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Abstract: Singlet-triplet state-energy splittings in arylnitrenium ions are substantially reduced when the aromatic
system is heterocyclic with nitrogen atoms incorporated at ring positions that would otherwise better stabilize
the formally exocyclic positive charge through resonance. Ring contraction rearrangements of singlet
arylnitrenium ions with a nitrogen atom at artho position are predicted to proceed with barrier heights that
become lower with increasing substitution of nitrogen atoms at other positions. Predilection to delocalize positive
charge also controls the relative facility with which [{acetylarylnitrenium ions undergo ring closure to
form 2-oxazolium cations and (ii) arylnitrenium ions are subject to nucleophilic aromatic substitution by water.

1. Introduction

Arylnitrenium ions, ArNR", have been extensively studied
because of their implication as in vivo reactive intermediates
that covalently modify genetic material; such reactivity is
carcinogenic:8 These nitrenium ions derive from metabolic
oxidation of aromatic aminés!! that can be ingested directly,
e.g., as cooked foddor smokeless tobacE&bcomponents, or
they can derive from in vivo reduction of nitroaromatic
precursord?—16

The reactivity of arylnitrenium ions is described in a
schematic sense in Scheme 1. As powerful electrophiles, they
can react in a bimolecular fashion with available nucleophiles
(such as functionality present in nucleic acids). For in vivo
reactivity, solvent water is a particularly important nucleophile
present at high concentration, and solvolysis is listed as a distinct
pathway in the scheme. Finally, unimolecular processes may
be available to individual nitrenium ions that result in a loss of
nitrenium ion character.
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Bimolecular reaction with nucleophiles usually results in
aromatic ring substitution. This is rationalized by consideration
of resonance structures available to arylnitrenium ions that
localize positive charge ontertho and para ring carbon
positions (Figure 1). Such charge localization is favorable since
nitrogen is more electronegative than carbon. Put differently,
an arylnitrenium ion has a substantial degree of iminocyclo-
hexadienyl cation character.

The kinetics of the various processes listed in Scheme 1 have
been studied, primarily by laser flash photolysis, for a number
of different arylnitrenium ions/-18 including parent and sub-
stituted  phenyl3?31  biphenyl-24253236  naphthyl-37
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predictions helped guide the experiments leading to the first

H\ . H\ - H\ .
e i N characterization of a substituted arylnitrenium ion possessing a
@ - @ - @@ triplet ground stat@l:22
]

Computational studies have played a role in understanding
the conformational behavior of nitrenium ions and the differing
Figure 1. Three key resonance structur(_as for arylnitrenium ions. The gansitivities of the singlet and triplet states to geometric
two mesomers on the rlght, f_ormally av_allable o_nly_to the singlet state constraints (e.g., incorporation into ring&fL55.57:60.61,6566
of the nitrenium ion, rationalize trends in substitution effects for that - . . . .
state. Theory has also rationalized (i) trends in the rates and regio-
chemistries of nucleophilic aromatic substitution as a function
of nucleophile and nitrenium i0#%;°0.67.6(ii) mechanistic details
of 1,2-hydride shifts ilN-aryl-N-alkyInitrenium ions as well as
analogous carbenes and borenide anfdm@sd (iii) the nature
of signature arylnitrenium infrared frequend®sand their
sensitivity to aromatic ring substituer®#’° Finally, Ford and
Herman have computationally characterized®! bond het-
erolysis transition states in hydroxylamine precursors of nitre-
nium ions’! and Ford has explored relationships between
Icomputed nitrenium ion properties and their mutageniify.
Many aromatic amines that may be ingested are heterocyclic.
These heterocyclic nitrenium ions have only recently begun to
be the subject of experimental studies as detailed as those
performed for substituted aromatic hydrocarb&tié? Prelimi-
nary analysis suggests the chemistry of heterocyclic nitrenium
ions can sometimes be quite different from hydrocarbon
analogues. For instance, on the basis of product analysis,
Takeuchi and co-worket3inferred the singlet and triplet states
of 2',6-pyrimidylnitrenium (see Section 3 for nomenclature

luminated the degree to which stabilization of the positive charge COnvention) to be ne_arly_|so<7anerget|c, in sharp contrast to the
on nitrogen byt donation, which is operative to a significantly situation for pheny!nltrenlurﬁ: )

larger extent for the singlet state than the triplet, serves to reverse 1he focus of this paper is to better characterize several
the relative energies of the spin states in substituted Systems’reactlons of arylnitrenium ions, including unimolecular rear-

particularly aryl-substituted syster#fs30-64 Indeed, theoretical rangements that effectively eliminate the nitrenium ion func-
tionality (and would thereby be expected to mitigate mutage-

fluorenyl- 243273538 and heterocycli®®—42 nitrenium ions. Sub-
stantial experimental work has also examined the specificity
with which nitrenium ions react with nucleic acids as nucleo-
philes14-16.28.35.38,39.43,4fh addition, the acid/base properties of
nitrenium ions (which are amphiprotic, deriving on one hand
from protonation of a nitrene but capable of conversion to the
aniline dication) have been studi&tf*4547

Since the early 1980s, experimental studies of arylnitrenium
ion reactivity have been complemented by substantial theoretica
work#8 One area where theory has played a particularly critical
role is in the computation of nitrenium ion singtdtiplet state-
energy (S T) splittings. The reactivity in Scheme 1 and the
resonance in Figure 1 presuppose a singlet nitrenium ion, but
insofar as the parent nitrenium ion, Mkl has an experimentally
determined ST splitting of 30 kcal/mdl® (a positive sign
corresponding to thé&iplet state being lower in energy), it is
not necessarily obvious that the singlet state should dominate
for arylnitrenium ions. Theoretical work, however, has il-
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closure in N-acetylN-arylnitrenium ions, and nucleophilic 3. Results
trapping by a water molecule in agueous solution. As part of
this study, we also provide the first systematic characterization
of the electronic structures of triazinylnitrenium ion and all
isomeric pyridyl- and pyrimidylnitrenium ions.

Computations are carried out using density functional theory
(DFT), which has been demonstrated to prediefTSsplittings
accurate to within about 2 kcal/mol, as compared either to
experiment or well converged electronic structure calculations
at alternative levels of theory, for a variety of analogous
systemg$7:58.60-63.65,66.7381 Fyrthermore, since nitrenium ion
chemistry is primarily of interest in vivo, condensed-phase
effects are taken into account using an SM5.42R aqueous
solvation modef? in particular one designed for the DFT level
of theory83

We adopt a nomenclature system that numbers the aromatic
ring such that the point of exocyclic nitrenium ion substitution
is 1, and numbering around is dictated by which direction
provides the lowest number to the first endocyclic nitrogen atom.
While this scheme turns out to generate compound names
equivalent to standard convention for the pyridylnitrenium ions,
it does not for the pyrimidyl- or triazinylnitrenium ions; to
emphasize this point, we will use a prime on our numbers. Thus,
for instance, compound (Figure 2) will be named '24'-
pyrimidylnitrenium in contrast to its conventional name of
4-pyrimidylnitrenium. Our scheme ensui@ho, metg andpara
positions have equivalent numbers for different heterocycles and
this facilitates comparison between species.

Heterocyclic Nitrenium lons. Optimized geometries were

2. Computational Methods obtained for the singlet and triplet states of the three isomeric
All geometries were optimized using the gradient-corrected func- PYridylnitrenium ions, the three isomeric pyrimidyInitrenium
tionals of Beck& for exchange and of Perdew and Wé&hdor ions, and the triazinylInitrenium ion (Figure 2). For the @nd

correlation (BPW91) with the correlation-consistent polarized valence 3'-pyridyl- and 2,4'-pyrimidyl- cases, both syn and anti rotamers
double® (cc-pVDZ) basis set. At this level, analytic frequency of the exocyclic NH bond were examined (we will define syn
calculations were performed to verify the nature of all stationary points to imply the NH rotated to the same side as therZ3 nitrogen

(minima and transition state structures), and these frequencies weregtom). All geometries were verified as minima by computation

used to compute zero-point vibrational energies (ZPVE) and 298 K of analytic frequencies. We will refer to individual structures
thermal contributions to the enthalpies and standard-state (1 atm) gas y number, usings or t as a suffix to indicate the singlet or
phase free energies of all species using standard statistical mechanica-i?ripIet state, respectively

approximations? . - . .
Standard state solvation free energi®&°s in water (dielectric With the exception oyn andanti-1s all singlets were found

constant = 78.3) were calculated using the SM5.42R/BPW91/DZVP 10 deviate somewhat from planarity (Figure 2). We examined
aqueous mod& based on Class IV chargésbtained with the DZvP  the energetic consequences of constraining the single®s to
basis se#? these calculations employed gas-phase BPW91/cc-pVDZ symmetry. For2s—5s symmetric structures were found to be
geometries (the “R” in SM5.42R implies that the model was designed only 0.1 to 2.6 kcal/mol higher in energy; howeves
to use gas-phase geometries kBjgid in the liquid solution phase).  constrained t&€s symmetry was 15.5 kcal/mol higher in energy.
All calculations were carried out with Gaussiar®®8ugmented with Moreover, the constrained structure possessed a CNH bond
M'\_II_'}?SM Vzrs'é’” gr! d for all solvation f o5 i this articl angle at the exocyclic nitrogen of 158.9he implications of
__The standard state used for all solvation free energies in this article i 4o o metry for the electronic structure@sfare discussed in
involves the ideal gas or ideal solution at a concentration of 1 mol - : : o

Section 4. Given the particulars of the optimized structures, the

Lt
states foisyn andanti-1sare A while those for the remainin
(73) Cramer, C. J.; Dulles, F. J.; Storer, J. W.; Worthington, £item. y 9

Phys. Lett1994 218 387. singlets are simply A. All triplets were found to be planar with
(74) Schreiner, P. R.; Karney, W. L.; Schleyer, P. v. R.; Borden, W. T.; A'’ electronic states. For the triplets, Figure 2 provides Fermi
Hamilton, T. P.; Schaefer, H. F., 1. Org. Chem1996 61, 7030. contact integra|s for key hea\/y_atoms X,

(75) Wong, M. W.; Wentrup, CJ. Org. Chem1996 61, 7022.
(76) Matzinger, S.; Bally, T.; Patterson, E. V.; McMahon, RJJAm.

Chem. Soc1996 118 1535. X)=Y P* % (R R 1
(77) Worthington, S. E.; Cramer, C. J. Phys. Org. Chenil997, 10, P uzv “w ¢“( X) d)v( X) @
755. '

(78) Patterson, E. V.; McMahon, R. J. Org. Chem1997 62, 4398. ) ) ]
(79) Sulzbach, H. M.; Platz, M. S.; Schaefer, H. F., Ill; Hadad, CJM.  whereP*~# is the BPW91/cc-pVDZ one-electron spin density

Am. Chem. Sod997 119 5682. matrix, and evaluation of the overlap between basis functions
long)sgg.ustov, G. Vi Liu, M. T. H.; Rauk, AJ. Phys. Chem. A997 ¢, andg, is only at the nuclear positioRy. These are discussed

(81) Pliego, J.; De Almeida, W.; Celebi, S.; Zhu, Z.; Platz, MPhys. in more detail below.

Chem. A1999 103 7481. Table 1 provides the 298 K aqueous free energies of solvation
Let(t?’i)glélé “]z'éaHaz‘gg'.”s' G.D.; Cramer, C. J.; Truhlar, D. Ghem. Phys. 54 relative free energies in the gas phase and agueous solution

(83) Zhu, T.; Li, J.; Hawkins, G. D.; Cramer, C. J.; Truhlar, D. &. of the different pyridyl and pyrimidyl isomers by spin state.
Chem. Phys199§ 109, 9117. Table 2 lists selected geometric details involving the exocyclic

gggg nggee\;v"“‘j.%ﬁhé’j;k?-@ ﬁ’ggg?%%f’s?%e. B 1096 54, 16533, nitrogen and ST splittings in the gas-phase and aqueous

(86) Dunning, T. H.J. Chem. Phys1989 90, 1007. solution (as 298 K free energies) for all structures/states.

(87) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JABInitio Singlet heterocyclic arylnitrenium ions with a nitrogen at the
Molecular Orbital Theory,Wiley. New York, 1986. 2-position can undergo a unimolecular ring contraction to
1058?85'(’)'3”Zh”‘T"Cramer' €. J; Truhlar, D. &Phys. Chem. A998 generate a protonated heteroarylcarbonitrile as illustrated in

(89) Godbout, N.; Salahub, D. R.; Andzelm, J.; Wimmer,&&n. J. Figure 3. The process, which eliminates all nitrenium ion
Chem.1992 70, 560. character, is stepwise fdss 4s 5s and7s(the four cases with

(90) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; ; ; ; . L
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Petersson, a mtmg?n aFOm in the _approprlate p05|t_|on), in each Cas.e a
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syn 4 anti 4 5 6 7

Figure 2. Ball-and-stick structures fat—7. Triplet Fermi contact integralz 0.05 au in magnitude are indicated at atomic positions. Side views
of the optimized singlet structures are provided (all triplets are planar).

Table 1. Relative Free Energies and Absolute Free Energies of Table 2. Selected BPW91/cc-pVDZ Geometrical Data andTS
Solvation (298 K, kcal/mol) fod—72 Splittings G295, kcal/mol) for Arylnitrenium lons

molecule relG°, gas AG°s rel G°, ag electr.
molecule state rCN,A rNH,A [OCNH, deg G°-r, gas (ag)

pyridyl singlets
0.5

synls —61.6 0.1 pyridylnitrenium ions
anti-1s 5.7 —64.8 2.0 synl A’ 1310 1.046 108.7
syn2s 0.0 -61.1 0.0 3A"  1.355  1.042 116.7 —14.5(17.5)
anti-2s 0.1 —61.2 0.0 ant-1 A’ 1312 1.043 110.8
3s 13.1 -61.5 12.7 A" 1.306  1.032 119.2  —5.6(-9.3)
L syn2 A 1.301 1.042 111.9
synit o Jyrvitriplets 09 " 1300 1031 1255 —6.0(-7.7)
anti-1t 59 611 26 ant-2 A 1.302  1.042 111.9
synat 00 _cgE 00 A" 1286  1.030 1280  —9.2(-11.5)
anti-2t 33 590 38 3 :A” 1314 1.044 111.3
3t 106 602 99 A 1.338  1.038 117.9  —3.6 (-4.9)
syn4 12.9 —62.7 12.7 A" 1.356  1.044  110.4 5.4 (4.0)
anti-4 17.2 —65.7 14.1 . X : : : 4 (4.
5 113 653 86 anti-4 A 1.321  1.043 110.5
6 00 626 0.0 A" 1.334 1.038 112.5 9.0(7.2)
: ' : 5 A 1.318  1.047 108.3
pyrimidy! triplets A" 1.316  1.039 109.7 7.0 (5.5)
syn4 8.3 —61.4 8.7 6 A 1.289  1.040 114.0
anti-4 9.0 —63.9 6.9 A" 1.293  1.033 122.0 0.8 (0.0)
g gclf :gig 88 triazinylnitrenium ions
: : : 7 AP 1325  1.047 108.6
aBPW91/cc-pVDZ for gas phase and SM5.42R/BPW91/DZVP// A" 1326 1.042 109.7 10.9 (10.5)

BPW91/cc-pVDZ for free energies of solvatidhGodEn) = —302.620 - —
24.© GO Er) = —302.610 619 G0g(Er) = —318.661 82 Go0q(Er) ’ a|/Fr0r|n ijaie%lzngTable 18 G%og(Er) = —334.669 71 and\GPs(aq,
= —318.663 05. cal/mol) = 9.

. ) . An alternative unimolecular rearrangement that also ef-
provides details on changes in the heavy atom bond lengthsfectively eliminates nitrenium ion character is available to
along the gas-phase reaction coordinate for the particular casen-acetylarylnitrenium ions, namely ring closure to form a
of synls Energies relative to the reactant six-membered rings C-protonated benzoxazole (Scheme 2). Nsacetylation is
for stationary points on the ring contraction reaction coordinates common in biologically relevant arylnitrenium ions, we have
are listed in Table 3. characterized the activation and reaction free energies for this
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1tsa

1int

1tsb

Figure 3. Ball-and-stick structures for stationary points along the gas-phase ring contraction coordirsgtelfewith selected heavy-atom bond
lengths in angstroms. This reaction generalizes to other six-membered-ring heteroarylnitrenium ions with a nitrogenpaisttien2

Table 3. Energies (kcal/mol) Relative to Arylnitrenium lon
Reactants along the Ring Contraction Reaction Coordinate

reactant tsa int tsh rcp
synls 25.0(24.9) 47 (5.7) 7.6 (12.2r-16.1 (-5.8)
anti-1s 22.2 (23.4) —15 (2.7) —-04 (6.1) —21.3 (-7.8)

synds 14.3 (11.9) —8.1 (~10.0)
5s 12.2 (14.4) —5.1 (2.2) —1.7 (7.3) —25.2 (-14.9)
7s 3.4 (3.5) b —-14.2 (-10.1) —41.1 (-37.3)

aBPW091l/cc-pVDZ for gas phase and SM5.42R/BPW91/DZVP//
BPW91/cc-pVDZ for free energies of solvation. Energies are reported
as gas phase (aqueous soluticrilot located.

—6.2 (-5.6) —34.4 (-28.6)

Scheme 2
t
@N/ko Ng’L,o N—(o
d ( — > . 5 [ | O
tsc bzox
8, R =phenyl
/k 9, R =2",4"-pyrimidyl
°N"Yg 10, R=3-pyridyl
B 11, R = biphenylyl
12, R = 2-fluorenyl

process in the gas phase and aqueous solutioN-fmetylphe-
nylnitrenium @), -2 ,4'-pyrimidylnitrenium @), -3-pyridyIni-
trenium (L0), -4-biphenylnitrenium11), and -2-fluorenylnitre-
nium (12); the data are given in Table 4. We find this reaction
to operate only in the case of the singlet state; triplet optimiza-

Table 4. Energies (kcal/mol) for Stationary Points along the Ring
Closure Reaction Coordinate and Triplets Relative to Singlet
N-Acetylarylnitrenium lon Reactarits

reactarft tsc bzox G-t

8s 69 (8.2) -161 (-157) —6.8 (11.7)
9s 6.7 (6.6) —31.2 (-33.9) 6.0 (2.8
10s 45 (62) —80 (-89) —1.0 (-4.9)
11s 111 (142) -17 (-3.00 -10.0 (-15.9)
12s 104 (14.0) —-22 (-2.00 -10.1 (-16.1)

aBPW91/cc-pVDZ for gas phase and SM5.42R/BPW91/DZVP//
BPW91/cc-pVDZ for free energies of solvation. Energies are reported
as gas phase (aqueous solutidrs G%gg(En) = —439.204 12 and

AG°s(aq, kcal/mol)= —54.7. 9s G°%ggE,) = —471.270 23 and
AGC°s(aq, kcal/mol)= —59.0. 10s GP°q¢Ey) = —455.245 75 and
AG°s(aq, kcal/mol)= —57.6. 11s G°gE,) = —670.203 05 and
AGC°s(aq, kcal/mol)= —48.4. 12s GP%q¢Ey) = —708.324 24 and
AGPs(aq, kcal/mol)= —48.6.

of N-acetyl-3-pyridyInitrenium). We note that in the optimized
structures for the singlets, the plane defined by the two carbons
and the oxygen of the acetyl group is essentially perpendicular
to the plane of the aromatic ring, so there is no syn/anti
distinction for9s 10s and 12s (8s and 11swould lack this
distinction in any case by symmetry); Ford and Scribner have
discussed this point based on semiempirical calculations for
analogous compound8.The triplets, on the other hand, have
the heavy atoms of the acetyl group essentially coplanar with
the aromatic ring (Ford and Scribf&found rotation about the
C(O)—N bond to be very facile for analogous triplets at the
semiempirical level): we restricted our consideration to those
rotamers placing the acetyl oxygen syn to the carbon to which
cyclization takes place in the singlet.

Finally, we have examined for bo#hand phenylnitrenium

tions starting from ring-closed geometries smoothly open to the ion (which might be namedesacety!8) the reaction paths for

N-acetylarylnitrenium ions. ST splittings for8—12 are also
listed in Table 4. Th&-protonated benzoxazole is highly acidic,
and would not be expected to persist after ring closure. To

nucleophilic trapping by a water molecule at the positama
to the nitrenium ion. Figure 4 illustrates the reaction energetics
as a function of €O separation for the gas phase and aqueous

provide some quantitative measure of its acidity, we note that solution. In the gas phase, “kinks” in the reaction coordinate

the rearomatizedN-protonated benzoxazole is 36.9 kcal/mol
lower in energy than th€-protonated isomer. Cyclizations in
10 and 12 were to the 4- and 3-positions, respectively (note
that we here use conventional aryl ring numbering: the 4
position ofN-acetyl-3-pyridylnitrenium would be thé fosition

near G-O distances of 2.7 A arise because of a large change
in the preferred structure of the complex. At shorter@
distances, the water molecule is situated over the face of the
system, descending toward tlpara carbon atom to form a
tetrahedral center. At longer-0 distances, the water oxygen
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arbitrary zeroes)

Energy (kcal/mol,

rCO, angstroms

Figure 4. Reaction coordinates for addition of water to thara
position of phenylnitrenium ion (circles) artl (squares); gas-phase
values (open symbols) are from BPW91/cc-pVDZ calculations, and
values in aqueous solution (filled symbols) refer to solvating the gas-
phase reaction coordinate with the SM5.42R/BPW91/DZVP aqueous
solvation model.

atom prefers to lie in the plane of the aromatic ring interacting
with the aromatic protons in a loose hydrogen-bonding fashion.
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mol in 1a This same differentiation is seen feyn andanti-
4swith equivalent energetic magnitude.

In both the singlets and the triplets, it is more energetically
costly to have a nitrogen atom at thara position than at an
ortho position, suggesting that-resonance is most effective at
this position, probably because the exocyclic nitrenium nitrogen
withdraws electron density in an inductive fashion from the
ortho positions and this reduces their ability to accommodate
additional positive charge from delocalization. There is also
an interesting difference in the relative energiesysf andanti-
1t, which we ascribe to a substantial difference in spin
localization, as described in more detail below.

Aqueous solvation free energies are large in magnitude, as
expected for these ionic systems. Differential solvation effects
within series are primarily associated with isomers having a
nitrogen atom at anrtho position. In that case, solvation favors
anti isomers from cooperative solvation of the eclipsing nitrogen
lone pairs, this effect being worth about 3 kcal/mol for both
spin states ofl and 4. Across all isomers, there is a general
trend for singlet states to be better solvated than their corre-
sponding triplet states by an average of 1.8 kcal/mol. This is
consistent with results obtained previously fara-substituted
phenylnitrenium ion%-%2and some nonarylnitrenium iof3.

As noted above, singlet states are more destabilized by
nitrogen atoms at thertho andpara positions of the aromatic
ring than are triplet states. Compared to phenylnitrenium, which
has an aqueous-g splitting of —20.6 kcal/mol at the same
level of theory employed in this pap&,they are more
destabilized by nitrogen atoms atetapositions as well, the

Near 2.7 A, these two possibilities are nearly equal in energy, €fféct being worth roughly 10 kcal/mol per nitrogen atom (Table
so the one-dimensional representation of the reaction coordinate?)- Thus, foré, which has twametanitrogen atoms, the singlet

does not appear smooth. This kinking is maintained for the

and triplet states are predicted to be degenerate. In general, the

potential energy curves in aqueous solution, although it is much Singlet state becomes still more destabilized relative to the triplet,

more pronounced for phenylnitrenium ion than &in aqueous
solution, the oxonium ion products derived from water addition
lie about 11 kcal/mol below separated reactants for phenylni-
trenium ion and 13 kcal/mol below separated reactants for
N-acetylphenylnitrenium ion.

4. Discussion

Isomer Energetics and S-T Splittings. Irrespective of spin
state, the most stable pyridyl and pyrimidyl isomers in Table 1
are inevitably those that lack nitrogen atomsogho or para
positions. When a nitrogen atois present at those positions,

5 times out of 6 it is more energetically destabilizing for the

singlet state than the triplet. This is consistent with the extent
of the resonance stabilization depicted in Figure 1 (which is
most effective for the singlet state) being reduced by the

by an average of about 4 kcal/mol per nitrogen atom, when a
nitrogen atom is moved from aetato an ortho or para
position. Some exceptions exist fortho cases where anomeric
and spin anomeric effects can combine to have a large effect
on the splitting of a particular rotamer. The net effect of
nitrogen-atom incorporation in the aromatic ring is such that
all pyridylnitrenium ions are predicted to remain ground-state
singlets, all pyrimidylnitrenium ions are predicted to be ground-
state triplets (excef, which has degenerate singlet and triplet
states), and triazinylnitrenium is predicted to be a ground-state
triplet by 10.5 kcal/mol in aqueous solution. Takeuchi et0al.
recently inferred a thermally accessible triplet state5i¢they

did not speculate on which state was the ground state), which
is consistent with our predictions. We note that replacing the
proton of the nitrenium nitrogen in phenylnitrenium with a
methyl group reduces the-S gap by about 7 kcal/mol,

presence of electronegative nitrogen atoms at the ring positionsprimarily from steric destabilization of the singlet, so it is

that delocalize positive charge.

Certain trends within isomeric series are of particular interest.
We ascribe the fairly large difference in energy betwsgn
andanti-1sto a combination of (i) a stabilizing anomeric effect
available to the former and (ii) the more favorable electrostatics
of having the NH proton adjacent to the endocyclic nitrogen
lone pair in the syn isomer. The latter effect is trivially evident.
Support for the former effect derives from analysis of off-
diagonal matrix elements in the KohiSham matrix constructed
using the natural bond orbital bagksecond-order perturbation
theory indicates the magnitude of the anomeric interaction
NN(exo) — 0 cN(endo)to be 10.5 kcal/mol irLsbut only 2.7 kcal/

(92) Reed, A. E.; Weinhold, F.; Curtiss, L. A.; Pochatko, DJ.JChem.
Phys.1986 84, 5687.

certainly possible that soméalkylpyridyInitrenium ions could
be ground-state triplets. Acetylation of the nitrenium ion is
discussed in more detail below.

Geometric Implications for Charge/Spin Localization in
1-7. The singlet states of—7 are all well described by an
electronic configuration where the lone pair of the exocyclic
nitrogen is oriented in the plane of the ring (i.e., it i2-ige).

Of course, this can be inferred from the nature of the occupied
Kohn—Sham orbitals in the DFT calculations, but it also follows
from the geometric similarities between these heterocyclic
nitrenium ions and phenylnitrenium, which may be regarded
as the “unperturbed” parent arylnitrenium ion.

Geometric analysis is additionally useful for evaluating the
extent to which the resonance stabilization indicated in Figure
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1 is operative in the different heterocycles. Phenylnitrenium,
which can delocalize positive charge to istho and para
positions, has a €N bond length of 1.308 &%62\When one

gafliand Cramer

The geometries of the triplets are also noteworthy in several
instances. Again, the exocyclic-@\ bond length is diagnostic
of the character of the exocyclic nitrogen atom. In many

of those ring positions is occupied by a nitrogen atom, as is the nitrenium ions, triplet &N bond lengths are shorter than singlet

case forl and3, the exocyclic G-N bond length gets longer

C—N bond length$§1:55.56,58,60.61,63,735 inanti-1, for instance.

by 0.002 to 0.006 A (Table 2), suggesting a decreased This bond shortening, together with an observed increase in the

contribution from imine-like mesomers. When twaho/para
positions are nitrogen atoms, as is the case4fand5, the
exocyclic C-N bond length is found to be about 0.01 A longer
than in phenylnitrenium. Finally, when all 3 positions are
nitrogen atoms, as found f@ the exocyclic G-N bond length

is 0.017 A longerthe longest such singlet bond length.
Conversely, when a single nitrogen atom is found abheta
position, as in2, the exocyclic CG-N bond length shortens by
0.006 A, suggesting an enhanced contribution from imine-like
mesomers, and when bothetapositions are nitrogen atoms,
as in6, the bond length is very short indeed, at 1.289 A.

CNH bond angle, is indicative of increased nitrogen s character
in NX bonding orbitals, which is to be expected when the
remaining non-bonding orbitals are both formally singly oc-
cupied.

However, with multiple nitrogen atoms in the system, there
is no a priori requirement that the electron that is promoted
(with spin flip) into thesr system derives from the lone pair of
the exayclic nitrogen: it could come from aendayclic
nitrogen atom as well, or involve a “hole” delocalized over
multiple nitrogen atoms. Since the nitrogen lone pairs have high
s character, nitrogen Fermi contact integrals (FCI) in the triplets

The same analysis can be made for the CNH bond angles. Inare diagnostic for the contribution each nitrogen atom makes

phenylnitrenium, the bond angle at nitrogen is 12$%n the

to providing the necessary spin. For instancesyin1 the FCI

cases where contributions from imine-like mesomers are at the endocyclic nitrogen is more than twice that at the
enhanced, one would expect this angle to increase to the moreexocyclic nitrogen (Figure 2), suggesting that the triplet nitre-

nearly sp-like value of 120, while in the cases where such

nium ion is primarily endocyclic in character. Consistent with

mesomers are less important contributors, one would expect athis picture is the very long exocyclic-N bond length irsyn
decrease in bond angle. This trend is, for the most part, observedl. By contrast, imanti-1, the two nitrogen FCI values are nearly
(Table 2), although the magnitude of the effect is considerably equal, suggesting an even delocalization of spin, and the much
smaller than were changes in bond lengths, so other influencesshorter CG-N bond length bears this out. The large difference

may obscure the otherwise common trend.

As for deviations from ring planarity in singles-5 and7,
an analysis of Charge Mode?®(CM2) partial atomic charges

betweensyn andanti-1 appears to derive from a one-electron
anomeric effect, although in a direction opposite to that more
typically observed. Thus, the exocyclic nitrogen lone pair orbital,

indicates that in every case such distortion slightly reduces Which is singly occupied, serves as an aggressive acceptor orbital

positive charge localization onto nitrogen atoms, typically by

0.02 to 0.04 charge units (data not shown). As noted above,

for opposite spin density from the antiperiplanar rimdpond.
In syn1, the antiperiplanar bond is the-@ bond, and this

the energetic consequences of ring distortion are fairly small, increases the spin density on the endocyclic nitrogemniti
consistent with the small changes in charges; nevertheless, theyl, the antiperiplanar bond is the- bond, and the FCI at
appear to be sufficient to outweigh some loss of aromaticity carbon 6is a substantial 0.09 (nOte that the-C bond is also

associated with this phenomenon. Nitrenium ©®®is more
interesting. In this case with two nitrogen atoms, theystem
seems to be sufficiently electron-withdrawing that, when
constrained to planarity, it is energetically preferable for the
exocyclic nitrogen lone pair to be part of thesystem rather

antiplanar to the endocyclic nitrogen lone pair orbital, so
delocalization is further enhanced and this is the largest carbon
FCl observed il—7). This spin-anomeric effect is also evident
in anti-2, 3, andsyn4. In the other systems, spin localization
onto endocyclic nitrogen atoms and/or competition for anomeric

than in the plane of the ring. Thus, as noted above, the CNH delocalization with other nitrogen atoms diminishes the effect.
bond angle becomes nearly linear (for the described electronic Analysis of FCI values, triplet EN bond lengths, and CHN

configuration the nitrogen atom would be formally sp hybrid-

bond angles indicates thatand6 are the only species heavily

ized). [As a technical point, the large change in energy computed localizing in-plane spin on the exocyclic nitrogen atom. This is

for this planar structure relative to the nonplanar minimum is
probably something of an artifact. It is likely that the two
alternative electronic configurations, in-plane wdone pair,
are quite close in energy for plar@rand a single-determinantal
method like DFT is poorly suited for such a situat®n? As

consistent with the greater ability of these systems, which have
no nitrogen atoms airtho or para positions, to better stabilize
exocyclic positive charge. The case 2ifis interesting, since
there is a large difference in energies between the syn and anti
isomers that is not found in the singlets. Analysis of FCI values

the planar structure is not of much chemical interest, we have suggests that the in-plane hole is shared between the exo- and

not characterized it with multideterminantal methods.] It is
important to point out that and5 also have two nitrogen atoms
in the aromatic ring, but a similar change in electronic
configuration is not predicted on enforcement of planarity. We
ascribe this to anomeric stabilization available to the in-plane

endocyclic nitrogens in the syn isomer via their overlap through
the mutually parallel C+C2 ¢ system, and this stabilizes the
syn isomer relative to the anti, where the in-plane hole is much
more localized on the exocyclic nitrogen.

Ring Contractions. The transformation of '2azaarylnitre-

lone pair in these is_omers, as already noted above. In the casejum ions to protonateti-cyanopyrrole derivatives represents
of 7, the SCF equations could not be coaxed to converge for aa nitrenium ion self-destruct mechanism in the sense that the

planar structure, which is consistent with two alternative
configurations that are close in energy causing numerical
instability.

(93) Cramer, C. J.; Smith, B. Al. Phys. Chem1996 100, 9664.

(94) Cramer, C. JJ. Am. Chem. S0d.998 120, 6261.

(95) Grédenstein, J.; Kraka, E.; Cremer, Bhem. Phys. Letl998 288
593.

product, which is more thermodynamically stable than the
reactant, would not be expected to be a particularly aggressive
electrophile (particularly after deprotonation of the acidic nitrile).
The barrier height for the rate-determining ring closure to an
azabicyclo[3.1.0]hexane, which is the first step in the process,
is sufficiently high in the 2pyridyl case that the unimolecular
reaction is unlikely to compete with bimolecular nucleophilic
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substitution reactions occurring at diffusion-controlled rates (vide since theortho carbon hadessconcentrated positive charge.
infra). It is possible, however, that this reaction might be Increased free energies of activation throaghin 11 and 12
observable in a'2pyridylnitrenium ion that is substituted at the  are further consistent with this analysis. For various substitution
4' and 6 positions to decrease the facility of nucleophilic patterns, acetyl group ring closure would again appear to be a
aromatic substitution. reaction that might compete effectively with bimolecular
As increasing nitrogen incorporation in the aromatic ring nucleophilic aromatic substitution reactions so long as the latter
destabilizes the reactant nitrenium ion, the barrier to ring closure are not operating at diffusion controlled rates.
drops by about 10 kcal/mol per nitrogen atom. Fothe barrier Nucleophilic Aromatic Substitution by Water. In the gas
is predicted to be only 3.4 kcal/mol, which is sufficiently low phase, addition of water to the aromatic ring of phenylnitrenium
that, if the singlet can be generated, ring contraction might or of 8 is not a favorable process because of the concentrated
compete with intersystem crossing to the ground-state triplet charge that would be present in the product oxonium ion.
provided spir-orbit coupling is small. Instead, two loose ion dipole complexes are found, one with
Aqueous solvation decreases the overall exergonicity of ring the waterover the plane of the aromatic ring and one with the
contraction, but has relatively little effect on the rate determining water in the plane of the aromatic ring; the intermolecular
free energy of activation. Solvation also stabilizes the azabi- distance is slightly larger in the latter complex.
cyclohexane intermediate relativets, but the second barrier Agueous solvation, however, strongly stabilizes the oxonium
remains very small in every instance. In the casg ekhaustive ion relative to the more delocalized nitrenium ion and, as
efforts to find 7int were undertaken to no avail, a rather odd illustrated in Figure 4, minimum energy structures havirgQC
situation given the identification aftsaand7tsb, but probably bond lengths on the order of 1.5 A are predicted. In the case of
attributable to a very shallow minimum in the potential energy 8, the curve derived from solvation of the gas-phase structures
surface. shows effectively no barrier to water addition, i.e., the reaction
We note that the exergonicity of the ring contraction pathway would be expected to be diffusion controlled. In the case of
derives in part from the aromatic nature of the product phenylnitrenium, the agueous curve does appear to have a
heterocycle. Thus, this pathway is unlikely to be observed unlessbarrier, but this is probably not realistic. Rather, it reflects the
a heteroatom, which can contribute one electron totegstem ~ less good solvation of the in-plane iedipole complex
of the reactant and two electrons to theystem of the product, ~ compared to the over-plane complex. In the gas phase, the two
is present at thertho position to which migration/contraction ~ geometries are close to one another in energy at 2.7 A, but in
takes place. water the over-plane is considerably more stable. We presume
Ring Closure of Acetylated Nitrenium lons. An N-acetyl ~thatif we could generate over-plane geometries fex@Cbond
group can serve as an intramolecular nucleophile in a different lengths of 2.8, 2.9, 3.0 A, etc. (which for technical reasons is
nitrenium ion self-destruct reaction. This process is also strongly challenging), we would not see any appreciable barrier.
exergonic, particularly if one recognizes the high acidity of the It should be emphasized, however, that a continuum solvation
productC-protonated benzoxazole. Novak eP&@have isolated ~ model cannot be used to identify subtle cooperative changes in

benzoxazole products from ring closurel@in MeOH-d4; such solvation shell structure that may lead to small barriers in
products do not appear ever to have been isolated from aqueougtherwise diffusion-controlled reactions. Thus, while there is
reaction mixtures. no barrier in the continuum to bringing a water molecule

Although 8—12 are all ground-state singlets, awacetyl smoothly up to phenylnitrenium, in the presence of an actual

group reduces the-ST splitting compared to NH substitution ~ complete solvation shell it may be that rearrangement of some
by 5—10 kcal/mol for8—10. The tendency for the acetyl group ~ Portion of the full netwqu of surrounding hydr_ogen bpnds W|I_I
not to conjugate with the aromatic pi system may reflect the introduce a small barrier. Such an analysis is consistent with
unfavorability of two electron-poorr systems interacting, or  the experimental results of Fishbein and McClelf&n& who,
unfavorable steric interactions wittrtho hydrogen atoms, or 0N the basis of water/azide trapping product ratios in water (also
both. Large CNC bond angles and less electron-posystems ~ Measured by Novak and co-worké$'1%), have assigned
in the triplets mitigate the magnitude of any such destabilization, Phenylnitrenium an aqueous lifetime of 12350 ps (no
and thus ST gaps in theN-acetylarylnitrenium ions are smaller ~ transient for this species has ever been observed in laser flash
than those in their nonacetylated congeners. photolysis experiments). . '
The acetyl ring closure reaction coordinate conforms to the ~ The discussion above is quite similar to an earlier analysis
Hammond postulat®. The forming G-O bond is very long by Ford and Scribné? performed at the semiempirical level
(reactant_"ke) in the Strong|y exergonic reactions and much for addition of water t8. In that Instance, a gaS'phase minimum

shorter (product-like) in the weakly exergonic reactionsg/n ~ Was predicted for the oxonium ion, albeit of higher energy than
for instance, the forming €0 bond length is 2.426 A while in separated reactants. The absence of available solvation models

11it is 2.009 A. required those authors to estimate hydration energies from

Exergonicities to producbzox reflect the degree to which ~ fragment analysis and as a result no barrier estimates were
positive charge localizes on the carbon to which cyclization °fféred. It should be noted that Marquez ef‘ahave used
occurs. Takingd as a standard, having nitrogen atoms in an continuum solvation models to investigate reactions between

ortho andpara position, as irg, strongly increases the tendency non-arylnitrenium ions and water that ultimately lead to
for the remainingortho carbon atom to carry positive charge hydroxylamines, but theofy suggests this pathway is not
(since the nitrogen atoms prefer not to) and the exergonicity competitive for arylnltr_enlum ions a_nd product studies have not
increases substantially. With an aromatic system offering 'dentified hydroxylamines in such instances.

addmo_nal sites for charge Iocah;a_tmq, on the other hand, as (98) Fishbein, J. C.. McClelland, R. Al. Am. Chem. Sod 987, 109,
found in 11 and 12, the exergonicity is very much reduced, 2824,

(99) Fishbein, J. C.; McClelland, R. Aan. J. Chem1996 74, 1321.

(96) Novak, M.; Rangappa, K. S.; Manitsas, R.XOrg. Chem1993 (100) Ren, D.; McClelland, R. ACan. J. Chem1998 76, 78.

58, 7813. (101) Novak, M.; Kahley, M. J.; Lin, J.; Kennedy, S. A.; James, T. G.
(97) Hammond, G. SJ. Am. Chem. Sod.955 77, 334. J. Org. Chem1995 60, 8294.
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5. Conclusions philic attack of the aromatic ring on the acetyl oxygen becomes
increasingly facile as positive charge is concentrated (via
resonance) at aortho position. Finally, nucleophilic attack by
water at the unsubstitutgzhra position of phenylnitrenium and
N-acetylphenylnitrenium is predicted to be unfavorable in the
gas phase, but to proceed with little or no activation barrier in
aqueous solution, consistent with conclusions drawn from
xperimental azide/solvent trapping ratios.

Incorporation of nitrogen atoms into an aromatic ring
substituting a nitrenium ion leads to significant changes in
chemical properties; these are primarily dictated by perturbations
in resonance interactions which make a greater contribution to
stabilizing the singlet state than the triplet state. Thus, replacing
ortho or para carbons with more electronegative nitrogens
decreases resonance stabilization of the singlet more than the
triplet, and singlettriplet state energy splittings are reduced;
pyrimidylnitrenium ions are predicted to be ground state triplets.
A secondary effect that influences the relative stability of
different heteroarylnitrenium ion isomers is anomeric delocal-
ization that can operate in both spin states and is particularly
strong when a nitrogen atom is present atoatmo position.

As the singlets become less stable, they undergo more facile
reactions that destroy their nitrenium ion character. When a
nitrogen atom is present at antho position, a ring contraction
pathway leading to protonateld-cyanopyrrole derivatives is
accessible. In the case facetylarylnitrenium ions, ring closure
to form aC-protonated oxazolium cation via internal electro- JA0005486
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