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Abstract: The nucleophilic substitution of N, in benzenediazonium ion 1 by one H,O molecule to form
protonated phenol 2 has been studied with ab initio (RHF, MP2, QCISD(T)//MP2) and hybrid density
functional (B3LYP) methods. Three mechanisms were considered: (a) the unimolecular process Sy1Ar
with steps 1 — Ph* + N and Ph™ + H,O — 2, (b) the bimolecular process Sy2Ar with precoordination 1
+ H,0 — 1-H,0, Sy reaction 1-H,0O — [TS]* — 2:N, and dissociation of the postcoordination complex 2:N,
— 2 + N, and (c) the direct bimolecular process Sy2Ar that bypasses precoordination and involves just
the Sy reaction 1 + H,O — [TS]* — 2 + N,. The Sy2Ar reactions proceed by way of a Cs symmetric Sy2Ar
transition state structure that is rather loose, contains essentially a phenyl cation weakly bound to N, and
OH,, and is analogous to the transition state structures of front-side nucleophilic replacement at saturated
centers. In solvolysis reactions, all of these processes follow first-order kinetics, and the electronic relaxation
is essentially the same. It is argued that “unimolecular dediazoniations” have to proceed by way of Sy2Ar
transition state structures because strict Sy1Ar reactions cannot be realized in solvolyses, despite the fact
that the Gibbs free energy profile favors the strict Sy1Ar process over the Sy2Ar reaction by 6.7 kcal/mol.
It is further argued that the direct Sy2Ar process is the best model for the solvolysis reaction for dynamic
reasons, and its Gibbs free energy of activation is 19.3 kcal/mol and remains higher than the Sy1Ar value.
Even though the Sy1Ar and Sy2Ar models provide activation enthalpies and SKIE values that closely match
the experimental data, the analysis leads us to the unavoidable conclusion that this agreement is fortuitous.
While the experiments do show that the solvent effect on the activation energy is about the same for all
solvents, they do not show the absence of a solvent effect. The ab initio results presented here suggest
that the solvent effect on the direct Sy2Ar dediazoniation is approximately 12 kcal/mol, and computation of
solvent effects with the isodensity polarized continuum model (IPCM) support this conclusion.

Introduction Scheme 1. Mechanisms of Nucleophilic Aromatic Substitution

. - . . . SyAr-Ad,E (Addition-Eliminati
The usual mechanism for nucleophilic aromatic substitution AT-ALE (Addition-Elimination)

is the addition-elimination pathway, denoted,8r-Ad,E or Sy2  Nue Nue

and called the “bimolecular mechanism”, and this involves the @LG — LG 79 @—Nuc
bimolecular formation of the MeisenheimefcomplexX as an
intermediate (Scheme 1). The reverse sequence, the elimina-
tion—addition pathway, denoted\8r-E,Ad or simply S1, is

more rare and it is referred to as the “unimolecular mecharfsm”.

This nomenclature implies that the elimination is essentially OLG Tic @O @
complete at the time of the addition of the incoming nucleophile.
This reaction mechanism is the aromatic equivalent of the
unimolecular nucleophilic substitution at’sgenters and is best
denoted as @LAr. However, there is a third option, and this  Nuc e *
third option is the bimolecular process in which the elimination QLG — @Q T @—Nuc
of the leaving group and the addition of the nucleophile occur LG

more or less simultaneously and without formation of an

SyAr-E, Ad (Elimination-Addition) or Syl1Ar

Sn2Ar Bimolecular Pathway

intermediate. This reaction is the aromatic equivalent of the

(1) (a) Bernasconi, C. FAcc. Chem. Res978 11, 147. (b) Paradisi, C. In  frgnt-side bimolecular nucleophilic substitution a senters.
Comprehensie Organic SynthesiJrost, B. M., Fleming, 1., Ed.; Pergamon . . . . .
Press: Oxford, 1991; Vol. 4, p 423. We denote this reaction mechanism a&4&r. The intermediate
(2) (a) Miller, J.Aromatic Nucleophilic SubstitutiofElsevier: London, 1968. _ it
(b Ross. 5. DProg. Phys. Org. Chen1963 1, 31. of the SYAr-Ad,E process and thg transition state structurg of
(3) Behr, J. PJ. Chem. Soc., Chem. Comma§89 101. the S2Ar mechanism are topologically the same, but they differ
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in the C-nucleophile (CG-Nuc) and C-leaving group (C-LG)
bonds. Both of these bonds have to be short in the intermediate;
while one can imagine thex8Ar mechanism to involve two

Scheme 2. Sn1Ar and Sn2Ar Reaction of Water with

SylAr Bimolecular Pathway

Benzenediazonium lon

partial bonds, and both could be very weak (essentially free ® +OH, ®
cation intermediate, \ Ar-like) or relatively strong (most like N _Nz> ® - OH,
in the aliphatic §2 reaction) or unsymmetrical (early or late 1 3 2
Sn2Ar). The S2Ar mechanism with an essentially broken
C—LG bond and a barely formed-€Nuc bond would be rather SnZAr Bimolecular Pathway
Sv1Ar-like, and in terms of geometry and experimentally, one on]#
would not be able to differentiate between these two mechanisms e o @\ | . &,
if the nucleophile is used in excess (solvolysis). N -Np

We are interested in two types of deamination reactions and 1 ™S C 2
these are (1) the deamination of aliphatic and aromatic amines ¢, gimolecular Pathway with Pre- and Post-Coordination
and their role in the alkylation or arylation of DNA and (ll) the
deamination of the amino groups of the DNA bases in nucleic ® [ _on)* ®
acids. Aromatic diazonium ions are important in both of the QN‘Z — {O® - OH
processes | and Il, and they both have significance in chemical H“-‘bH i N, | : Ny
toxicology. Arenediazonium ions are implicated in DNA ary- 4 : TS 5 N,

lations that may proceed via the phenyl cationradical? The
study of aromatic diazonium ions also is central to the and little electron density relaxation occurs during dediazonia-
understanding of the heteroaromatic diazonium ions relevanttion.!® Here, we are reporting on the replacement of dinitrogen
to DNA base deamination® The mechanism of the dediazo- in benzenediazonium ion by one water molecule and we present
niation reaction of benzenediazonium id) bas been studied a comparison of the 8 Ar and §2Ar processes (Scheme 2),
extensively’ The conventional consensus holds that dediazo- including computed solvation effects. Cuccovia et al. recently
niation reactions follow an&-like mechanism, because of the reported results of both experimental and theoretical studies
low selectivity among nucleophilé$.Lewis et al*® and Swain (RHF) on the reaction rate constant of the benzenediazonium
et all! studied the kinetics of the reactions bfin aqueous ion dediazoniatiod® Their conclusion was that in the gas phase
solution. Their experimental results provided evidence that the and aqueous solution the reaction is dominated by a bimolecular
dediazoniation reaction of proceeds via a highly reactive pathway and in a low polarity solvent the reaction is dominated
phenyl cation. Further experimental and theoretical studies by by a unimolecular pathway.
Zollinger et al. demonstrated that the nucleophilic substitution .
proceeds through the phenyl cation intermediate and suggesteJ heoretical Methods
that the phenyl cation might be free or solvent-separated from  Ab initio and density functional calculations were carried out with
nitrogeni? Gaussian98-18 on two clusters of Compaq Alphaservers ES40 and
We have been studying benzenediazonium ion with physical ES45. Geometries were optimized within the redundant internal
and theoretical organic methods. Our theoretical studies of the coordinates and started wig symmetry. We indicate all the symmetry
electron density distributions of diazonium ions led to a new changes, e.qC to Cs, if any. Harmonic vibrational frequencies were
bonding modéP that emphasizes dative bonding between the determined aqalytlcally for all statlongry structures. Opt|m|zat|or_1 and
. . thermodynamical analyses were carried out at the RHF level, with the
phenyl cation and an overall essentially neutral gdoup*

he ph | . Iread ists in the “di A inclusion of dynamic electron correlation at the MP2(full) level, as well
Hence, the phenyl cation already exists in the “diazonium™ion g i, density functional thed®using the hybrid method Becke3LYP.

The 6-31G** basis set was used in all cases. When questions remained

(4) (a) Griffiths, J.; Murphy, J. AJ. Chem. Soc., Chem. Commua®92 24.
(b) Arya, D. P.; Warner, P. M.; Jebaratnam, DTétrahedron Lett1993
34, 7823.

(5) (a) Glaser, R.; Son, M.-S. Am. Chem. Sod996 118 10942. (b) Glaser,
R.; Rayat, S.; Lewis, M.; Son, M.-S.; Meyer, &. Am. Chem. S0d.999
121, 6108. (c) Hodgen, B.; Rayat, S.; Glaser,@kg. Lett.2003 5, 4077.
(d) Rayat, S.; Wu, Z.; Glaser, Rhem. Res. Tox004 17, XXxXx.

(6) (a) Qian, M.; Glaser, RI. Am. Chem. So@004 126, 2274. (b) Rayat, S.;
Majumdar, P.; Tipton, P.; Glaser, B. Am. Chem. So2004 126, xxxx.

(7) Zollinger, H.Diazo Chemistry;IVCH Publications: New York, 1994.

(8) The Chemistry of the Diazonium and Diazo Groupatai, S., Ed.; John
Wiley & Sons: New York, 1978.

(9) Saunders: K. H.; Allen, R. L. MAromatic Diazo Compound$8rd ed.;
Edward Arnold: Baltimore, MD, 1985.

(10) (a) Lewis, E. S.; Insole, J. M. Am. Chem. S0d.964 86, 34. (b) Lewis,
E. S.; Cooper, J. El. Am. Chem. S0d.962 84, 3847. (c) Lewis, E. SJ.
Am. Chem. Sod 958 80, 1371.

(11) (a) Swain, C. G.; Sheats, J. E.; Harbison, KJGAmM. Chem. Sod.975
97, 783. (b) Swain, C. G.; Sheats, J. E.; Gorenstein, D. G.; Harbison, K.
G.J. Am. Chem. Sod975 97, 791. (c) Swain, C. G.; Rogers, R.J.Am.
Chem. Soc1975 97, 799.

(12) (a) Szele, I.; Zollinger, HI. Am. Chem. Sod978 100, 2811. (b) Hashida,
Y.; Landells, R. G. M.; Lewis, G. E.; Szele, I.; Zollinger, Bl.Am. Chem.
S0c.1978 100, 2816. (c) Gamba, A.; Sinonetta, M.; Suffritti, G.; Szele, |.;
Zollinger, H.J. Chem. Soc., Perkin Trans, 298Q 493.

(13) (a) Glaser, R.; Choy, G. S.-C.; Hall, M. K. Am. Chem. S0d.991, 113
3, 1109-1120. (b) Glaser, R.; Choy, G. S.-G. Am. Chem. Sod 993
115 2340-2347. (c) Horan, C. J.; Glaser, R. Phys. Chem1994 98,
3989-3992.

(14) Glaser, R.; Horan, C. J. Org. Chem1995 60, 7518.

(15) (a) Glaser, R.; Horan, C. J.; Lewis, M.; Zollinger, H.Org. Chem1999
64, 902. (b) Glaser, R.; Horan, C. J.; Zollinger, Angew. Chem1997,
109 2324.Angew. Chem., Int. Ed. Endl997, 36, 2210.

(16) Cuccovia, I. M.; Silva, M. A.; Ferraz, H. M. C.; Pliego, J. R.; Riveros, J.
M.; Chaimovich, H.J. Chem. Soc., Perkin Trans, 200Q 1986.

(17) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; 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, 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.; Challacomble, M.; Gill, P. M. W.;
Johnson, B. G.; Chem, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussion 98, Résion A.1 Gaussion,
Inc., Pittsburgh, PA, 1998.

(18) Cramer, C. JEssentials of Computational Chemistjohn Wiley &
Sons: New York, 2002.

(19) (a) March, N. H.Electron Density Theory of Atoms and Molecules
Academic Press: San Diego, CA, 1992. (b) Labanowski, J. K.; Andzelm,
J. W.; Eds.Density Functional Methods in Chemistrgpringer-Verlag:
New York, 1991. (c) Parr, R. G.; Yang, VWunctional Theory of Atoms
and MoleculesOxford University Press: New York, 1989.

(20) (a) Becke, A. DPhys. Re. A 1986 33, 2786. (b) Becke, A. DJ. Chem.
Phys.1988 88, 2547. (c) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B
1988 37, 785.
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Table 1. Pertinent Relative Energies, Reaction Energy, and Table 2. Secondary Kinetic Isotope Effects of the Reaction of
Activation Energies? Benzenediazonium lon with Water?
RHF MP2(full) S\1Ar direct Sy2Ar exple

AE AH AG AE AH AG deuteration AG*® kilko AG*? klko kilko
1—Ph" + N3 25.3 20.8 9.7 39.3 34.5 23.1 none 23.11 23.89
Pht + H,0— 2 —55.0 —49.7 —-38.3 —-59.9 -545 -431 2-d 23.23 1.22 23.97 1.15 1.22
14+ HO0—1H,0 -12.7 —105 —-2.6 -149 -127 —46 3-d 23.17 111 23.93 1.07 1.08
1+HOvsTS 10.7 94 133 193 181 239 4-d 2311 1.01 23.89 1.01 1.02
1-HOvs TS 23.3 19.9 15.9 34.2 30.8 28.5
1+HO0—2+N, —29.7 —-289 -28.7 —20.7 —20.2 -20.0 a At MP2(full)/6-31G**. P Reaction activation free energy in kcal/mol.

¢ Ref 44.
QCISD(T)/IMP2(full) B3LYP

AE AH AG AE AH AG Results and Discussion
1—Ph"+ N, 331 283 169 374 327 215 Unimolecular Hydrolysis of Benzenediazonium lon. Het-
Ph" +H,0—2 —56.6 —-512 -39.7 —-56.5 -51.2 —398 erolysis of Benzenediazonium lonThe optimized structures

1+HO0=1H0 ~—145 -123 -42 -13.7 -11.5 -35 of benzenediazonium iorL) and phenyl cation3) are shown

1+HOvs TS 148 136 193 201 191 247 .
1-H,Ovs TS 293 259 236 338 306 282 inFigure 1. Both the structures @fand3 are C,, symmetric.
1+H,0—2+N, —-235 —-23.0 —228 -19.1 -185 -18.4 The structural data ol are in excellent agreement with the

available solid-state salts PENK™ (X~ = CI~, Brs™, BF;7).2%
Structures of loosely coordinated phenyl cations have been
characterized recently by solid-state NMR spectroscopy by

QCISD(T)/IMP2(fully
AE AH AG

éhj ih; J(r)sz g;l.g 53%) 4118(-)6 Frohn et ak® Also very recently, Winkler and Sander isolated
2! - - . - . - . 1 H H 1 1

1+ H,OVs TS 163 151 208 phenyl cation in a slolld grgonﬂmatrlx and confirmed that the

1+ H,0—2+N, —231 —22.6 —22.4 ground state o8 is a'A; singlet?’ Iwata et al. also established

firmly that the singlet state is the ground state of phenyl cation
3All data in kcal/mol.? Unless specified otherwise, the calculations hased on a high level theoretical stidyherefore, the structure
employed the 6-31G™ basis sétUsing the 6-311G(2dfp) basis set in the of phenyl cation was optimized with singlet multiplicity in the
QCISD(T) calculation. pheny p g plicity
present study.
as to the quality of the correlation treatment, we performed single-  Kuokkanen studied the decomposition of arenediazonium ions
point energy calculations at the QCISD(T)/6-31G** and QCISD(T)/  (with and without crown ether complexation) in dichloromethane
6-311G(2df,p) leveld; and all QCISD(T) energies were computed for - and reported that thAH for the dissociation ofl in solvent
the MP2/6-31G**-optimized structures. Total energies are provided in mixtures of 1,2-dichloroethane is 25.7 kcal/mol and A® is
Supporting Information. , _23.1 kcal/moP® Zollinger et al. studied the decompositionlof
Relative energies are reported in Table 1 and they all are relative to in 2,2,2-trifluoroethanol in the presence or absence of benzene

the sum of the energies of isolated benzenediazonium ion and water. . L. .
Besides the electronic energif), we also determined the enthalpy and determined activation energies of 27.7 and 28.3 kcal/mol,

R .
(AH) and the free energy\G). Because we are modeling the reaction '€SPeCtively?? In fact, Szele and Zollinger measured the rates
in solution, RT was not included in the calculation #fH to exclude of the dediazoniation of salts dfin 19 different solvents and

the gas-phase volume effect. Therefaké] = AEes, WhereAEqes is found that the solvent essentially has no influence on the
the sum of AE and thermal energy correction at 298 KG was dissociation raté?-cThe dative bonding model for diazonium
calculated withAH in conjunction withTAS for standard conditions  ions can explain this experimental observation, and this con-
(1 atm, 298 K). Thermal corrections to the QCISD(T) energies are based nection between experiment and theory was an important one
on the MP2 data. All activation parameters are determined as the tg establisH The other important connection between experi-
difference between _the transition state and the reactants. In the case ofent and theory was provided by us and Zollinger with the
the SilAr and the.d'r.ea R2AT, the reactants a_lrJeand water, a.nd n demonstration that the dative bonding model can provide a
the case of the (indirect)\3Ar, the reactant is the precoordination . . . . .

physically meaningful explanation of the opposite signs of the

complex. . . .
The secondary kinetic isotope effé@tESKIE) were determined at reaction constants in dual-parameter Hammett equations for

the MP2/6-31G** level via the equatiday/ko = exp(AG' — AGH,)/  dediazoniations?

RT), which is deduced from the combination of the Eyring equakion The dissociation energy is the reaction energy for the

= («T/h)exp(—AG*RT) wherex is the Boltzmann constant. dissociation ofl to form singlet phenyl cation3j and N.. We
Solvation effects on energies were examined with the isodensity reported a binding energy df of 38.6 kcal/mol at the MP2-

surface polarized continuum model (ICPM) by Foresman et al. at the (full)/6-31G* level and an enthalpy of 32.6 kcal/midF. At the

MP2/6-31G** level?***Total energies computed with the IPCM model  MP2(full)/6-31G** level employed in the present study, we find

are provided as part of the Supporting Information, and Table 2 5 binding energy fofl of AE = 39.3 kcal/mol and\H = 34.4
summarizes the solvation effects on pertinent reaction energies.

(25) (a) Remming, CActa Chem. Scandl963 17, 1444. (b) Andresen, O.;

(21) Pople, J. A.; Head-Gordon, M.; Raghavachari,JKChem. Phys1987, Rgmming, C.Acta Chem. Scandl1962 16, 1882. (c) Cygler, M;
87, 5968. Przybylska, M.; Elofson, RCan. J. Chem1982 60, 2852.

(22) (a) Lowry, T.; Richardson, K. SMechanism and Theory in Organic (26) Balilly, F.; Barthen, P.; Frohn, H.-J.; Kockerling, M. Anorg. Allg. Chem.
Chemistry,2"d ed.; Harper & Row: Publishers: New York, 1981; p 194. 200Q 626, 2419.

(b) Wiberg, K. B.Physical Organic ChemistryJohn Wiley & Sons: New (27) Winkler, M.; Sander, WAngew. Chem., Int. ER00Q 39, 2014.
York, 1964. (c) Melander, L.; Saunders, W. Reaction Rates of Isotopic (28) Hrusk, J.; Schider, D.; lwata, SJ. Chem. Phys1997 106, 7541.

Molecules John Wiley & Sons: New York, 1980. (29) (a) Kuokkanen, T.; Virtanen, P. O.Acta Chim. Scand. B979 33, 725.
(23) (a) Foresman, J. B.; Keith, T. A.; Wiberg, K. B.; Snoonian, J.; Frisch, M. (b) Kuokkanen, TActa Chim. Scandl99Q 44, 394.

J.J. Phys. Chenl996 100, 16098. (b) Pomelli, C. S.; Tomasi,d.Phys. (30) (a) Burri, P.; Wahl, G. H., Jr.; Zollinger, HHelv. Chim. Actal974 57,

Chem. A1997 101, 3561. 2099. (b) Szele, I.; Zollinger, HHelv. Chim. Actal978 61, 1721. (c)
(24) Cramer, C. J.; Truhlar, D. G&Chem. Re. 1999 99, 2161. Lorand, J. PTetrahedron Lett1989 30, 7337.
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1.415 1.475

1.388 1.496

1.375 1.507
Benzenediazonium lon, 1 Product, 2

148.9° 1.982

147.4° 1785

147.1° 1.772
Phenyl Cation, 3 Post-coordination Complex, 5

298V L {280

183 12799
2333%
2.263
Pre-coordination Pre-coordination
Complex, 4a Complex, 4b

Figure 1. Molecular models of the stationary structures relevant to the benzenediazonium ion hydrolysis reaction. Geometry parameters are listed in the
sequence RHF, MP2, and B3LYRa represents the geometry at RHF and MP2, dbdepresents the B3LYP geometry.

kcal/mol andAG = 23.1 kcal/mol. At the level QCISD(T)/  were a pure dative bond, most of the positive charge should be
6-31G**//MP2(full)/6-31G**, the dissociation enthalpy isH located on the phenyl ring. Natural population anaff{iNPA)
= 28.3 kcal/mol. An improvement of the basis set causes only shows that the overall charge on the phenyl ring is 0.53 and
small changeAH = 28.3 kcal/mol was computed at QCISD- that on water is 0.47, while in phenol the overall charges on
(T)/6-311G(2df,p)//IMP2(full)/6-31G**. The experimental solu- the phenyl ring and the OH group are 0.25 anrd.25,
tion data by Kuokkanen and Zollinger are in excellent numerical respectively. Hence, there is an electron transfer of about 0.28
agreement with the computed dissociation enthalpiels ahd e from the phenyl group toward the OH group upon phenol
it is because of this agreement that thel&r mechanism has  protonation. And the charge distribution withrindicates that
been discussed. We will show below that this reasoning is not the C-O bond can be characterized as a partial covalent bond
justified. In the following, we refer to the QCISD(T)/6-31G**//  and, consequently, heterolysis is facile.
MP2(full)/6-31G** data unless otherwise noted. The optimized structure & (Figure 1) isCs symmetric with
Water Addition to Phenyl Cation. The reaction enthalpy  the water H atoms above and below the plane of the benzene
for the addition of water to phenyl cation is exothermic by 51.2 ring .33 This structure is significantly different from that of the
kcal/mol, and this value is the bond dissociation energy of the jsoelectronic aniline. In aniline, both of the amino H atoms are
C—0 bond in2. Note that the €O bond length is 1.47 Aand  on the same side of the best plane of the molecule, while the N
much longer than that of 1.38 A in pherfIIf the C—O bond
in 2 were a strong covalent bond, most of the positive charge (32) (a) Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; Weinholt§BO

would reside on water. On the other hand, if this@ bond Yg'%igg 3.1(b) Glendening, E. D.; Weinhold, B. Comput. Chent.99§
(33) Sée alsb: (a) Tishchenko, O.; Pham-Tran, N.-N.; Kryachko, E. S.; Nguyen,
(31) Gas-phase electron diffraction study: Portalone, G.; Schultz, G.; Domeni- M. T. J. Phys. Chem. A2001, 105, 8709. (b) DeFrees, D. J.; Mclver, R.
cano, A.; Hargittai, .Chem. Phys. Lettl992 197, 482. T.; Hehre, W. JJ. Am. Chem. Sod.977, 99, 3853.
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atom is displaced toward the other side; this geometry allows Scheme 3. Approach Path Options

for some interaction between the conjugatedystem and the
N lone pair®* The aniline molecule also i€s symmetric, but

with the symmetry plane perpendicular to the benzene ring. One
possible explanation is that due to the extra positive charge of

2, the electron density of the O lone pair is reduced so much
that it cannot effectively interact with the benzemesystem.

Reaction Energy and &1Ar Activation Barrier. The -
1Ar reaction consists of the combination of the unimolecular
bond dissociation ofl and the water addition to the phenyl
cation, and this process is exothermic and exergonic Wkh
= 23.5 kcal/mol,AH = 23.0 kcal/mol, andAG = 22.8 kcal/
mol. The activation parameters ak&" = 33.1 kcal/mol AH¥
= 28.3 kcal/mol, andAG* = 16.9 kcal/mol. As expected,
entropy does play an important role in facilitating the kinetics
of the hydrolysis.

Bimolecular Hydrolysis of Benzenediazonium lon. Pre-
and Postcoordination. We found a small theoretical level
dependency of the symmetry of the precoordination complex,
4 (Figure 1). At the RHF and MP2 levels, the structure of the
precoordination complex a, with the O atom located in the
symmetry plane. In the optimized structutk obtained at the
B3LYP level, the water is slightly out of the plane of the

H H\
/o"‘\H o-n
Oe <,
SN N\\\N
In Plane Out of Plane

or reside on thé&; axis of benzene with two H atoms pointing
to the opposite direction of the benzeneloud38' They further
explained that the reason for this change of location of the water
molecule is that the repulsive electrostatic interaction of the
charged benzene molecule with the permanent dipole of water,
around 10 kcal/mol, overcomes the attractive interactions
(dispersion and polarization interactions) totaled up to 9.2 kcal/
mol. The structure of can be understood by the reason provided
by Mons et af’9 We also searched for a structure in which
water is above the benzene ring, but such structures apparently
do not correspond to local minima. We considered the post-
coordination comple in which dinitrogen is bonded to one
of the OH bonds (Figure 1). Solca and Dopfer recently provided
experimental evidence for such structures in the gas plase.
Sn2Ar Transition State Structures. We considered two

benzenediazonium ion. In both cases, the water forms a looseoptions for the water molecule to attack benzenediazonium ion

complex withl by way of a hydrogen-bond-like interaction with
an ortho-hydrogen atom and by the interaction with the
positively charged N We discussed “incipient nucleophilic
attack” on diazonium ions in detail and the geometried afe
further examples of this then¥.The O-H distance of the
“hydrogen-bond” is 2.32.4 A, and the &N distances are 2-8
2.9 A. The bonding in the precoordination complex is substantial
with AE = 14.5 kcal/mol AH = 12.3 kcal/mol, and\G = 4.2
kcal/mol.

Experimental studies in argon mafifixand in supersonic
expansion¥ and theoretical studiébof the benzenewater

(Scheme 3). The planar attack (denoted by “ip”) has the water
entering with its O atom in the plane of the benzene ring, while
in the out-of-plane attack (denoted by “oop”) the water
approaches from above the plane.

Cuccovia et até reported two RHF/6-3%G* transition state
structures, one for in-plane and one for out-of-plane attack, and
the out-of-plane structure is more stable than the planar structure
by 2.2 kcal/mol. In the present work, we found that the
optimization of the transition state structure is theory-dependent.
The optimized transition state structures at the three theoretical
levels are shown in Figure 2. At the RHF level, only the planar

complex have shown that the water molecule is located above Cs+TS1ais a transition state structure (70.7i chwith a relative

the benzene ring with the O atom on tGgaxis of the benzene  energy of 10.7 kcal/mol. The out-of-pla® structureTS1bis

ring with the two H atoms pointing toward benzene. Mons et a second-order saddle point (97.7i, 23.9i&mThe displace-
al.379 found the equilibrium structure of the water complex of ment vector analysis shows that the second imaginary mode
benzene cation to be significantly different from the water represents the out-of-plane vibration of the water molecule. The
complex of benzene. In the water complex of benzene cation, RHF/6-31G** calculations thus indicate one transition state
the O atom of water can either be in the benzene plane andstructure, while Cuccovia et al. reported two transition state

interact with two neighboring H atoms of the benzene cation

(34) Shultz, G.; Portalone, G.; Ramondo, F.; Domenicano, A.; Hargit@iruct.
Chem.1996 7, 59.

(35) (a) Glaser, R.; Horan, C. @an. J. Chem1996 74, 1200. (b) Horan, C.
J.; Barnes, C. L.; Glaser, Chem. Ber1993 126, 243. (c) Glaser, R;
Mummert, C. L.; Horan, C. J.; Barnes, C.L.Phys. Org. Chenl993 6,
201. (d) Horan, C. J.; Haney, P. E.; Barnes, C. L.; GlaserARa
Crystallogr. 1993 C49 1525. (e) Horan, C. J.; Barnes, C. L.; Glaser, R.
Acta Crystallogr.1993 C49, 507. (f) Glaser, R.; Horan, C. J.; Nelson, E.;
Hall, M. K. J. Org. Chem1992 57, 215.
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Chem. Phys1995 103 531. (d) Suzuki, S.; Green, P. G.; Bumgarner, R.
E.; Dasgupta, S.; Goddard, W. A., lll; Blake, G. Sciencel992 257,
942. (e) Dasgupta, S.; Smith, K. A.; Goddard, W. A., 01.Phys. Chem.
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102, 6590.

(38) (a) Linse, P.; Karlstim G.; Jmisson, BJ. Am. Chem. S04993 99, 4483.
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structures on the RHF/6-31G* potential energy surface. At
the MP2 level, we again only found one transition state structure
(185.5i cnT?), but at this level it is the out-of-plar@; structure,
TS2b, with a relative energy of 19.3 kcal/mol. The plar@y
structure TS2a is a second-order saddle point (98.4i, 15.2i
cm~1), and the second imaginary frequency corresponds to the
bending of water in and out of the symmetry plane. The B3LYP
transition state structure searches led to two structures, and these
are the plana€s and the out-of-plan€; structuresTS3a(103.7i
cm 1) and TS3c (205.4i cnml), respectively TS3cis favored
overTS3aby 0.8 kcal/mol. The out-of-plangs structureT S3b

has two imaginary modes (187.5i, 75.7i ch The second
imaginary mode corresponds to the-B out-of-plane vibration.

The search for the \&Ar transition state structures shows
that the structure of the transition state depends on the theoretical
level. Furthermore, it is found that methods with electron
correlation (MP2) tend to give out-of-plane transition state

(39) Solca, N.; Dopfer, OJ. Am. Chem. SoQ004 126, 1716.
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[+ 146.1°

o 145.8%

TS3a
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25 54 (2.554) 2.554
'1--.,__‘_2.264 (2.292) . . . .
% ~2.264

140.9° (140.4%) ‘
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Figure 2. Transition state structurdsS. Numbers indicate the method of optimizationI1RHF, 2= MP2, 3= B3LYP) and letters indicate the topology
and symmetry (&= ip and Cs, b = oop andCs, ¢ = oop andC;). Values given in parentheses fo3c refer to TS3b. The online version contains a
web-enhanced object showing an animation of the transition vectdé&ab.

structures, while methods without electron correlation (RHF) long CN distances of 3.1 A and CO distances up to 3.3 A.
tend to give planar transition state structures. The B3LYP Because of these distances, the energy difference between ip-
calculation found both out-of-plane and planar first-order saddle and oop-type structures are small at any level, and the theoretical
points. QCISD(T)/6-31G**//B3LYP/6-31G** and QCISD(T)/  level dependencies are therefore not surprisifiee character-
6-31G**//MP2(full)/6-31G** single-point energy calculations istic feature that matters most is that the transition state
confirmed thatTS3c is more stable thafTS3a by 0.8 kcal/ structures for the bimolecular reaction all are rather loose

mol, respectively, and thaS2b is 1.0 kcal/mol more stable The Sy2Ar transition state structure features a phenyl cation
thanTS2a respectively. Therefore] S2b is likely to be the  ineracting weakly with water and dinitrogen. Hence, the
preferred transition state structure for the bimolecular reaction, gjectronic relaxations associated with dediazoniation essentially

and energy penalties are small for any twist between the best, .o the same in thenAr and S2Ar processes
common plane of the nucleophiles and the benzene gfane.

TS2b and TS3cboth feature CN contacts of 2.3 A and CO (40) Itis very likely that the preference faiS2bincreases as a result of specific
contacts of 2.5 ATS1aandTS33, the planar structures, have solvation; see the discussion of the precoordination complexes.
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3+H,0 also does not allow for complete-Q\ dissociation, because
. one solvent molecule inevitably will bind to the incipient phenyl
cation, and this binding3¢solvent) will occur in concert with

the dissociation for the very same reason as above. In this case,
the hydrolysis becomes a sequence of reaction8-galvent.

The Sy1Ar reaction would require the formation of solvatéd
without specific solvent interaction in the transition state, and
that is not possible.

Above, we computed the activation parameters fQ2/S
reaction based on the energies of the aggretydieO and the
transition state structure. However, in the solvolysis of ben-
zenediazonium ion, the solvating water and the reactive water
will not be the same. Even in the gas phase, the reaction of one
water with benzenediazonium ion bypasses the deep potential
energy minimum of the precoordination complex because of
the reaction dynamic®, and similar observations have been
reported*?43 The direct R2Ar model reactiorwithout preco-
ordination (red line in Figure 3) is characterized by activation
parameters oAH* = 13.6 kcal/mol and\G* = 19.3 kcal/mol.

To ascertain the validity of these computed data, we examined

their convergence with regard to an improvement in the basis

set. It is reassuring that the QCISD(T)/6-311G(2df,p) enthalpy

of 15.1 kcal/mol closely agrees with the QCISD(T)/6-31G**

data (Table 1).

| On the basis of the direcy@Ar model, we have to conclude

Figure 3. Potential energy and Gibbs free energy diagrams for the reaction that the measured a_lctlvatlon enthalpy of 271 kcal/mol is

of benzenediazonium ion with one water molecule (QCISD(T)//MP2 level). about 12 kcal/mol higher as compared to our best computed
Comparison of the Si1Ar, Sw2Ar, and Direct S2Ar value for the model reaction in a vacuum. Even though the

Reactions.The potential energy and Gibbs free energy diagrams SvlArand S2Ar models prowde activation enthalpies that v.ery
. . . T closely match the experimental valuey{&r, 28.3 kcal/mol;

of the reaction of water with benzenediazonium ion are shown S\2A, 25.9 kealimol), our analysis leads to the unavoidable

in Figure 3 and they illustrate two important results. At the o ' Y

QUISDUT)IMP2 evel,we nd actvatonenihalpiesaf = /Lo WL o S0eerien & rutous Honee, e exper
28.3 kcal/mol for the §LAr process andAH* = 25.9 kcal/mol 9y

for the Sy2Ar reaction. The bimolecular path is favored by 2.4 about_ the. same for all solvents, and the experimental data in
. combination with the present computed data suggest that the

kcal/mol, and this is the expected result. However, theA3 solvent effect on the dediazoniation is approximately 12 kcal/

activation Gibbs free energyG* = 16.9 kcal/mol is much less PP y

than the §2Ar value of AG* = 23.6 kcal/mol. Hence, the moSI. q Kinetic Hvd Isot Effects] inal
calculations show that the unimolecular reaction of water with eCOSn ary tlrld?“lc y ro%en SO (sze k_ect_sr_latsemlnf? ¢
benzenediazonium ion is preferred over the bimolecular reaction paper, swain et a. measured secondary Kinetic ISolope etiects

by AG* = 6.7 kcal/mol, and this result is probably less expected. for a variety of 2-, 4-, 3,5-, and 2,4,6-deuterated benzene-
The entropy change associated with the unimolecular path helpsd|azon|um fluoborat(_es n d||gte mineral and carbo>.<yllc aC'dS'
to lower the overalAG* by almost 10 kcal/mol, and this is 'I.'hes'e data are (.:O'FIStent with a rather completdl@issocia-
large enough to make the unimolecular process the preferredt'?n in the rate-limiting step and supported ‘“elgf mecha-
one. nism. We computed SKIE values for the reactidhs—~ 3

In hydrolyses, the strict \dAr reaction is not possible, (Sy1Ar) and 1 — _TSZ (direct Sy2Ar) for th_e 2-, 3, and
because there will always be a certain pressure of Water4-deuterated species (Table 2). The expenmer!tal data sh_ow
molecules and the €N dissociation can never evolve to solvent effects on the SKIE of about 0.03. Since specific

completion. The nucleophilicity of water in water is less than SEIvaIt(;or;) IS Iargist tfo(; the (irth?'H’ lam]f sutchh SOI\t’Ent se|f<f|e|§t
that of an isolated water molecule, but the affinity of one water SN ou th Ie m?rr]n este most bstrong yth or the or tOI dat ) d
toward an incipient cation will always greatly exceed the affinity everineless, the agreement between the experimental data an

of one water to any number of water molecules. Hence, there'.[he computed gas phase data is remarkably good. Most

is no opportunity for the phenyl cation to exist ever in a water I(;nportanttly,”the fdata '3. '[.ab![.e 2 g'et\i/ivfly Sl;;\W th%t cheASKIE
cage, and in hydrolysis reactions the “unimolecular mechanism” oest. no al ow (:,r al |st|rr]10 I“Otnt Ie cemn rt'{’inb tS" ' th
actually has to inolve the reacting selent moleculeand we reactions. In particuiar, the “tolal agreement between the
propose that the best model for this rgact!on is thes (41) Wu, Z.: Glaser, R., to be published.
reaction model. Hence, the computed activation parameters for(42) sun, L.; Song, K.; Hase, W. IScience2002 296, 875.

i i i i i (43) See also: (a) Mann, D. J.; Hase, W.1.Am. Chem. SoQ002 124,
the Sy2Ar model reaction of WaFer with benzened|azon|uml ion 3208, (b) Nummela. 3. A.: Carpenter. B. K.Am. Chem. S0€003 124
are the most relevant data with regard to the hydrolysis of 8512. (c) Ammal, S. C.; Yamataka, H.; Aida, M.; Dupuis, Stience2003
benzenediazonium ion. The reaction with water in a less ,, 2o 1585

L . . . . ) Swain, C. G.; Sheats, J. E.; Gorenstein, D. G.; Harbison, KI.@&m.
nucleophilic solvent (e.g. dilute mineral or carboxylic acids) Chem. Soc1975 97, 791.
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Table 3. Computed Solvent Effects on Pertinent Relative,

Reaction, and Activation Energies2?

water methanol

AEsol Achm:i AGmnd AEsol AHcond AGcond
1—Ph" + N, —4.1 30.4 19.0 —4.1 30.4 19.1
Pht + H,0— 2 —-8.0 —-625 -511 -—-7.7 —-622 -50.7
1+ H,O0—1-H0 105 -2.2 5.8 102 -25 5.6
1+HOvsTS 7.0 251 30.9 6.9 25.0 30.8
1-H,Ovs TS —-3.4 27.4 251 -33 27.5 25.2
1+H0O0—2+N, —-121 -323 -320 -11.7 —-319 -31.7

CF3;CH,0OH DMSO

AEsol Achnd AGcond AEsul AHcond AGcnnd
1—Ph" + N, —4.0 30.5 191 —41 30.4 19.1
Pht + H,0— 2 —-76 —62.1 -50.7 -79 -624 -50.9
1+ HO0—1-H0 101 -26 55 103 -24 5.7
1+HOvsTS 6.8 24.9 30.7 7.0 25.1 30.8
1-H,Ovs TS —-3.3 275 252 —-34 27.4 251
1+HO0—2+N, -116 -31.8 —-315 -11.9 —-321 -31.8

water® waterd

AEsol Achm:i AGmnd AEsul AHcond AGcnnd
1—Ph" + N, —4.1 24.2 128 —4.1 25.9 14.5
Pht + H,O0— 2 —8.0 —-59.2 —477 -80 -605 —-49.0
1+ HO0—1-H0 105 -1.8 6.3 10.5
1+HOvsTS 7.0 20.6 26.3 7.0 22.1 27.8
1-HOvs TS —-3.4 225 191 —-34
1+H0O0—2+N, —-121 —-351 -349 -121 -37.7 —345

a All data in kcal/mol.P IPCM calculations at the MP2/6-31G** level.
¢ Based on QCISD(T)/6-31G**//IMP2/6-31G** energi¢sBased on QCIS-
D(T)/6-311G(2df,p)//MP2/6-31G** energies.

is in agreement with the experimental observati$h&Can this
solvent independence can be explained on the basis of the
electron density relaxation associated with dissocidttcand

it is true for both the §1Ar and the direct &2Ar model
reactions?

The data show that solvation decreases the activation energy
for the S1Ar by about 4 kcal/mol, while it increases the
activation energy for the direci3Ar by about 7 kcal/mol. The
data at the bottom of Table 3 combine these solvation corrections
with the thermochemical data computed at the same level and
the QCISD(T) energy data. The overall agreement between the
experimental data and the computed dissociation energy is not
meaningful, even though it is “excellent”. On the other hand,
the solvation effects provide for much better numerical agree-
ment between the experimental value of 271 kcal/mol and
the conceptually meaningfuly3Ar activation barrier of 22.1
kcal/mol. In fact, this agreement is encouraging and we hope
to achieve even better agreement in future studies that account
for specific solvation effects as well.

Conclusion

It is likely that many chemists intuitively think of the very
loose §2Ar mechanism when they refer to the “unimolecular
mechanism” in solution. Our contribution therefore merely
consists of the precise statement of the conceptual differences
between these processes. This conceptual clarity allows for two
major conclusions. Thex@Ar reaction provides a more realistic
model for mechanistic discussions of the dediazoniation of
aromatic diazonium ions than the consideration of thé/8

computed and measured SKIE of the 2-deuterated species Oloe?eaction. The analysis reveals that the agreement between
not present any better evidence for thel &r reaction than does

the “total agreement” of the computed and measured SKIE of

the 3-deuterated species in favor of thg28r reaction. It is
precisely for the great similarities of the phenyl cation moiety solvent, the solvent effect on dediazoniations is substantial and

in the Sy1Ar and $2Ar reactions that the isotope studies did

not alert anybody thaty3Ar might not be operative.
IPCM Computation of Solvation Effects. The deductions
made on the basis of the ab initio studies are corroborated byNational Institutes of Health (GM61027).

the results of IPCM calculations for four representative solvents

(Table 3): water £ = 78.3), methanol { = 32.6), 2,2,2-
trifluoroethanol € = 27.7), and DMSO4{ = 46.7).

The computed solvation data show that the solvent effects

computed gas phasgBAr activation enthalpies and activation
barriers measured in solution is fortuitous. While the solvent
effect on dediazoniations is essentially independent of the

it is reaction-rate-retarding.
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