is not sufficient to account for the changes in rate with (18) Nicolaides, A.; Smith, D. M.; Jensen, F.; Radom,JLAm. Chem. Soc.

nucleophiles (see ref 7b), unless there is some barrier to the scrambling. 1997 119 8083-8088.
(16) Richard, J. P.; Toteva, M. M.; Amyes, T. Drg. Lett. 2001, 3, 2225~ (19) Hrusak, J.; Schroder, D.; lwata,5.Chem. Physl997 106, 7541-7549.
2228. (20) Cuccovia, I. M.; da Silva, M. A,; Ferraz, H. M. C.; Pliego, J. R., Jr.; Riveros,
(17) Dill, J. D.; Schleyer, P. v. R.; Binkley, J. S.; Seeger, R.; Pople, J. A;; J. M.; Chaimovich, HJ. Chem. Soc., Perkin Trans.Z0Q 1896-1907.
Haselbach, EJ. Am. Chem. Sod.976 98, 5428-5431. (21) Wu, Z.; Glaser, RJ. Am. Chem. So2004 126, 10632-10639.
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of one water to any number of water molecul&slih a similar

N
Il
argument, Cuccovia had contended that a triye &uld only

Nt 1.024(3)

. It . 1.017(2) —— 1.024(3)

occur in nonnucleophilic solvent8 These conclusions appear 1.016(2) ~>
inconsistent with Zollinger’s kinetic observations. ~_1.0142)
Our view is that the argument requiring concert is nonphysi- 1.0003) _~ 1.013(2)

; X . . 1.000(3) CH

cal. If it were correct, identical arguments would seemingly . 1 13 Kinetic isot . tskS(ZC/k O for the d ion of
_ L : igure 1. inetic isotope effec 13C) for the decomposition o

exclude many well-accepted carbocation intermediates. TheZin water at 55°C. The 95% confidence limits for the last digit are shown

problem is that the argument ignores entropic barriers to in parentheses.
reactions. The absence of an enthalpic barrier for a reaction with
solvent does not require an instantaneous reaction. Because ofnaterial that have not been subjected to isotopic fractionation.
entropic barriers, a great many enthalpically barrierless reactionsHere, however, it is impractical to carry out NMR studies on
occur with rate constants that would allow long-lived intermedi- 2. Instead, reactions & taken to 66 or 71% conversion were
ates even in high-concentration solution chemigtry’ This cooled and treated with sodium azide to convert the unreacted
does not mean that they®Ar mechanism is incorrect, but only 2 into p-tolyl azide @). This conversion is quantitative and has
that more detailed theoretical consideration and experimentalthe virtue that the formation of does not involve &N bond
evidence is required. Because of the similarity of energies for cleavage. The samples of recovered were analyzed by
the concerted and two-step processes, as well as the criticall3C NMR along with standard samples #prepared by direct
question of the applicability of the calculations to the real treatment of unheate#l with sodium azide at ©5 °C. The
reaction in bulk solution, it would seem impossible to arrive at changes in isotopic composition in the aromatic carbons were
any firm conclusion from single-water model calculations alone. determined assuming that the isotopic composition of the
We describe here a study of the decomposition of p-methyl group is unchanged between samples and standards.
p-tolyldiazonium cation in water using a combination of From the changes in isotopic composition, #€ KIEs were
experimental isotope effects, theoretical calculations, and dy- calculated as previously describ&d.
namics trajectories. The observed KIEs do not support the

accuracy of very simple concerted transition structures such as N3
1. However, the KIEs also do not fit best with the conventional NaN,
two-step mechanism, and additional results provide new expla- 2 ——~

. . : ; H,O
nations for evidence that had ostensibly demanded the inter- 0-5°C SH
mediacy of aryl cations. The ultimate picture that arises is a ¢
mechanism at the\&Ar/Syl boundary, with a consideration 4

of dynamics necessary to understand the displacement process.

The results are summarized in Figure 1. The most striking
observation is that substant!dC KIEs were observed not only

Experimental Isotope Effects. The decomposition of  at the ipso () carbon undergoing substitution but also in the
p-tolyldiazonium cation Z) was chosen for study because the ortho (G/Ce¢) and meta (g/Cs) positions. The magnitude of
methyl group provides an “internal standard” for determination these KIEs is within a range normally associated wgitimary
of isotope effects. The reaction conditions employed were 13C isotope effects; that is, the KIEs are typical of carbons
similar to common synthetic conditions, using sodium nitrite/  undergoing discrete bond formation and breakage in the rate-
sulfuric acid to diazotizg-toluidine at 6-5 °C, and decompos-  limiting step. Since the ortho and meta positions are unchanged
ing 0.3 M solutions of the resulting in water at~55 °C to in the overall reaction, these KIEs appear quite peculiar.
afford the productp-cresol B). Under these conditions, the  However, we have previously found that the presence of greatly
reaction affords>95% of 3. The formation ofp-cresyl sulfate weakened bonds in reactive intermediates can give rise to
under these conditions appeared negligible, as expected froml3C KIEs that mimic primary isotope effect8 This would be
studies of phenyldiazonium decomposition in the presence of the simplest explanation for the unusual KIEs in the current
sulfate aniorf® example. Thus, the isotope effects suggest a substantial weaken-

ing of the G—C3 and G—Cg bonds at the reaction’s transitions

Results and Discussion

N . .
84 state, relative to the startir@
NH, NG OH
1
NaNO; 6™ y2  H0 (23) (a) Houk, K. N.; Rondan, N. Gl. Am. Chem. Socl984 106, 4293
H.SO. 5 3 R 4294. (b) Wong, P. C.; Griller, D.; Scaiano, J.Chem. Phys. Let1981,
ﬁ 04 4 55°C 83, 69—72. (c) Turro, N. J.; Lehr, G. F.; Butcher, J. A, Jr.; Moss, R. A,;
CHg 2 CHs CHg Guo, W.J. Am. Chem. So&982 104, 1754-1756. (d) Moss, R. A.; Perez,
L. A.; Turro, N. J.; Gould, I. R.; Hacker, N. Fletrahedron Lett1983 24,
2 3 685-688.
(24) Mader, E. A.; Larsen, A. S.; Mayer, J. N. Am. Chem. SoQ004 126,
1 . . 8066-8067.
The 13C KIEs for this reaction were measured at natural (25) de Sainte Claire, P.; Peslherbe, G. H.; Wang, H.; Hase, W.Am. Chem.
abundance by NMR methodolog¥In usual form, this meth- 30,1997 119 5007~5012.

K X . X 26) Hase, W. L.; Wardlaw, D. M. IBimolecular CollsionsBaggott, J. E.,
odology requires comparison of recovered starting material from Ashfold, M. N., Eds.; Burlington House: London, 1989.
H : H P : (27) Lei, W.; Zhang, R.; McGivern, W. S.; Derecskei-Kovacs, A.; North, S.
reactions taken to partial conversion with samples of starting W. 3. Phys. Chem. 2001 105 471-477.
(28) Lewis, E. SJ. Am. Chem. S0d.958 80, 1371-1373.
)
)

(22) (a) Shustov, G. V.; Liu, M. T. H.; Houk, K. NCan. J. Chem1999 77, (29) Singleton, D. A.; Thomas, A. Al. Am. Chem. Sod 995 117, 9357
540-549. (b) Morgan, S.; Jackson, J. E.; Platz, MJSAm. Chem. Soc. 9358.
1991 113 2782-2783. (c) Moss, R. A.; Ho, G.-J. Am. Chem. S0¢990Q (30) Singleton, D. A.; Merrigan, S. Rl. Am. Chem. So00Q 122, 11035~

112 5642-5644. 11036.
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This is qualitatively consistent with a transition state that
resemblesn aryl cation. The theoretically predicted expansion
of the G—C;—C6 angle for aryl cations may be described as
increasing the overlap between the empty orbital aad the
full in-plane G—Cz and G—Cs o-orbitals (Figure 2¥7-18Such
hyperconjugative donation would weaken the—C; and
Cs—Cs bonds, accounting for the KIEs. Supporting this idea,
the predicted €-C3/Cs—Cg bond at B3LYP/6-31G* is length-
ened to 1.435 A8 The qualitative structural origin of the
previously reported deuterium KIEs in these reactions is much
less clear. Swain and co-workers had observed remarkable KIE
of 1.22 and 1.08 per deuterium for the ortho and meta positions,
respectivelyt® and this was attributed to hyperconjugation with
the C—H bonds. However, the structural distortion in an aryl
cation has the effect of bending the orthe-B bonds away
from optimum for hyperconjugation. At B3LYP/6-31G*, the
H—C,—C; angle is increased to 1318 Carbons Gand G gain
some sp character, and the-& distance is slightly shortened
relative to the corresponding diazonium ion. This does not fit
with hyperconjugation, which would manifest as a weaker,
lengthened bond. We will return to this issue and provide a
much more detailed interpretation of the isotope effects after
exploring the reaction o2 theoretically.

Theoretical Calculations. A standard calculational explora-
tion of the decomposition of aryldiazonium cations faces two
fundamental problems. The first issue is whether any relatively

simple theoretical model can adequately represent the potential
energy surface in bulk water. The second issue is whether the

potential energy surface is by itself sufficient for understanding
the experimental reaction. Both problems ultimately plague the
study of these reactions.

In gas-phase B3LYP calculations with a 643&** basis set,
loss of N, from 2 to afford the singlep-tolyl cation 6) is uphill
by 32.0 kcal/mol. (E+ zpe. Similar results were obtained in
B3LYP/6-31G* and mPW1PW91/6-31G* calculations; see
Supporting Information.) Attack of water dhto afford 7 was
downhill by 43.5 kcal/mol. Inclusion of a continuum solvent
model (PCM, fully optimized with water as solvent) relatively
stabilizes the localized charges th and 7. The predicted
endothermicity for loss of pifrom 2 is decreased to 29.1 kcal/
mol, and the exothermicity for formation of goes up to
50.3 kcal/mol. In agreement with the gas-phase results of
CuccoviaZ® neither process involves a well-defined transition
structure; that is, there was no potential energy barrier for attack
of N> or H,O on 6 in either gas-phase or continuum solvent
model (PCM, water) calculatiorfd.

+1
oo
N* v *OH,
1 :22.9A +
- - @ H0

CH
CH3 CH3 3 CH3
2 5 6 7

A search for an approximate canonical variational transition
state for loss of W from 2 was carried out by optimizing a

(31) In the Ar+ N, or Ar + H,O systems, it was possible to locate several
very shallow potential energy saddle points at larg®.6 A) C,—N or
C,—O0 separations. These were associated with either symmetry-breaking
or interactions of Mor H,O with aryl hydrogens and did not appear closely
related to G—N or C;—O bond breaking or formation.

S

ARTICLES
CHs
in-plane o-orbitals donate H H I
to empty orbital at C;, —— gains sp-
weakening the o-bond ~— character
H
+

Figure 2. Hyperconjugation irp-tolyl cation.

series of structures with fixed elongated—~N\ distances,
estimating entropy at 298 K for each structure from the unscaled
harmonic frequencies. The free energy estimated in this way
reaches a rough plateau as the-® distance exceeds 2.6 A,
varying by less than 1.0 kcal/mol between 2.6 and 3.75 A. A
free energy maximund was found at a €N distance of
2.9 A, corresponding to a dynamical bottleneck for dissociation
of N2 within the canonical approach. It may be noted for later
discussion that treating entropy in gas-ph&ses a model for
entropy in solution is dubious, bBtgives us a model for further
consideration.

As found by Cuccovia and Glas&?! there are potential
energy saddle points for loss of,dccompanied by attack of
water. Transition structur® was located in the gas phase and
in calculations employing a PCM solvent model (with full
optimization). In either case, the displacement transition structure
involves greater €N bond breakage than-€0 bond forma-
tion: the oxygen of the water is a distant 2.69 A from. C
INotably, participation by the water provides no more stabiliza-
tion at the transition state than it did in the starting structure, as
the reaction barrier is similar to that for loss of i the gas
phase. Similar stabilization is alternatively provided by com-
plexation of the water to one of the ortho hydrogens, a8.in
Thus, in the presence of only one water molecule, loss 0f N
could occur without concerted attack by the water. However,
the water molecule i® is, in effect, “hidden” within a shallow
local potential energy well, shielded from the deep potential
energy well associated with attacking the cation.

298] H
N [2.98] oH
*N
2.29
H [2.29]
— — 7 + N
H H
HSH
H  B3LYP/6-31+G**
gas phase
[PCM]

9 E =305 [28.1]

For the tolyl cation to be a minimum on the potential energy
surface in bulk water, the entire primary solvation shell of water
molecules surrounding the cation would have to be similarly
tied up in local minima. We attempted to locate relevant
structures for aryl cationwater clusters, but despite consider-
able effort, we were unable to locate any energy minima in
which an aryl cation was solvated by more than two water

J. AM. CHEM. SOC. = VOL. 127, NO. 9, 2005 2891
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o
AR
A"
N H H
H, o
W
OH---..
g O
206, \H»..\__O/,H
[2.05], "2.45[2.44] =
H H

10 11 12
H
\O
HO-.
O—_ H S H--
7 TH L - -
AN / i o Q
o O by \ o H
’ R F\i HV\ i
; \_H ; |
Y L S - A x
/ A - /H 1 J /// VH T
H~0 N o : H . Lo H o
: N H 0. N Vo N
H Wy / ! L
H—0 L fe o i
. 308, /316 3.01% /270 g 3.06" /2.90 K

Bo1", [ [269] 12~/ 12:88]

15

Figure 3. Transition structures for reaction gftolyl diazonium cation in the presence of clusters of water molecules. Numbers in parentheses are for
optimizations including a PCM solvent model, and numbers in brackets are for optimizations including an Onsager solvent model. The arrowe in structu
14 depict motion in the transition vector.

molecules. For comparison, we were able to locate minima for of clusters of discrete water molecules. It is important to
tert-butyl cation clustered with four water molecules and eight recognize upfront the difficulties and limitations of this ap-
water molecules, but we were unable to do so with 12 water proach. With increasing numbers of water molecules, the
molecules in a cluster (see Supporting Information). In searching location of the global lowest-energy transition structure rapidly
for aryl cation-water clusters, we surrounded a phenyl or tolyl becomes impractical. The series of structures was generated by
cation with 4-14 water molecules, then minimized while design to minimally model the hydrogen bonding patterns in
constraining the system to preveri—<€© bond formation (see  bulk water, then fully optimized, but no effort was made to
Supporting Information for a series of structures explored). obtain globally optimized structures. Even if global optima were
Invariably the systems would collapse to the produethen found, such calculated structures would, by themselves, be of
constraints were removed. Similar results were obtained in uncertain relevance to bulk solution. Rather, our intent was to
attempts to stabilize the aryl cation by incorporating two obtain a range of structures that could be used to structurally
molecules of HO" into the solvent shell. Perhaps some interpret the kinetic isotope effects.
unknown specific arrangement of water molecules allows the A total of nine transition structures were located in the
aryl cation to exist on the potential energy surfatieis is presence of 4, 6, 8, 9, 10, or 12 discrete water molecules
impossible to rigorously exclugebut our explorations make it ~ (B3LYP/6-31G**). The diagrammatic structurekd—15 are
seem unlikely for typical solvation shells. From this, it seems shown as examples in Figure 3, and complete structures are
fair to expect that potential energy saddle points for the loss of given in Supporting Information. All of the structures are
N2 in the presence of multiple water molecules would also potential energy saddle points for displacement of thédojNa
involve attack of water. water molecule. The vague term “loose” might be used to
To explore this idea, and to provide us with structures suitable describe any of these transition structures, as Wiéimd8, but
for the prediction of isotope effects, a series of transition there is particularly little bonding of eitherNr water to the
structures were located for the loss offkom 2 in the presence  aryl cation moiety in the transition structures located with 9,

2892 J. AM. CHEM. SOC. = VOL. 127, NO. 9, 2005
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Table 1. Predicted versus Experimental Kinetic Isotope Effects (kizc/kisc, kul/kp, kian/kisn) for the Decomposition of p-Tolyldiazonium Cation
in Water

(o} CyICs Cs/Cs Ne Ng H,/Hs? HalHg? CH4/CD;
Experimental
1.024 1.017 1.014 1.088 1.01P 1.2Z2 1.08 0.99
1.024 1.016 1.013
Transition Structure Predicted
1(1 H0, MP2y 1.032 1.012 1.009 1.039 1.010 1613 1.06 N/A
8 (1 H0) 1.031 1.014 1.010 1.037 1.009 1.16 1.07 0.95
8 (1 H,O0/PCM) 1.036 1.014 1.009 1.037 1.009 1.21 1.07 0.96
10(4 H0) 1.041 1.009 1.007 1.037 1.011 1.11 1.04 0.96
10 (4 H,O/PCM) 1.044 1.008 1.006 1.037 1.011 1.13 1.04 0.97
11 (6 H,O) 1.038 1.012 1.008 1.034 1.009 1.16 1.05 0.96
6 HOf 1.032 1.013 1.009 1.036 1.010 1.25 1.05 0.97
12 (8 H0) 1.042 1.009 1.006 1.036 1.010 1.12 1.04 0.97
13(9 H,O) 1.023 1.017 1.013 1.033 1.003 1932 1.08 0.97
14(10 HO) 1.027 1.016 1.012 1.034 1.003 1.25 1.07 0.97
10 H,Of 1.028 1.012 1.010 1.040 1.011 1.19 1.07 0.96
15(12 H,0) 1.025 1.018 1.013 1.036 1.005 1.22/2.48 1.08 0.97
15(12 H,O/Onsager) 1.026 1.018 1.013 1.036 1.004 1.1991.47 1.08 0.96
12 H,Of 1.028 1.016 1.012 1.038 1.006 1.24 1.07 0.96
5 1.022 1.014 1.014 1.045 1.015 1.18 1.09 0.95
full formation of 6© + N2/PCM 1.019 1.013 1.012 1.034 1.004 1.25 1.11 0.95
full formation of 9™ + N2/PCM 1.018 1.013 1.012 1.034 1.004 1.25 1.10 0.95

aPer deuterium. The Hand H; are not equivalent in the transition structures, but a geometric average KIE is given when the predictions for the two
positions are similar. The Hand H KIEs differ significantly only when hydrogen bonding with the water cluster is affecting one of the’t@ee ref 9.
Measurements and predictions are for’25 ¢ See ref 10. Measurements and predictions are f629 See ref 38¢ Structurel was taken from ref 21. The
H,/Hs and Hy/Hs KIEs predicted forl differ slightly from those in ref 21 because of scaling of the MP2 frequencies h8teicture shown in Supporting
Information.9 Close hydrogen bonding with the water cluster is raising the predicted isotope effect for one or both gHkedsitions.

10, or 12 water molecules. In fact, we would hesitate to describe reorganization or diffusional separation of &fter “complete”
structuresl3, 14, and 15 as depicting nucleophilic displace- formation of thep-tolyl cation.
ments. The “incoming” water molecule is not directly approach-  Isotope effects for all of these possibilities (including three
ing C; in the transition vector (see the arrows in structisy additional structures shown in Supporting Information) were
and the qualitative appearance is that of the tolyl cation twisting predicted from the scaled theoretical vibrational frequesgies
from primary solvation by Mto primary solvation by a water  using conventional transition state theory by the method of
molecule. A more detailed discussion of what is “happening” Bigeleisen and Maye¥ Tunneling corrections were applied
in these transition structures will be given with the consideration using the one-dimensional infinite parabolic barrier mc8el.
of dynamic issues below. Such KIE predictions including a one-dimensional tunneling
The difference betweeh3—15 and the “tighter” transition correction have proven highly accurate in reactions not involving
structures is manifested in the carbocationic character of the hydrogen transfer, so long as the calculation accurately depicts
tolyl cation. For example, the £ C;—Cg angles inl0—12 are the mechanism and transition state geom#&tigotope effects
137.0, 139.T, and 136.4, respectively, while the corresponding for complete formation op-tolyl cations6 and9 from 2 and8
angles inl3—15are 147.4, 144.8, and 146.0. The calculated were based on calculated equilibrium isotope effects. The results
barriers for the four 10- and 12-water structures ranged from are summarized in Table 1.
25.4 to 32.0 kcal/mol, in the range of the gas-phase and PCM The 13C KIEs appear highly sensitive to the carbocationic
barriers. The experimental activation energy is 27.5 kcalfhol. character of the transition structures. In line with the qualitative
Predicted Isotope Effects.The experimental KIEs reflecta  expectations described above, thgdg, and G/Cs KIEs are
complex ensemble of transition states and solvation shells. Weassociated with a weakening of the-C3; and G—Cg bonds,
would like to use isotope effect predictions to gauge which as in each of the structures these bonds are elongated to
theoretical structures best model this ensemble, but no singlel.41—1.44 A from 1.38 A in the starting material. For the
model is likely to be completely adequate for this reaction. “tightest” transition structure&0 and 12 (having the shortest
However, from the prediction of KIEs for diverse structures, - —
we hope to establish a framework for the structural interpretation (33) Jv'l,?fgg,';;',aﬁ',."_'}_s Xfﬁ_dé?]eer’?{_%&”&%ﬂ{?ﬁaé%%ﬂ%%%_ '\g}iaclealgng\?g' =

of the isotope effects in this system. In this way, the observed and MP2 frequencies were scaled by 0.9614 and 0.9427, respectively (Scott,
A. P.; Radom, L.J. Phys. Chem1996 100, 16502-16513). The exact

KIEs can ultimately delimit critical features of the experimental choice of scaling factor makes little difference in the calculated KIE:

reaction, even in the absence of an ideal theoretical model. Yr?;xl%gotgf scaling factor from 0.94 to 0.98 changes'@®KIEs by less
Structuresl, 8, and10—15may be viewed as representing &  (34) (a) Bigeleisen, J.; Mayer, M. Gl. Chem. Phys1947, 15, 261-267.

spectrum of §2Ar mechanisms, witli3 and15 at the “loosest (b) Wolfsberg, M.Acc. Chem. Red.972 5, 225-233. (c) Bigeleisen, .

” . . Chem. Phys1949 17, 675-678.
end” of the spectrum. At the far end of this continuum, the N (35) Bell, R. P.The Tunnel Effect in Chemistrzhapman & Hall: London,

; i~inati i 1980; pp 66-63.
could leave without gny_parnc!patlon byZEI In this case, Ios_s (36) (a) Beno, B. R Houk, K. N.: Singleton, D. A. Am. Chem. S0d996
of N, could be rate-limiting, with a transition state resembling 118 9984-9985. (b) Meyer, M. P.; DelMonte, A. J.; Singleton, D. A.

_limiti Am. Chem. S0d.999 121, 10865-10874. (c) DelMonte, A. J.; Haller, J.;
5, or at an extreme, the rate I|m|t|ng step could be solvent Houk, K. N.; Sharpless, K. B.; Singleton, D. A.; Strassner, T.; Thomas, A.

A. J. Am. Chem. Socl997 119 9907-9908. (d) Singleton, D. A.;
(32) Crossley, M. L.; Kienle, R. H.; Benbrook, C. Bl. Am. Chem. Sod.94Q Merrigan, S. R.; Liu, J.; Houk, K. NJ. Am. Chem. S0d997, 119, 3385~
62, 1400-1404. 3386.
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C1—Ny bond), the G—C3 and G—Cs bond lengths are least Having ascertained the trends the predicted isotope effects
elongated and the KIEs in these positions are relatively low. versus structure, the experimental KIEs may now be interpreted.
At the opposite extreme, the loosest transition structliBesd The picture that emerges is of a transition state at the extreme
15 have maximally elongated,€ Cz and G—Cg bonds, leading loose end of the @Ar spectrum. The KIEs do not support a
to the largest @Cgs and G/Cs KIEs. simple, relatively tight R2Ar substitution, as such a process

The G KIE is different. Rather than reflecting a weakening Would lead to a larger CKIE and smaller @/Cs, C4/Cs, Ha/
of bonding to G, the G KIE may be described as a measure of He, and Hy/Hs KIEs than experimentally observed. Optimization
the “Sy2 " character of the transition structure. The proximity including a PCM solvent model foB and 10 moves the
of nucleophilic atoms to Qresullts in a reduction of the Cartesian  Predicted KIEs further from experiment. Structurgss, 10,
force constants for in-plane and out-of-plane motion gf C 11, and 12 would appear to be poor models for the solution
reducing overall the zero point energy associated with motion chemistry.

of C1. As a result, the greatest €C KIE occurs in the tightest On the other hand, the experimentdC KIEs at G and
substitution transition structures. This trend has precedent in C2/Cs are higher than those predicted oglSprocesses (via
observations of3C KIEs for Sy2 versus §1 reactions’? transition structuréd or complete formation 06 or 9). From

The predicted3C KIEs at G and G/Cs for the Sl processes the discussion above, this suggests that the aryl ring is twisting

(via transition structur® or complete formation o6 or 9) are at the_ transition state from the solvatpn sphere oftd\ the_ .
lower than those for the loosest saddle poiiBs-15, and it is solvation by a water molecule. The predicted KIEs for transition

worthwhile to consider the structural origin of this difference. structures are sufficiently close to experiment that a transition
In 13, 14, and 15, the transition vector at the saddle point state resembling this structure cannot be readily dismissed.
invol\;es a; twisting, of the aryl cation moiety away from solvation However, the isotope effects best support an average transition

by the N and toward solvation by a water nucleophile. (See ?r:gltj dit:atgrelsoergtr)liz vtvha(ielror?wi?:éu(l)(festhe transition structures
the arrows on structur®4 of Figure 3.) Because of this twisting 99 1Y :

in the transition vectoiC isotopic substitution in the aryl group rea[t)c){igarllrsnLﬁiti/%cuﬁgtbgig(n?eglez Ig:;zt;:)en Tﬁjirsugt?eifi:i;ﬁt
affects the imaginary frequency contribution to the isotope P 9y

effect34b.c This specific twisting in the concerted displacement surfacg can none_theless en_d up as stepwise Processes. In
. " theoretical calculations on the ionizationi, Yamataka, Aida,
process causes the predicté@ KIEs for the loosest transition . .
AR and Dupuis found that the loss of the water leaving group was
structures to exceed the equilibrium isotope effects. .
. accompanied by a concerted methyl-group rearrangement to
The H/D KIEs at H/Hs and H/Hs also appear sensitive 10 4t the tertiary catiori8, on the potential energy surfage.
the carbpcat_lonlc chargcter_ of the transition structures. Erom However, dynamics simulations found that most trajectories at
an examination of the vibrational normal modes for the various

s 400 K afforded initially the secondary catid®. This cation is
structures, the biHg and Hy/Hs isotope effects are not the result

X ' ) : not “connected” to the starting material by a minimum-energy
of hyperconjugation with the €H bonds as proposed by Swain.  haih hut can be formed readily by a process that simply breaks
The aromatic GH stretching frequencies in the transition

) - ! the C-O bond without concurrent methyl rearrangement. A
structures are in fact similar to or greater than those in the y,ermadynamic interpretation of this observation is that, in
starting diazonium cation. However, the in-plane and out-of- -,nract to the potential energy surface, the canonical variational
plane C-H bending vibrational modes are greatly decreased

h ) whal e ! - =Y transition state on the free energy surface leads to the secondary
versus starting material. This fits with the idea that the distortion .ation. Entropy should favor the stepwise process in this case
of the aromatic ring to maximize hyperconjugation with the pecqyse it requires a less organized transition state.

C—C o bonds leads to rehybridization of the ring carbons toward

sp character (Figure 2). This rehybridization accounts for the hac S

H/D KIEs. HSCX(CHs —
Unfortunately, the trend in the H/D KIEs atHHs is O'H,
complicated by a dependence on the detailed arrangement of 16
water molecules in the structures.18 and15, weak hydrogen ¥
) . CHy | CHs
bonding of one or both of fHg to proximal water molecules HsCrJ wH HCut {uH  + HO

I YCHj minimum-energy HsC

leads to increased H/D KIEs in these positions. This hydrogen HsC path on potential

bonding does not appear to be representative of the experimental 170H2 energy surface 18
reaction, because it leads to predicted H/D KIEs for the )
. . dynamics

hydrogen-bonded positions that greatly exceed experiment. l

In contrast to the'3C and H/D KIEs, there is no apparent HC

. N HC)—gH  + H0

structural trend in thé®N isotope effects. For example, the HaC CHs
predicted!®N KIEs for 5 and 13 are quite different, despite 19

similar C;—N distances. The variation in tHéN KIEs appears

mainly associated with the amount of motion of the departing When we applied this idea to the decomposition of aryl-
N> molecule in the transition vector. diazonium cations, it was important to determine if aryl cation
formation can be favored on the free energy surface, even though

(37) (a) Lee, J. K.; Bain, A. D.; Berti, P. J. Am. Chem. So2004 126, 3769~

3776. (b) Lynn, K. R.; Yankwich, P. B. Am. Chem. So&961, 83, 3220~ (38) Lewis, E. S.; Kinsey, J. L.; Johnson, R. R.Am. Chem. Sod.956 78,
3223. (c) Stothers, J. B.; Bourns, A. Nan. J. Chem196Q 38, 923-935. 4294-4296.
(d) Kresge, A. J.; Lichtin, N. N.; Rao, K. N.; Weston, R. E., JrAm. (39) Ammal, S. C.; Yamataka, H.; Aida, M.; Dupuis, Bcience2003 299,
Chem. Soc1965 87, 437—445. 1555-1557.
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aryl cations do not appear to be minima on the potential energy (a)
surface. Our approach to this question was to examine the
ionization dynamically.

Structures13 and 14 were used as the starting points for
quasiclassical direct dynamics trajectories on the B3LYP/
6-31G** surface. Trajectories starting from struct#@ the
transition structure for an & displacement of the Nof (b)

ethyldiazonium cation by water, were also explored for com- 38
parison. The trajectories were initialized by giving each mode a5 AN e~
a random sign for its initial velocity, along with an initial energy as W"

based on a random Boltzmann sampling of vibrational levels ' M

appropriate for 328.15 K, including zero point energy. The ¢1-029

starting atomic positions on the potential energy ridge in the %1% |~ & \ﬂ N\

area of the transition structures were randomized using a linear 03 \
sampling of possible classical displacements for each normal \\\\ \ \ \
mode. The mode associated with the imaginary frequency was \\\\\ \ \ \\
treated as a translation and given a Boltzmann sampling of
translational energy “forward” over the col. Employing a Verlet © g4
algorithm, we took 1-fs steps until either product or starting 35
material was formed (as judged by a-O or C—N distance %@
<1.7 A), with a maximum trajectory of 250 fs to minimize the S Ny -
effect of intramolecular vibrational energy redistribution (IVR). = RN
Plots of the G- -O distance for the incipient£-O bond versus 26 \

time for some typical dynamics trajectories are shown in 23 \\/\\\

| NN
Figure 4. 5 \\ \\\\ \ \
AN\ R

50 150 200 250
time (fs)

2

Z==,
o

Figure 4. Plots of G- -O distance versus time for dynamics trajectories

I 1.88 iclassical . i ; )
HiGorn c ! 13. 14 q“ﬁ;’,‘,’;jfcﬁa TolOHz™ + N starting from (a)20, (b) 13, and (c)14. Trajectories were stopped after
HYTTH L or 250 fs or when the G -O distance dropped below 1.7 A.

: or20 328.15K EtOH," + N,

) 2.50

5_ Expectations for Aryl Cation Lifetimes. Many nucleophilic

H/O\H substitution reactions occur by a truglSmechanism in which
a highly unstable carbocation intermediate, in water, has a
20 discrete lifetime. How should an aryl cation in water compare

to other carbocations? To address this issue, it is enlightening

For 47 trajectories based a0, the product was formed  to compare the reactions 6fandtert-butyl cation with water
rapidly. All of the trajectories were complete within 100 fs, and from a Marcus-type perspecti¢é?? To gauge the relative
the median time was 57 fs. In a few of the trajectories the internal reorganization energy of the two cations, their energies
progress toward product formation was slowed by motion in were compared in B3LYP/6-31G** calculations to hypotheti-
an orthogonal mode that twists the orientation of the water cal cations placed in the product geometry. ThaViandtert-
moiety, but in all trajectories the water is clearly caught in the butyl-OH,* were optimized (including a PCM model), the water
potential energy well leading to product. atoms were removed, and the single-point energies of the

Trajectories based dt8 and14 appeared quite different. First ~ resulting cations were compared to the energies of optimized
of all, product formation was considerably slower. For 30 Structures. By this process, the internal reorganization energy
trajectories starting froni4 and 17 trajectories starting from ~ for thetert-butyl cation was 22.9 kcal/mol. The reorganization
13, the median times for product formation were 157 and €nergy for th&s was smaller, 17.1 kcal/mol, but still substantial.
172 fs, respectively. Most notably, 11 of the trajectories did Because both cations are similarly localized, we will assume
not form product at all within 250 fs (nor did they return to that the solvent reorganization energy in their reactions with
starting material). The lifetime of the longest-lived tolyl cation Water is similar. With such localized cations, the solvent
moieties cannot be well explored in a quasiclassical simulation reorganization energy should be relatively small since the
because of IVR, but unlike witl20, there is no obvious location of the positive charge changes little (moving from the
limitation on the time to product formation. In several of the carbon to the incipiently adjacent oxygen) as the reaction
trajectories, the water molecule that was “performing the proceqd;. The final fg(?tor aﬁecting the rate of reaction with
displacement” in the potential energy saddle point was further water is its exothermicity. As mentioned above, the exother-
from C, after 250 fs than another water molecule! It may thus micity for reaction of6 to afford 7 is 50.3 kcal/mol (including
be expected that in some cases the nucleophile for the forma|(40) Ben-Nun, M.: Levine, R. DJ. Chem. Phys1994 101, 8768-8783.
Sn2Ar transition structure would not end up in the product. (41) (a) Richard, J. P.: Toteva, M. M.; Crugeiras,JJAm. Chem. So200Q
Regardless of the potential energy surface, such trajectories are ~ 122 1664-1674. (b) Richard, J. P.; Amyes, T. L.; Toteva, M. Kcc.

. ; g Chem. Res2001, 34, 981-988.
not well described as “concerted. (42) Toteva, M. M.; Richard, J. B. Am. Chem. S04996 118 11434-11445.
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a PCM water solvent model). For comparison, the exothermicity
of the reaction of water withtert-butyl cation, calculated
analogously, is only 13.1 kcal/mol. From these considerations,
it would be expected that the reaction of water wéthvould

be faster that the reaction of water witrt-butyl cation.

The reaction of water witkert-butyl cation is itself incredibly
fast. The rate constant for reaction ofeait-butyl cation in 1:1
trifluoroethanol/water has been estimated as<.60' s~1.42
From this, the half-life for aert-butyl cation would only be
about 400 fs. A moderately faster reaction ®mwould be
consistent with the dynamics lifetimes.

Looked at from this kinetic perspective, the displacement in
aryl diazonium ions may be viewed as a two-step reaction in
which the second step is incredibly fast, often so fast that no
definable intermediate is involved, but occasionally the inter-
mediate is long-lived. This is interesting from a fundamental
perspective. The normal understanding of the competition

with the G- -N distances fixed in the presence of one water
molecule affords PhO#t.)

¥ ¥
+ +
N—N—l NN _1
Ng Vo W a
+I|l L1298 1 2.81 +H|
ll\la Vv [3.22] v[B10] — = "\1[5
Ph MP2 Ph
6-311++G**

[B3LYP/

21 6311+G*] 22

In the process of searching for transition structures for the
loss of N from 2 in the presence of 10 water molecules, we
located by accident the/s automerization transition structure
23. In 23, the automerization process is capped by a shell of
water molecules, having the effect of forcing the ®loser to
the aryl cation. The energy @3 is 0.5 kcal/mol abovd 4 and
a free energy estimate at 298 K places the structures within

between concerted and stepwise processes is that the preferre@.8 kcal/mol. Most notably, the existence 28 supports the
mechanism arises from a specific energy preference. If a reactionidea that the automerization reaction can occur in the presence
prefers a concerted mechanism over a two-step alternative, weof water molecules. Key to this is that the pbsitionally blocks

expect some “energy of concert.” In the loosest transition
structures such &k3, however, the stabilization of the transition
state by the water nucleophile is a limited dipolar solvation
effect. (Even in the one-water reaction via “tight” transition
structure8, the water stabilizes the starting material more than
the transition state.) “Concerted” displacement, when it occurs,
arises simply from the speed of collapse of the solvation shell.

Reconsideration of Evidence for Aryl Cation Intermedi-
ates.As described in the Introduction, the automerizatiom.of
andf nitrogen atoms in aryl diazonium cations under reaction
conditions in water, along with exchange with external nitrogen
in less nucleophilic solvents such as trifluoroethanol, compose
the strongest evidence for free aryl cation intermediates. We
discuss here evidence for alternative interpretations of these
observations.

One alternative explanation far/f automerization of di-
azonium ions, not involving an aryl cation intermediate, is the
intervention of a concerted automerization process in competi-
tion with solvolyses. The automerization transition state and
nucleophilic substitution transition state would have to be
“similar”, as it has been observed that variation in reaction
conditions results in little variation in the relative amount of
automerizatiorf3

Fitting this prescription, Glaser and Horan have reported the
transition structure21 and 22 for the o/ automerization of
phenyldiazonium catioft The in-plane structure21l was
predicted to be favored, with an energy 2.0 kcal/mol (QCISD-
(T)/6-31G*/IMP2(full)/6-31G*+ zpe) below that of completely
dissociated MWphenyl catiorf* Using larger basis sets, we find
that21 becomes a third-order saddle point, out-of-pl22&s
favored?® and the N/phenyl cation attraction is reduced to
1.1 kcal/mol (QCISD(T)/6-31+G**//MP2/6-311++G**

nucleophilic attack by water, and thus the shortest-C
distance is 3.60 A.

23

From the arguments of Cuccovia and Gla®é#any nucleo-
philic solvent should preclude the intermediacy of an aryl cation,
but the nucleophilic substitution process is certainly not
exclusively concerted in trifluoroethanol and hexafluoro-2-
propanol. Zollinger observed extensive incorporation of external
N> into recovered diazonium ion under these conditions, and
for hindered diazonium ions, the moleculas ¢ almost as
effective a nucleophile as the fluorinated alcoh@l&! This
suggests a relatively long-lived but highly reactive and un-
selective intermediate. The particular observation of a rate

+ zpe). However, it seems questionable to argue that thesedecrease with increasingfié not consistent with competitive

structures are relevant to the water reaction. Aside from the
extremely weak nature of theophenyl cation interaction, the
calculation ignores entropy and thermal energy. A free energy
estimate using unscaled frequencies pla22s5.3 kcal/mol
above free Wphenyl cation (at standard state). Another issue
is that the G—N distance in these structures is sufficiently long
to allow a facile attack by water in solution. (Optimizira®

2896 J. AM. CHEM. SOC. = VOL. 127, NO. 9, 2005

concerted processé®. If fact, after assuming an absence of
concerted substitution or automerization, the kinetics appear to
require two intermediates, as Zollinger proposed in Scheme 2.

(43) Lewis, E. S.; Holliday, R. EJ. Am. Chem. S0d.966 88, 5043-5044.

(44) Glaser, R.; Horan, C. J. Org. Chem1995 60, 7518-7528.

(45) B3LYP/6-31H1-+G** calculations favor21, with 22 being a second-order
saddle point (see Supporting Information), but QCISD(T) single-point
energies slightly favor the MP2 description.
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However, the kinetic observations are equally consistent with

aryl cation and the solvent molecule. Similar structures have

the operation of competitive concerted and stepwise processesbeen proposed to be intermediates in gas-phase reattions.

and no observation requiredraearyl cation. In contemplating

alternatives, we were fascinated by the recent observation of

Maskill and co-workers that aryl fluorides are formed in
solvolyses of diazonium ions in trifluoroethanol (eq*8)rhe
nucleophilicity of the fluorine atoms of trifluoroethanol in
product formation requires some consideration of their nucleo-
philic character as the€-N2 bond is breaking.

F
+ @ (3)

90:10
25

N+ CI- OCH,CF,

CF4CH,OH

24

To explore this nucleophilic character, we located transition
structures26 and 27 for the loss in N in the presence of
trifluoroethanol. In26, the oxygen atom of trifluoroethanol is

acting as a nucleophile in a concerted displacement that would

ultimately afford the ether24. In 27, a fluorine atom of
trifluoroethanol is playing the role of nucleophile. The transfer
of a fluoride anion from trifluoroethanol to phenyl cation in

the gas phase is predicted to be exothermic by 8.6 kcal/mol

(B3LYP/6-31H-+G**), so ultimately 27 can afford25. Inter-
estingly,27is lower in energy thaR6in the gas phase; in such
loose transition states it would appear that the nucleophilicity
is dominated by dipolar interactions without regard to the
ultimate stability of the product. Even 26, there appears to
be some dipolar stabilization by a fluorine atom proximal to

the developing charge at;C
= H
B \oH
=\

.

N"\'HH .’?‘.

N 07289 N F7s
vl \F L F O—H
259\ 4 F 2.98" /2.80
e ——3.22 .:
H H H H
H H H H
H
26E =16 27 Eo=0

The strongest evidence for an intermediate has been seen i
the decomposition of 2,4,6-trimethylbenzenediazonium2alt
in trifluoroethanol* The rate of this reaction is decreased by
11% under 300 atm of Ncompared to 300 atm of argon, and
16.5% incorporation of externalNvas observed in recovered
diazonium ion after 70% conversion. Addition of thiocyanate
anion, a good nucleophile, increases the rate by up to 2
300 atm of N. These observations require an intermediate. We
have calculationally located the compl23from the interaction
of the 2,4,6-trimethylphenyl cation with trifluoroethanol, and

we propose that this complex accounts for the observations in

this system. Complef9is predicted to lie 8.3 kcal/mol below
separate molecules of aryl cation and trifluoroethanol
(B3LYP/6-314+G(d,p') + zpe). This is an intriguing structure.
The fluorine atom “bridge” in29 is very unsymmetricat
unsurprisingly, since a symmetrical bridge would formally place
the positive charge on the fluorindut the G- - -F distance of
only 2.06 A is indicative of substantial bonding between the

(46) Canning, P. S. J.; McCrudden, K.; Maskill, H.; SextonCBem. Commun.
1998 1971-1972.

O-H
HooloH
Ny* BF, FJ—5 F
Me Me  GF,CH,OH Frolas
HH 1208 HH
N, H’C C\H
e
28
H“g"H
29
“SCN -SCN
SCN OCH,CF
Me Me Me Me
Me Me
30 31

We propose that complexes of this type can account for the
diverse observations in this system. In competition with a
displacement to afford the ether prod@di complex29 could
be formed. In the presence of large amounts of exterpa2®
could revert to starting material, and it seems reasonable that
N2 could compete with solvent in attacking the hinderacb€
29. A nucleophile such as thiocyanate would be expected to
increase the rate in two way®ither via the loose direct
displacement process or by inhibiting reversior28to starting
material—and the observed effects of thiocyanatel4b appear
consistent with this picturé®

Conclusions

It would seem that even the strongest classical evidence for
the intermediacy of aryl cations in nucleophilic solvents is
ambiguous. In such difficult cases, theoretical calculations have
certainly proven their power. However, the current case is
particularly challenging for a purely theoretical approach for

dhree reasons: (1) the energetic similarity gfLSand &2Ar

pathways, (2) the difficulty of modeling a reaction of a charged
species in bulk water, and (3) the large role of entropy in the
competition betweenyd and &2Ar mechanisms. We therefore

turned to the combination of kinetic isotope effects and
theoretical calculations as a powerful probe of the transition

7% undesState geometry. Interestingly, in the end, a detailed knowledge

of the transition state geometry may not be sufficient to
characterize the mechanism because of a final complication:
dynamic effects.

In their calculations, Cuccovidand Glaset each located a
concerted transition structure for displacement b a single
water molecule, and they established that such a structure is
energetically plausible. However, the predicted isotope effects
for these structures do not fit well with the structurally

(47) Speranza, M.; Keheyan, Y.; Angelini, G. Am. Chem. Sod.983 105,
6377-6380.

(48) If thiocyanate is preventing reversion 28 to starting material, a greater
rate effect would be expected under 300 atm gf/Brsus 300 atm of argon.
Reference 14b summarizes the effect of thiocyanate ungleesus argon
as “similar”, but at each of the four concentrations studied, the percentage
rate increase under,Ns greater.
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significant isotope effects, in particular by overpredicting the
C1 KIE and underpredicting the remainifgC and H/D KIEs.
The structural interpretation of tHéC KIEs supports a much
looser displacement process, if the water is involved at all, and
we conclude that the previous relatively tight substitution
transition structures are not good models for the solution
chemistry. On the other hand, the obser¢é&d KIEs do not
approximate equilibrium isotope effects for tolyl cation forma-
tion. This weighs against a reversible dissociation ef-&
bond.

Among the various KIEs measured in these reactions, the
13C isotope effects appear to be most structurally significant.
These isotope effects fit best with an extremely loose displace-
ment process. In the model potential energy saddle paBits
15, the leaving N and the “incoming” water molecule are quite
distant from the aryl cation, and the aryl cation is rotating from
solvation by N to solvation by water.

However, the misleading nature of these potential energy

dynamics are taken into account, there is no clear dividing line
between the two mechanisms.

The impact of dynamic effects continues to challenge basic
physical organic ideas. Products may be formed nonstatistically
from reactions passing through intermedidf&d.Intermediates
may be formed in reactions that should be conceilddnetic
selectivity in a reaction can be unrelated to reaction bapfiéts
and involves a kinetically distinguishable step without an
intermediaté®* Here, it appears that transition structures for a
reaction need not lead to the product of the reaction, and the
very definition of what constitutes an intermediate and what
constitutes a concerted reaction appears unclear. We are
continuing to investigate the impact of these ideas and dynamic
effects on ordinary organic reactions in solution.

Experimental Section

Solvolysis of 2 in Water. Example ProcedureA stirred mixture
of 1125 mL of water, 150 mL of concentratech$Os, 2.4615 g of

saddle points becomes apparent when dynamics trajectoriegrimethylacetic acid_(qn internal standard for aliquots), and_ 53.33 g
based on these structures are compared with those from a tru¢480 mmol) ofp-toluidine under N was cooled to<5 °C in an ice-

Sy2 displacement. Because there is only a weak interaction
between the nucleophilic water molecule and the aryl cation,
dynamic effects become significant. Some trajectories afford
long-lived aryl cation intermediates, and in some the product
from this cation may not contain the nucleophile involved at
the transition state. This is far more complicated than the
classical view of a concerted displacement.

Rate-limiting simple dissociation of Nfrom an aryl dia-
zonium ion, as modeled i§, cannot be fully excluded on the
basis of isotope effects. We are skeptical5oés a physical

water bath. To this mixture was added dropwiserdvl amixture of
38.92 g (556 mmol) of NaN@in 100 mL of water, and the resulting
mixture was stirred for an additional 1 h. The reaction mixture was
then heated rapidly te-55 °C, with evolution of N becoming apparent
as the reaction temperature exceededGOAfter 15 min at~55 °C,

the mixture was rapidly cooled tg5 °C, and a mixture of 16.4 g
(252 mmol) of NaN in 150 mL of water was added dropwise over
30 min. The mixture was then extracted with five 150-mL portions of
CH.Cl,. The combined organic layers were dried (Mgs@nd the
solution was concentrated on a rotary evaporator. The residue was
analyzed byH NMR, and the percent solvolysis of the intermediate

model because its derivation was based on gas-phase entrop{as determined as 7+ 3% based on the ratio g-cresol top-toly|

effects, dubiously applicable to solution. For the reaction of a
charged species in water, solvation entropy effects should be
large and not entirely predictable. It is thus plausible that the
entropy effects irb could approximate those in solution, if only
by accident.

From dynamics considerations, however, the distinction
between a unimolecular dissociation of s in 5 and an
extremely loose, formally bimolecular displacement a&3n
15 is not necessarily meaningful. We cannot model well the
unimolecular dissociation of Nin water, but it seems likely
that such a process would often afford the product within
200 fs. On the other hand, a bimolecular displacement, as
modeled by the dynamics df3 and 14, need not afford the
product quickly and may well lead to a long-lived intermediate.
The isotope effects show that the mechanism is near the
boundary between \@Ar and 1 mechanisms and, when

(49) Carpenter, B. KAngew. Chem., Int. EAL998 37, 3340-3350.

(50) (a) Carpenter, B. KI. Am. Chem. S0d995 117, 6336-6344. (b) Reyes,
M. B.; Carpenter, B. KJ. Am. Chem. So200Q 122 10163-10176.
(c) Reyes, M. B.; Lobkovsky, E. B.; Carpenter, B. K.Am. Chem. Soc.
2002 124, 641-651. (d) Carpenter, B. KI. Am. Chem. S0d.996 118
10329-10330.

(51) (a) Doubleday, C., Jr.; Bolton, K.; Hase, W.L.Am. Chem. Sod.997,
119 5251-5252. (b) Doubleday, C.; Nendel, M.; Houk, K. N.; Thweatt,
D.; Page, MJ. Am. Chem. Sod999 121, 4720-4721. (c) Doubleday, C.
J. Phys. Chem. 2001, 105, 6333-6341. (d) Doubleday, C., Jr.; Bolton,
K.; Hase, W. L.J. Phys. Chem. A998 102, 3648-3658.

(52) Singleton, D. A.; Hang, C.; Szymanski, M. J.; Greenwald, EJ.EAm.
Chem. Soc2003 125 1176-1177.

(53) (a) Yamataka, H.; Aida, M.; Dupuis, NChem. Phys. Letl.999 300 583~
587. (b) Bakken, V.; Danovich, D.; Shaik, S.; Schlegel, HIBAm. Chem.
Soc.2001, 123 130-134.

(54) Singleton, D. A.; Hang, C.; Szymanski, M. J.; Meyer, M. P.; Leach, A.
G.; Kuwata, K. T.; Chen, J. S.; Greer, A.; Foote, C. S.; Houk, KIJINAm.
Chem. Soc2003 125 1319-1328.
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azide. From comparison with the internal standard, the mass balance
was 103% £~10%). No toluene (a likely product from radical-
mediated reactions) was detectable in the mixture. The crude mixture
of p-cresol andp-tolyl azide was chromatographed in portions on a
9" x 2.25' silica gel column using 9:1 hexane/diethyl ether as eluent.
A sample 6 3 g of p-tolyl azide obtained in this way was further
purified for NMR analysis by vacuum distillation.

A standard sample gi-tolyl azide for NMR analysis was prepared
by diazotization ofp-toluidine (from the same bottle as that used in
the previous experiment) at5 °C under conditions analogous to those

(55) (a) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.;
Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.;
Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe,
M.; Gill, P. M. W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J.
L.; Head-Gordon, M.; Replogle, E. S.; Pople, J.@aussian 98revision
A.11.2; Gaussian, Inc.: Pittsburgh, PA, 2001. (b) Frisch, M. J.; Trucks, G.
W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A,; Cheeseman, J. R.;
Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. N.; Burant, J. C.; Millam,
J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.;
Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara,
M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda,
Y.; Kitao, O.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.;
Cross, J. B.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.;
Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala,
P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas,
O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Ortiz,
J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.;
Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; Martin, R. L.; Fox, D.
J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe,
M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.;
Pople, J. AGaussian 03revision B.04; Gaussian, Inc.: Pittsburgh, PA,
2003.
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above, followed by direct treatment of the intermediate diazonium at 6-31+G** basis set. Calculations for structur&s, 11, 12, 13, 14, 15,
<5 °C with NaNs. After an extractive workup, the resultingtolyl 20, and 23, along with related structures and starting materials given
azide was purified by vacuum distillation. in Supporting Information, employed a 6-31G** basis set. Attempts
to optimize structure&3, 14, and15employing diffuse functions failed
to converge. B3LYP and MP2 calculations for structupdsand 22
d used a 6-311+G** basis set. A 6-31+G(d,p') basis set was used for
the fluorine-containing structur@9. Optimizations of 14 and 15
employing an Onsager water model, as implemented in Gaussian 03,
used radii of 5.23 and 5.67 A, respectively.

NMR Measurements.All samples were prepared using 0.40 g of
p-tolyl azide in 0.47 g ofds-DMSO in a 5-mm NMR tube. The
13C spectra were recorded at 125.701 MHz using inverse gate
decoupling, 80-s delays between calibratef2 pulses, and a 6-s
acquisition time to collect 300 032 points. Integrations were determined
numerically using a constant integration region for each peak. A zeroth- The program used for dynamics was given and described in

order baseline correction was generally applied, but in no case was ag,,,ting Information for a previous publicatieiThe latest version

first-order (tilt) correction applied. Twelve spectra were obtained for ¢ s program may be obtained for free by e-mailing the corresponding
eachp-tolyl azide sample along with six spectra for the corresponding 4 ,thor.

p-tolyl azide standards. The resultitf integrations for these spectra
are given in Supporting Information. From tH€ integrations the KIEs Acknowledgment. We thank NIH Grant No. GM-45617 and

and uncertainties were calculated as previously descffed. The Robert A. Welch Foundation for support of this research.

Supporting Information Available: Energies and full geom-
etries of all calculated structures and NMR integration results
All calculations of ground-state and transition structures were for all reactions. This material is available free of charge via
performed using Gaussian 98 or Gaussian 03 progPanRCM the Internet at http://pubs.acs.org.
calculations were carried out using Gaussian 03 with default parameters
and water as solvent in each case. Density functional theory calculations

Computational Methods

employed the Becke3LYP hybrid HF-DFT method as implemented in J1A043918P
Gaussmﬁ"ff Calculations for structure, 5, 6, 7, 8, 9 26, and27, as (56) (a) Becke, A. DJ. Chem. Phys1993 98, 5648-5652. (b) Lee, C.: Yang,
well as simple structures related tert-butyl cation, employed a W.; Parr, R. GPhys. Re. B 1988 37, 785-789.
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