idoyl Carbon Atom: Intermediate
or between Carbonyl and Vinyl

metries. The results are compared with those for the

of carbonyt)(8&nd vinyl carbon (go) substitution,
CHN < O. The prediction of competitivexs with
1Slike mechanism proposed for reactions in solution.
@@ $Sy0) over an out-of-planer-attack ({) path
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Abstract: Gas-phase nucleophilic substitution reactions at the imidoyl carbon have been investigated using
chloride exchanges, CH RY=CHCI| = RY=CHCI + CI~ with Y = N and R=F, H or CH;, at the MP2,
B3LYP and G2f) levels using the MP2/6-311G** geo
vinyl (Y = CH) and carbonyl (Y= O) carbon substitution. The mechanism and reactivity of substitution at
the imidoyl carbon are intermediate between those
which is directly related to the electronegativity of Y,
Syt path for the imidoyl chloride is consistent with thg
The important factors in favor of an in-plane concert
are (i) lower proximater—o* charge-transfer energieAEcr), (i) stronger electrostatic stabilizatioAEncr),
and (iii) larger lobe size on LCfor the o*- thanz*-LUMO despite the higheo* thans* level. The electron
correlation energy effects at the MP2 level are overestimated for the relatively delocalized strugtuTS|S
but are underestimated for the localized structukgr(8S) so that the MP2 energies lead to a wrong prediction
of preferred reaction path for the vinyl chloride. The DFT at the B3LYP level predicts correct reaction pathways
but overestimates the electron correlation effects.

Introduction

Nucleophilic substitution reactions at vinylic carbon have been
shown to proceed through a range of different reaction pathways
with a broad spectrum of reaction mechanisrirsmost vinylic
substitution reactions, the nucleophile approaches the vinylic
carbon perpendicularly and leads normally to a retention product
through a tetrahedral intermediatddy—E mechanism¥, al-
though partial or complete stereoconvergence may result when
the intermediate has a long lifetifi&® However, recently
possibility of the vinylic substitution proceeding through an in-
plane &2 route with inversion of configuration has been shown
theoretically as well as experimentally in soluti@r. This in-
plane concerted\® reaction at vinylic carbon (&-Vin or Syo
path) is more likely to be found in the reaction with a weak
nucleophile (e.g., Cl, Br, etc.) coupled with a strong nucleo-

* Author to whom correspondence should be addressed. +8%:32-
865-4855. E-mail: ilee@inha.ac.kr.

T Chonnam National University.
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fuge (e.g., Ct, Phl, triflate, etc.) proceeding through a loose
Sv1-like transition state (TS)4 Experimentally in the gas phase
the Syo reactivity of chloride exchange in vinyl chloride has
been shown to be too slow to be observed, but for exothermic
reactions of greater reactivity such pathwaygSis predicted
to be feasible9

In contrast, the gas-phase nucleophilic substitution reactions
at carbonyl carbon are found to proceed exclusively through
an out-of-planer-attack mechanism (& path with relatively
tight TS, for example, for the chloride exchanges in formyl and
acetyl chlorides the bond formation has progressed &%,
whereas the €CIl bond cleavage has occurred only to 39%, in
the TS® Our high level ab initio studies revealed that for the
gas-phase chloride exchange reactions of formyl and acetyl
chlorides, the o pathway is not only unfeasible (since the
o-adducts of C,, symmetry, either as a TS or a stable
intermediate, cannot be located) but also constituted a much
higher barrier path than theys path®

Since the ethenes and carbonyl compounds are structurally
related but differ mechanistically for the nucleophilic substitu-

(4) (a) Clarke T. C.; Kelsey, D. R.; Bergman, R. &.Am. Chem. Soc.
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Nucleophilic Substitution at the Imidoyl C Atom

tion, it would be of much interest to investigate the nucleophilic
substitution mechanism of another structurally similar com-
pounds that are likely to show intermediate behavior. In this
work, we extend our studies to the nucleophilic substitution at
the methine carbon atom, eq 1 with=¥ N and R= CHjs, H,

or F, and aim to elucidate the mechanism, in particular to
examine various factors causing the energetic preference for
the in-planes-attack (o route) over the out-of-plane-attack
(Snvr route) by comparing the MO theoretical results for the
three chloride exchange reactions of vinyl €/CH), imidoyl

(Y = N) and carbonyl (Y= O; for this there is no R) chlorides.

RY=CHCI+ CI" = CI" + RY=CHCI
Y=NorCH R=CHgH,orF

(1)

The imidoyl chlorides (also called as imidyl or imino
chlorides) can be considered to be derivatives of the hypothetical
imidic acid, R(OH)G=NH, in which the hydroxyl group has
been replaced by a chlorine.

For comparison, we have also performed similar calculations
on the chloride exchanges of vinyl chlorides €YCH, with R
= CHs, H, or F) at the same theoretical level, that is, GJ(
MP2/6-311G**,

Calculations

J. Am. Chem. Soc., Vol. 123, No. 10, 26@T

1,209

177.06
N 1282 {1084
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11112 127.50
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syn-Reactant

(1.213)
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anti-Reactant

syn-Reactant

syn-Reactant TS(lnv.)

Figure 1. Structures of reactants and inversion transition states, at the
MP2/6-31HG** for Y = N (bond lengths in A, and angles in degrees).
Values in parenthesis are at the QCISD/6-BG* level.

analyses (NPAY were carried out. For bond order analyses, the PM3
method® was used.

Results and Discussion
(I) Reactants and Reactant Complexes (RC)n principle

the imidoyl halides can exist in two possible configurations,
Calculations were carried out using tBaussian 9&et of program§. which aresyn and anti with respect to the N-substituent and
All geometries of the reactants and stationary-point structures were fully the |eaving group, chlorine atofh For imidoy! chlorides with

optimized at the MP2/6-31G** level throughout in this study. For
comparison, geometries were also optimized at the QCISD and B3LYP
levels with the 6-31+G** basis set. The stationary points were
characterized by harmonic vibrational analysis employing energy
Hessians at two levels: MP2/6-3tG** and B3LYP/6-311G**. The

TSs were confirmed to be located on the reaction path from the reactants

to the product for both Y= NH and Ch by performing intrinsic
reaction coordinate calculations at the MP2 Iefeéfor the reactions

of HN=CHCI and CH=CHCI with CI-, activation energiesAE
values) were evaluated also at the G{IP2, G2(+) and QCISD(T)/
6-311+G(3df,2p) levels® The activation energief\E¥) were corrected
for zero-point vibrational energies (ZPE) with application of appropriate
scaling factorsand thermal energies\{H*), and applied entropies to
obtain free energy changed@¥) at 298 K. Energetics for all the

M 9
N L
C' C
| {
. N
A D
syn anti

aryl substituents (e.gp-NO,CgH4CCI=NCsH4NO,-p) dipole
moment measurements suggested that the syn-configuration
predominate$? In the present work, for all R’s (R= CHs, H,

reactions studied, eq 1, were discussed on the basis of those at theand F) the syn forms are found to be more stable than the anti

G2(+) level.™ All of the activation energiesAE", AH*, and AG¥)

forms by~1—2 kcal mol-! ( Table S1, Supporting Information)

reported are relative to the separated reactants level. The natural bondyt the G2¢) level. This trend is easily explained by the

orbital (NBO) analyseélswere performed to determine the proximate
o—o* (which includes r-o*, n—x*, o—a*, etc.) charge-transfer energies
in the substrates and transition states (TSs), and natural population

(6) 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.;
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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.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;
Head-Gordon, M.; Replogle, E. S.; Pople, J@aussian 98evision A.6.;
Gaussian, Inc.: Pittsburgh, PA, 1998.

(7) (a) Foresman, J. B.; Frisch, AExploring Chemistry with Electronic
Structure Methods2nd ed.; Gaussian, Inc.; Pittsburgh, 1996; Chapter 8.
(b) Reference 7a, Chapter 7.

(8) Scott, A. P.; Radom, LJ. Phys. Chem1996 100, 16502.

(9) (a) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,
899. (b) Glendening, E. D.; Weinhold, . Comput. Chenil998 19, 593
and 610. (c) Glendening, E. D.; Badenhoop, J. K.; Weinhold, Eomput.
Chem.1998 19, 628.

relatively strong vicinal antiperiplanagro*c—c) charge-transfer
interaction in the syn form%!3Indeed, the geometries in Figure

1 show that bond length of<€N is shorter (by~0.005 A for

R = H) and that of G-Cl is longer (by~0.023 A for R= H)

in the syn form than in the anti form as required by a stronger
vicinal n—o* charge-transfer interaction in the syn (antiperipla-
nar configuration) than in the anti form (synperiplanar config-
uration). For R= F, there is a weak opposing vicinal-o*
interaction involving a strong polar NF bond, for example,

(10) Stewart, J. J. RB. Comput. Chenl989 10, 209 and 221; Stewart,
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1991, 12, 320.
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Table 1. Calculated Gas-Phase Activation Energies at Various Table 2. Energetics for the Gas-Phase ReactionssROHCI +
Levels of Theory for the Two $Paths, &7 and So, with Y = N ClI~ = CI~ + RY=CHCI, Calculated at the MP2/6-3115** Level
and CH (in kcal mot?) with Y = N and CH (in kcal mot?)
. 6AtE* = Y R path AEfa  AHY  —TAS AG*
+ —

Y levels of theory AE(m)® AEY(0f AE(o—7) F inv.b (TSf 6333 6352 —054 630
MP2/6-31H-G** 5.76 19.25 +13.49 V4 syn (TSY 1.74 1.01 8.50 9.5
B3LYP/6-31H-G** 4.38 9.78 +5.40 anti  (TSf  7.88  7.06 836 154

N  QCISD/6-31HG** 10.64  19.06 +8.42 N H iNUb g%)c gg-gg g?-gg 071-26 2?757
G2(H)MP2°P 6.88 14.88 +8.00 nv. : : Y :
) R

anti . . . .
QCISD(T)/6-31%-G(3df,2py  7.69 1495  +7.26 Sw (TS} 1666 1682 517 220
MP2/6-31HG** 26.80 29.22 +2.42 Me inv.P (TSy 2180 2189 -—-0.74 21.2
B3LYP/6-31H-G** 26.78 18.09 —8.69 Swt syn (TS} 4.08 3.49 8.10 11.6

CH QCISD/6-31#-G** 31.65 27.41 —4.24 anti (TSy 1455 13.81 8.06 21.9
G2(+)MP2 2829 2300 -5.29 Svo (TSy 10.83 11.27 449 158
G2(+)° 2878 2339  —-539 F  Swot  syn (TS} 2569 2518  7.89 33.1
QCISD(T)/6-313#G(3df,2py  29.29 23.88 —5.41 anti (TSy 28.19 27.58 793 355

aNot corrected for zero-point vibrational energyJsing MP2/6- CH H ag gg); gg%g %gg gg? ggg

31L+G** geometry. S\o (TSy 28.05 27.75 7.13 349

Me Sw syn (TS} 2669 2618  7.77 34.0

ocn—oy_p and —m_y, SO that there are little bond length anti (TS} 29.00 2836 794 363

changes. The barriers to inversion from syn to anti are relatively Swo (TSy 29.43  29.20 708 363
high (S1), for example, 21.6 kcal mdlfor R = H at the G2- aCorrected for zero-point vibrational energy (ZPE). ZPEs were

(+) level. This means that, although energy differences betweenscaled by the factor of 0.9748b Internal inversion barrier of substrate

the two configurations are small, the interconversion is difficult, oM Syn- to a”tl' fo.rmETra”S't.'O” Sta;.e' confirmed by °”'y|°”e

and the svn form will be predominant in the room temperature _negatlve elg_enva ue_lnt e Hessian matfiXwo negative eigenvalues
yn 1c p | _ p - in the Hessian matrix.

For the substituted (R F and CH) vinyl chlorides the energy

differences between the syn and anti forms are much smaller, poin cases (Y= N and CH), theAE* values are too low,

(<1.0 keal mof™ at the G2¢) level, S1) since in the vinyl = hatjs, correlation effects are overestimated. In both cases of Y
chlorides only the weak—o* type interactions are involved  — N and CH, the QCISD/6-312G** method leads to the too
due to the lack of a lone pair orbital (n), that is, there is N0 pigh AE* values. As the level of calculation is raised progres-
strong n-o* type*3interaction available in the syn, norinthe  gjvely from G2¢-)MP2 to G2(+) and to QCISD(T)/6-311G-
anti, form. The inversion occurs by migration of R at nitrogen (3qf 2p) the activation barriers, botkE*(:r) and AE*(0), tend
within the molecular plane rather than by rotation about the {4 e glevated successively, albeit the increments are very small,
carbon-nitrogen double bond with the TS corresponding to the 5 a5 a result the barrier height differentaE* = AE*(o) —
R—-N=C linear arrangement (Figure 1). . . AE¥(7), becomes less positive (for ¥ N) or more negative
The gas-phase nucleophilic substitutions of imidoyl chlorides (for v = CH). This means that as the level of calculation is
with CI™ proceed through double-well potential energy surfaces yajsed, the go path becomes relatively more favorable than
with TSs between the two identical iemiipole complexes,  he g7 path. This observation must be related to the involve-
reactant (RC) and product (PC) complexes, of electrostatic ment of a greater degree of electron pairing in the looge S
nature. Since the reactions are thermoneutral, the thermodynamierg than in the §7 TS so that progressively better account of
barriers are zero, and the central barriers from the reactantgjectron correlation effects for paired electrons at the higher
complexes to the transition states are intrinsic barriais,. level calculation provides improved results. The electron cor-

For imidoyl chloride reacting viaxg path the RC and PC turned  rejation energies are greater for intrapair than interpair, and for
out to be different so that the central barrier is not an intrinsic jnterpair involving a lone pair than a bond pér.

barrier. The structures and energies of the reactant complexes
are summarized in Table S2 (Supporting Information).
(I1) Nucleophilic Substitution Reactions. To examine the

In the loose Ko TS, the two Cl atoms have larger number
of electron pairs than those in the tight/STS, and also the

) . . ) partial triple bond provides greater degree of electron pairing
relative accuracies of a variety of different method and levels ;, ihe former than the partial single bond in the latter. The higher
of sophistication up to the QCISD(T)/6-316G(3df,2p) level, degree of electron pairing should involve stronger electron
the activation energies (relative to the separated reactants levell, o |ation effects which should be properly accounted for by
involved in both the g7 and S paths for the chloride a more sophisticated level of calculation.

exchanges in imidoyl (H&CHCI) and viny| chlorides_ (C.:H= The energetics for the gas-phase nucleophilic substitution
CHCI) are calculated using the MPZ/SGELG**. optllmlzed reactions of%he imidoyl (\r&gN) apnd vinyl (YZ(F:)H) chlorides
geometries as presented in Table 1. We note in this Table thatcalculated at three levels. MP2/6-31G* B3LYP/6-311-LG**

only the MP2/6-311G** level energies lead to a qualitatively and GZ(I—)//MPZ/G-Sl&&;**, are sumn,1arized in Tables 2” 3,

wrong predichn of 'ihe preferr¢ed reaction path for the vinyl 4 4, respectively. Examination of these Tables reveals that:
chloride GAE" = AE(0) — AE'(x) > 0); the results at the () In no case is a stable adduet-(or o-type) formed, and all

MPZ/6'311'|_.G’T* Ieve_l are poor both qualitatively an_d quanti- ot the adducts correspond to transition states (with the exception
tatively. This is mainly because electron correlation energy of the Syo adduct for Y= N with R = F. for which two

effects are overestimattdfor the relatively delocalized form

(St TS) and underestimated for the localized forrd¢S'S) (14) Raghavachari, K.; Whiteside, R. A.; Pople, J. A.; Schleyer, P. v. R.
at the MP2 level as the loweE*(r) and highelAE*(0) values J. Am. Chem. Sod 981, 103 5649. '
than those corresponding values at the higher level oft(2( (15) (a) Carsky, P.; Urban, MAb Initio Calculations. Methods and

. Applications in ChemistrySpringer-Verlag: Berlin, 1980; p 79. (b) Wilson,
shown in Table 1. Although the DFT method (at the B3LYP/ g Ejectron Correlation in MoleculesOxford University Press: Oxford,

6-311HG** level) predictsthe preferred reaction patherrectly 1984; p 56.
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Table 3. Energetics for the Gas-Phase ReactionssiROHCI +
ClI~ = CI~ + RY=CHCI, Calculated at the B3LYP/6-3#1G**
Level with Y = N and CH (in kcal mat?)

J. Am. Chem. Soc., Vol. 123, No. 10, 262%

Table 5. Canonical LUMO Levels for the Reactants with=¢Y N
and CH, Calculated at the RHF/6-3tG**//MP2/6-311+G**
Level (in au)

Y R path AE*a  AHY  —TAS AGH
F o oinv.b (TSy 56.74 56.95 —0.56 56.4
Swr syn (TS} 0.80 0.18 822 84

anti (TS} 550 4.80 806 12.9

Svo @ 18.84 1840  7.45 259

N H invb (TSy 18.16 1823 -0.16 18.1
Swr syn (TS} 389 329 7.69 110

anti (TS} 1155 1093  7.74 187

Svo (TSy 766 767 592 13.6

Me invb (TSy 16.70 16.71 —028 16.4
Swr syn (TS} 386 341 777 112

anti (TS} 14.40 13.87 751 21.4

Svo (TSf 542 565 569 11.3

F Sw  syn (TS} 24.62 2420 7.71 319
anti (TS} 25.88 2538  7.66 33.0

Svo (TSy 1829 1811  7.04 252

CH H S (TSy 25.84 2526  7.76 33.0
Svo (TSy 16.76 1649  7.18 23.7

Me Swr syn (TS} 27.34 2703  6.88 339
anti (TS} 29.20 28.68  7.66 36.3

Svo (TSy 18.75 1861  6.86 255

aCorrected for zero-point vibrational energy (ZPE). ZPEs were
scaled by the factor of 0.9836° Internal inversion barrier of substrate
from syn- to anti form® Transition state, confirmed by only one
negative eigenvalue in the Hessian matfiXwo negative eigenvalues
in the Hessian matrix.

Table 4. Energetics for the Gas-Phase ReactionssiROHCI +
Cl~ == CI~ + RY=CHCI, Calculated at the G&)//MP2/
6-311+G** Level with Y = N and CH (in kcal mot?)

Y R path AEF2 AH* —-TAS AG*
F inv.? 62.24 6243 —0.54 61.9
Swr syn 2.81 2.07 8.50 10.6
anti 7.74 6.92 8.36 15.3
Svo 26.60 26.02 7.86 33.9
N H inv.p 2159 2165 —0.16 215
Swr syn 7.07 6.33 8.05 14.4
anti  13.68  12.90 8.15 21.1
Svo 1235 1251 5.17 17.7
Me invP 2135 2145 —0.74 20.7
Swr syn 5.77 5.18 8.10 13.3
anti  15.87 15.13 8.06 23.2
Svo 8.80 9.25 4.49 13.7
F St syn 2761 27.10 7.89 35.0
anti  29.71  29.10 7.93 37.0
Svo 2340 23.22 6.85 30.1
CH H St 28.18  27.48 8.07 35.6
Svo 2222  21.92 7.13 29.1
Me S« syn 28.88  28.38 7.77 36.2
anti  31.16 30.52 7.94 38.5
Svo 23.78 2354 7.08 30.6

a Corrected for the zero-point vibrational energy calculated at the
MP2/6-31HG** level. ZPEs were scaled by the factor of 0.9748.
bInternal inversion barrier of substrate from syn- to anti form.

imaginary frequencies were obtained). This is consistent with
relatively narrow energy gapae = €, — €%, betweent*
ando* orbitals. It has been shown that for the adduct to have
a long lifetime as an intermediatec should be largé (i) The

syn configurations lead to lower activation barriers for the' S
paths. This is consistent with the stronggo*c_c; interaction

at the antiperiplanar arrangemétii) The preferred paths
predicted at the B3LYP level agree with those at the higher
G2(+) level, but those at the MP2 level fail to predict the
preferred Ko path (in disagreement with the G2) level) for
vinyl substitution with R=F, H, and CH. In this respect, the
lower level correlated (MP2) energetics gualitatively inferior

to the B3LYP level DFT energetics. (iv) A donor substituent,
R = CHjs, lowers the {o-path barrier, whereas an acceptor, R
= F, depresses they3-path barrier. These trends are manifesta-

syn
Y R (S Egk A€k—7%)
(e} H 0.0795 0.1965 0.1170
Me 0.1150 0.2140 0.0990
H 0.1002 0.1924 0.0922
Me 0.1162 0.2125 0.0963
CH H 0.2025 0.2295 0.0240
Me 0.2178 0.2288 0.0110

tions of a positively charged double-bond moiety formation in
the Syo which is stabilized by a donor, and a negatively charged
double-bond moiety formation in then8 path which is
stabilized by an acceptor. As a result, for tikenethylimidoy!
chloride (R= CHjy) the reaction via the @& path becomes
equally possible with that via theys path (theAG* values are
13.3 and 13.7 kcal mot for the Syr and Qo path respectively
at the G2¢) level).

The energy change\E) in the interaction of two molecules

can be expressed as a sum of three major terms, charge transfer

(AEcT), electrostatic AEc9, and exclusion repulsionAEey)
energies$ The latter two are often combined to a noncharge-
transfer term AEncT).%2 The charge-transfer energiEct) can

be estimated by a second-order perturbation en o

for the interacting two orbitalsy and 0*13186The g ando* in

eq 2 whereH; = [¢ [H| 0*[] S,.* = [#|o*Candk is a constant,
refer to filled and unfilled orbitals, and henczEEf,Z,)(,* includes

all types of charge-transfer interactions suchrast*, n—u*,
n—o*, etc. The initial attack of the nucleophile (Gltakes place

at

2H? .

ks

Ae

~

— 2
AE.; = AE@ o=
o o

)

the G, atom through a HOMO(C))—LUMO(Y =CHCI) inter-
action. Thus, the ax* (Syw path) or n-o* (Syo path)
interaction between a lone-pair (n) on the nucleophileY@hd
the 7* LUMO of Y=CH or thec* LUMO of the C—Cl bond
provides a leading term inEct. However, within the TS, other
proximate (geminal and vicina—o* charge-transfer interac-
tions also contribute to the TS stability.

In all cases ther* LUMO levels are lower than the* LUMO
levels (Table 5), so that the initial attack of the nucleophile’YClI
on the &* orbital (Sy path) is favored over that on the
correspondingr* orbital (Syo path). Thus, solely on the basis
of the energy gap\e, the Sy path is predicted to have a better
bonding capability” and a greater charge-transfer energy than
the Syo path for all of the reactions. However, this is not true
with Y = CH, for which the Ko path is energetically preferred
to the Sy path.

The activation energies (at the G2MP2//MP2/6-311#G**
level) for the chloride exchanges in RRCHCI (Y = O, N and
CH with R = H) are summarized in Table 6. It is appropriate
here to comment on they& pathway for the chloride exchanges
in formyl chloride (Y = O). Characterization of theng TS
(Cyy) at four different levels of theoP§ (B3LYP/6-31H-G**,

(16) (a) Klopman, GJ. Am. Chem. S0d.968 90, 223. (b) Salem, LJ.
Am. Chem. Socl968 90, 543 and 553. (c) Klopman, G. I€hemical
Reactiity and Reaction PathKlopman, G., Hudson, R. F., Eds.; Wiley:
London, 1974; p 55. (d) FlemingFrontier Orbitals and Organic Chemical
ReactionsWiley: London, 1976; p 27. (e) Klumpp, G. WReactiity in
Organic ChemistryWiley: New York, 1982; p 148.

(17) Sella, A.; Basch, H.; Hoz, 9. Am. Chem. S0d.996 118 416.
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Table 6. Comparison of Activation EnergieAE* in kcal mol?)

for the Two Reaction Pathsy& and S, in the Chloride 086

Exchanges of R¥CHCI with R=H and Y= O, N, and CH at R=F  N316- 95 104.03

the G2(H)MP2//MP2/6-313G** Level a4t J@ 1477 ﬁogv
1.

Y AE¥(m)2 AE¥(0)? OAE*(n) = AE¥(0) — AE¥ () l \9 39.92 {15 Tt
o —9.2 5.9¢ +15.1 108.64 118.59 1306 g\
NH 6.9 14.9 +8.0 _ 3
CH, 28.3 23.0 -5.3 sy Sy TS antSym-TS

a Corrected for the zero-point vibrational energy calculated at the 100.80 9

MP2/6-31H-G** level. ZPEs were scaled by the factor of 0.9748. (1275 CXLO83) (1.019) @107.44
b Reference 5b° Two imaginary frequencies. N 1274/ 1083 1.0(9 090(1.090) 11943
R=H 6 2;08-0"6) 008(2.010) X

12,575
{(2573)

(1.016) P 42 J (1.067)
Table 7. NBO Lobe (AO) Sizes (in au) at the RHF/6-3tG**// LO1 / \"v‘\ 1_294/115_11‘-.“’\9 i 063
MP2/6-31H-G** Level 112.82 1172*9 9753 (1294) 99&06 10685“ 175.09
- 1.193 -89
o* T (1.196) \_(22;55‘253)
(C) () Y)) TS i 7S sors ©
CH,=CHCI 0.7448 0.7018 —0.7123
CH3;CH=CHCI 0.7469 0.6816 —0.7317
HN=CHCI 0.7526 0.7645 —0.6446
CH3;N=CHCI 0.7575 0.7549 —0.6558
O=CHCl 0.7592 0.8274 —0.5160 R=Me WOSI
1.443, 2.106
‘JK*\JQ N
MP2/6-3H-G*, MP2/6-3114G**, and QCISD/6-31%G*¥) l 19\ “5-“@{? Vs
have all led to two negative eigenvalues in the Hessian matrix, 1987 1642 72 128 98.26 1160
indicating that it is neither a true TS nor an intermediate on the syn-Sy TS anti-S, TS So-TS ©

reactlc:jn Cgordngel of t_f%e exctf)lange p(;ocejs' Sucth a TSE q:igure 2. Structures of the adducts inn@ paths, at the MP2/6-
second-order saddle poifitnay be considered as a transient 5114 G jyel for Y = N (bond lengths in A, and angles in degrees).
structure in the inversion profile of they3 type TS Cg), since Values in parenthesis are at the QCISD/6-BGE* level.

it has an energy higher by 15.1 kcal mbht the G2¢-)MP2

levePP than theCs structure and is a maximum with respect to in eq 2. We also note that the lobe sizes ofth@ndo* LUMOs

two mutually perpendicular direction. at the G atom grow as Y changes from CH to O, which is in
The Sy routes have lower barriers than thgoSroutes for line with the general reactivity increase in the same order (Tables
Y = O and N, which reverses to a lower barrier faroShan 2—4). This is of course a well-known trend of a larger LUMO

Sy with Y = CH, although the barriers for both routes increase |5 sjze of the atom located on the other end of a double bond

in the order O< N = CH. These trends are consistent with the - yhen a stronger electron acceptor is substituted on the one end
progressive elevation of thet ando*-LUMO levels in the order of the double bond?3a16d

O < N < CH (Table 5) as ther-acceptor power decreases.
The change in the* level with Y is much smaller than that in
the 7= levels, albeit a trend of increase is noticeable. Since the
gain in bonding energy is largely controlled by the HOMO-
(nucleophile)— LUMO(substrate) energy gap\e, a greater
degree of bonding is expected to be achieved earlier in the
reaction in the substrate with lower LUMOs for a given
nucleophile (Ct), that is, for a given HOMO level. In addition
the bonding capabilities also increase with the matrix element,
Hoo*, the numerator in eq 2, due to the greater second-order
stabilization energies gained. In this respect, examination of the
lobe (AO coefficient) sizes on the,Gatom may be useful in
predicting the reactivity order. Reference to Table 7 reveals that
lobe-size changes correctly reflect the relative reactivity as
expected from the magnitude of matrix element, which is
proportional to the overlagin eq 2, between the* ando (or

Thus, for the nucleophilic substitution reactions of the chloride
exchanges, Cl + RY=CHCI| == RY=CHCI + CI-, the
mechanism changes from that of an exclusinya ® that of an
Syo preferred over an\@r as Y is varied from O (carbonyl) to
CH (vinyl), with an intermediate mechanistic behavior for Y
= N (imidoyl).

This progressive mechanistic change fror¥YCH to O can
be explained with the increase in theaccepting power and
decrease in the-donating ability of Y from CH to @° since
electronegativity X) of Y increases in the order G/ (& 2.55)
< N (3.04) < O (3.41)% The o-acceptor character of Y is
directly related to the electronegativity of Y, which increases
steadily across the periodic table from lithium to fluorine,
whereas thesr-donor ordering is related to the ionization
potential of the lone pair of electrons in NH and O, which

n) orbital lobes. Interestingly the lobe sizes are greater for the mcr_elzats)lesf froorln NF 1;00 O, causing the lone pair to be less
o* thanst* orbitals with vinyl (by~0.04—0.07), which reverses avaliable 'or onation- o

to the largerz* lobe with carbonyl chlorides<0.07), and for Inspection of TS structures in Flgl_Jres 2 and 3 shows that the
the imidoyl chloride the lobe sizes of and z* are similar m-attack (&) TSs have relatively tight tetrahedral structure,
(differs by less than 0.01). This is in line with the preferred @S We found for the $r TSs of the carbonyl chloridésin
reaction pathway found for each compoungu3or the vinyl, contrast, thes-attack (fo) TSs are loose with a large degree
Sz for the carbonyl and the intermediate between the two for ©f C—Cl bond cleavage and small extent of-Cl bond

the imidoyl chlorides. The larger lobe size of 6n o* thansr* formation. Bond-length changes (in Tables S3 and S4, Sup-

LUMO for Y = CH is therefore partially responsible for the

(19) Lucchini, V.; Modena, G.; Pasquato, .. Am. Chem. Sod.995

preferred {o pathway with Y= CH, despite thainfavorable 117, 2297.
energy gap foo* relative tos* interactions® Ae(o*) > Ae(¥) 98(21%)6?“, J. D.; Schleyer, P. v. R.; Pople, J. A.Am. Chem. S0d.976
(18) Schlegel, H. B. IAb Initio Methods in Quantum Chemistry. Part Y(21) McWeeny, R.Coulson’s Valence3rd ed., Oxford University

I; Lawley, K. P., Ed.; Wiley: Chichester, 1987; p 249. Press: Oxford, 1979; Chapter 6.
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“823 Table 8. MP2/6-31H#G** Bond Length (in A) Changes for the

1351 "1253 Syo Paths in the Reactions of CH- RY=CHCI with Y = O, N,
1080 and CH, and R=H
1401 ‘\ 084 1333}
L 330 A 017 2 035 1. 346 RY=:CH
= 118.14 163 46 Y Reactant® TS - AE(kcal mol")?
lD\ 2 322 Cationic intermediate’
. 28 C' 96 17 9325 “6‘ 0=C 1191  1.138(72%) 1.120
. 100.64 ‘D o) ’ ’ ' 182.6
syn- an-Ts anti-Sym-TS SwoTS C-Cl 1765 2537(67%) @
lo N\ - - — S — [ — —————
® N=C 1263 - 1.193(40%) 1.148
W\ 7 g j23480:3%) Mca s 2575069% 621
402 - / 085(1.084) (300 Lo6u1Los2) : ' 76 i
1085 2.0132.027) LO8I NI NE C=C 1335  1322(11%) 1.235
R=H (10g X (1.083) CH, 207.8
: l lO\(e % 058 CCl 1729  2348(59%) w
12265 ¥ N | -
n77s o ool 119.61 3 aFor the syn form? Percentage bond order change@\#%?22in the
99.71 (9 Syo-TS. In the limit (100%),dv—c contracts to that of the cationic

syn-Syn-TS $,0-TS intermediate andc_¢ stretches teo. ¢ Acylium (O), nitrilium (N), and

vinyl cation (CH).9Energy required for heterolytic bond cleavage,
_+
RY=CHCI - RY=CH +cr

at the MP2/6-31+G** level. Corrected for zero-point vibrational
energy (ZPE), and ZPEs were scaled by the factor of 0.9748.

Furthermore, the stability of the\&-TS should depend on that
of the cationic moiety,

syn-Sym-TS anti-Syn-TS Syo-TS

Figure 3. Structures of the adducts iny8 paths, at the MP2/6-
311+G** level for Y = CH (bond lengths in A, and angles in degrees).
Values in parenthesis are at the QCISD/6-8GF* level.

+
RY=—CH

which in turn depends on theaccepting power of Y.

porting Information) and percentage bond-order changeés % The bond energy gainABE, upon additionalz bond

in Table S5, Supporting Information) indicate that relatively formation from a ¥=C double bOI’l]d to a triple bond,=C,
low degree of bond stretching occurs in thgrSTSs, ~31— increases in steps 6f10 kcal mott as Y is changed from C

47% of C—Cl and 9-22% of C=N and G=C, whereas in the to N arlj to O:ABE's a_re~55, 65, and 80_kca| mot fqr c=

. C — C=C, N=C — N=C, and G=C — O=C, respectively3
Svo TSs a large ©Cl bond stretching-¢60-90%) and bond Since an increase in the ionic character of a bond results in a
contractions of &N (~8—40%) and G=C (~2%) take place.

. . ; greater stabilization, that is, a stronger béfthe successive
In other words, the g TSs are relatively tight with the two increase IMBE as Y varies from C to O can be ascribed to the
short C-Cl bonds and weakening of<€N and G=C double increase in the fractional ionic character of the® bond with
bonds to those of a single-bond character; conversely i S the increase in the-accepting power of ¥4 The polarization
TSs are relatively loose with the two long—ClI bonds and of

strengthening of &N and G=C double bonds to those of a

triple-bond character. In line with these structural changes upon

TS formation our natural population analysis (NPAh Tables Y=CH

S6 and S7, Supporting Information) reveals that the double-

bond moiety becomes negatively charged in the $Ss and cation will be stronger as the-accepting power of Y increases
positively charged in the & TSs. While the amounts of  and ther-donor ability of Y decreases across the periodic table,
negative charge developed in thgaSTSs are similar for the CH— N — O, rendering stronger Cform rather than Y form.
imidoyl and vinyl substitutions, the positive charge development

in the Syo TSs is much greater for the imidoyd@Q = +0.57 +

for R = H) than for the vinyl {Q = +0.27 for R = H) ["Y=CH Y="CH]—» Y=CH
substitution (Table S8, Supporting Information). Thus, an .

electron acceptor substituediog > 0) should stabilize thens- Y form C" form

TS by delocalizing the negative charge, whereas an electron _ _ . _
donor R for < 0) should stabilize the®-TS by delocalizing The geometries and energy changes involved in the heterolytic

the positive charge as the energetics in Tabled 2how. bond cleavage,
+
a® Y=CHCl - Y==CH + Cr
H L .
& Ve 5+ are summarized in Table 8. We note that the formation of the
R=Y- C]86- R—Y——=C—H cationic species (acylium (O), nitrilium (N), and vinyl (C)
<l (22) (a) Houk, K. N.; Gustabson, S. M.; Black, K. Am. Chem. Soc.
55~ 5 1992 114 8565. (b) Lee, I.; Kim, C. K.; Lee, B.-S]. Comput. Chem.
a®” 1995 16, 1045. (c) Lee, J. K.; Kim, C. K.; Lee, I. Phys. Chem. A997,
101, 2893.

(23) Reference 16e, p38.
Snr-TS Sno-TS (24) (a) Reference 18, p153. (b) Reference 13a, Part V.
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cations}e2>is the most facile with imidoyl and the least with  only much lower (by~AE* = 38 kcal mot?) than that for Y
vinyl. This trend can be explained if we focus upon the-n = CH, but also lower (by~17 kcal mol) than the o reaction
o*c-cl charge-transfer interaction. Since the lone-pair level is barrier. This is why the gas-phase chloride exchanges in formyl
higher for N than for O (for Y= CH there is no lone pair), the  chloride proceeds exclusively via thgs8pathway. However,
energy gapAe, is smaller for N and the Nt-o* interaction for the reaction of vinyl chloride, the proximate-o* charge-
leads to a stronger charge-transfer resulting in a more facile transfer energy in thex& TS is considerably smaller (by200
C—Cl bond cleavage than that withhrio* interaction (eq 2). kcal mol1) than that of the imidoyl chloride. This low—o*
The partial triple bond of charge-transfer energies for the vinyl chloride in thetS'S
are partly due to the absence of a lone-pair, in contrast to the
+ strong y —o*c—ci charge-transfer energies involving the lone-
Y=CH pairs on N (imidoyl chloride) and O (formyl chloride). The low
charge-transfer energiedEcT, in the Syt TS and relatively
is the shortest with ¥= O and the longest with CH in agreement  strong electrostatic interactiorcds is greater by 4680 kcall
with the relative bond strength of the triple bonds. In thgS  mol~! for Syo than St TS for Y = CH and N with R= H,
TSs the triple bond formation has progressed-#0% of that Table S8, Supporting Information) in the& TS leads to the
in the cationic species with ¥= O but to only 10% with Y= preference (by~6 kcal mol! at the G2¢) level) of the Qo
CH and to~40% with Y = N (Table 8). The positive charge  path over the G for the vinyl chloride 3° The favorable matrix
increase in the @ TS is also larger for Y= N than for CH as elementH,,* = kS,,* in eq 2132for the vinyl chloride due to
noted above. However the progress of bond cleavage for thea larger AO coefficient, or lobe size, on thg Gtom (greater
C—Cl bond in the Ko TSs is similar, 66-70%, for different S+ in eq 2) of theg*-LUMO than 7*-LUMO should also
Y. This is reflected in the similar deformation energia& es contribute to the preference of thed&(vide supra). Thus, the
(=52—58 kcal mot® for Y = N and CH with R= H), which three important factors in favor of they& path over the Sr
are known to represent mainly the bond stretching energies uponpath for vinyl chloride are (i) lower charge-transfer stabilization
TS (Syo TS) formation?® Naturally deformation energie$9 (AEcrt) due to the absence of lone pair on C (unfavorable for
are somewhat, but not much, higher (by-228 kcal mof?) in Sw path), (i) stronger stabilization involving th®Enct term
the Syo than in the §z TSs since a large degree of endoergic (favorable for §o path), and (iii) the larger lobe size on, @r
C—Cl bond cleavage is compensated for by a concurrent thes*-LUMO than for thez*-LUMO (favorable for Qo path).
exoergic triple-bond formation. The energy required to break In contrast, for the imidoyl chloride (¥= N) the energetics for
the C-Cl bond is greatly alleviated by the strong antiperiplanar both the {o and S paths are intermediate between those of
nny—o*c—ci interaction, which stretches and weakens theQC formyl and vinyl chloride. In addition, the lobe size op &
bond, more in the syn than in the anti substitution. Thus, similar in thec*- andz*-LUMO’s (vide supra). As the electron-
although the & Cl bond cleavage occurs to a similar extent, donating ability of R increase®¢r < 0), the stability of the
~60—70%, the degree of triple bond formation differs depend- cationic moiety,
ing on Y in the &o TS. This large difference in the triple bond

formation in the TS may also result from the increase in the +
ionic character (Y= CN < N < O) as the electronegativity of RY=CH
Y increases in the same order.
Since the bond strength of2C increases in the order ¥ in the Syo TS increases but that of the anionigiSTS decreases.
CH < N < O and the extent of triple bond formation in the This change in the relative stability with a stronger electron
Syo TS increases in the same order, thguSeactivity is donor substituent R makes thedSTS more stabilized and the
expected also to increase in that order as we find in Table 6. Sy TS less stable so that the two path can become comparable
The activation energy\E*, for the Syo path decreases by10 as we obtained for the methyl substituted imidoy!l chloride.
kcal mol! successively from Y= CH to N and to O. Experimentally all of the reactions that are reported to proceed
The NBO analysis $10 of the proximatec—o* charge- by an S0 path with inversion of configuration are known to

transfer interactionsAEct,° within the TSs shows that the have such gl-like TS¢ with highly cationic double-bond
relatively tight St TSs are stabilized mainly by such charge- moiety. Theoretically, in the gas-phase carbonyl substitution,
transfer interactions. The reactivity of th@sS8path increases  despite the stability of such cationic structure-G=0™, the

in the same order as that for thedSpath, Y= CH < N < O, extremely stable gt TS leads to the exclusivey® nucleophilic

but in this case the successive decreas&Bhis greater~20 substitution reaction. However, in solution the intervention of
kcal mol?, as Y is varied. Moreover the absolute proximate an acylium ion intermediate has been at times invoked in the
o-0* charge-transfer stabilization energies (Table S10, Support- hydrolysis of carbonyl halide¥,which may be reasonable since
ing Information) are extremely larger in theBTS (EAE®),_ ionogenic reactions are facilitated in agueous solution by a
= 800 and 620 kcal mol for Y = N and CH with R= H, strong solvation of the ionic species. In contrast, in the
respectively) than in thex® TS (the corresponding values are  nucleophilic substitution of imidoyl chlorides, the involvement
~150 kcal mot? for both Y = N and CH with R= H). Thus, of such an {1-like TS structure has often been proposed to

the increase in the stability of thee8 TS from Y = CH to O explain the experimental results of the substitution of halogen
is much greater, albeit the reactivity order is the same as in theby a nucleophilé?! 22
Swo path. As a result, thex& reaction barrier for Y= O is not Hydrolysis of a series of imidoyl chlorides has been studied

(25) (@) Radom, L.: Hariharan, P. C.: Pople, J. A Schieyer, P. U.R. klnetl_cally in aqueous solutlon_ by _Ugl et B The rate is
Am. Chem. Socl973 95, 6531. (b) Lucchini, V.. Modena, G. In practically independent of steric hindrance effect at the C

Applications of MO Theory in Organic Chemisti@sizmadia, I. G., Ed.; position. In contrast electron-withdrawing substituents at carbon
Elsevier: Amsterdam, 1977; p 268.

(26) (a) Shaik, S. S.; Schlegel, H. B.; Wolfe, Bheoretical Aspects of (27) Williams, A.Concerted Organic and Bio-organic MechanisigiRC
Physical Organic Chemistry. The&MechanismWiley: New York, 1992. Press: Boca Raton, 2000; p 98 and references therein.
(b) Mitchell, D. J.; Schlegel, H. B.; Shaik, S. S.; Wolfe,Gan. J. Chem. (28) (a) Ugi, I.; Beck, F.; Fetzer, UChem. Ber.1962 95, 126. (b)

1985 63, 1642. Loeppky, R. N.; Rotman, MJ. Org. Chem1967, 32, 4010.
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or nitrogen generally cause a large decrease in reactivity, whilethe G2(-)(MP2) level) for the vinyl chloridé? This can be
electron donors increase the rate of hydrolysis. These observaascribed to the higher acidity of tifeprotor?® and more facile
tions in solution are in good agreement with our gas-phase C—Cl bond cleavage due to theyno*c—c charge-transfer

theoretical results: thexs paths are facilitated by a donor (R
= CHs) substituent but are hindered by an acceptor=F)
(Tables 2-4). In a recent theoretical study at the G2(MP2) level,
Hammerum et ak? have shown that methyl substitution at the
imine carbon causes9.5—-10.8 kcal mot* lowering of the heat
of formation, which is greater than that found upon methyl

interaction in the imidoyl chloride than in vinyl chloride. The
latter effect seems to be greater since the percentage bond order
change in the T§Table S11, Supporting Information) is greater

for the stretching of the €CI bond ¢-40%) than for the N-H

bond (~30%). Thus, the eliminations are of E2 type as we found
for the 8-elimination in the vinyl chloridé® for which, however,

substitution at vinyl but is somewhat less than that observed the TS is reached at a somewhat later stag@0% C-H and

for carbonyl group, suggesting that the=® group is less
polarized than the carbonyl =680, but more polarized than the
vinyl, C=C group. The introduction of a methyl group on the
nitrogen atom of the imine lowers the heat of formation only
by about 1.9 kcal mof* suggesting that a larger fraction of the
positive charge is located on carbon(€om) than on N (Y
form) (vide supra).

A two-stage mechanism involving a nitrilium ion pair

C—Cl bond stretching in the TS) along the reaction coordinate.
Thus, the earlier TS for thé-elimination of imidoyl than vinyl
chloride is in accord with the BelEvans-Polanyi (BEP)
principle3! which asserts that the earlier the TS along the
reaction coordinate, the lower is the activation barrier. In almost
all of the actual reactions in solution, however, the unsubstituted
azomethines, for example, HMCHCI, are rarely used, but the
RN=CRCI type, disubstituted imidoyl compounds are in-

intermediate has been proposed to account for the results ofvolved32Therefore, the extremely facifg-elimination reac-

the kinetic studies! Since the ion pair formed in they$-like

tions are not observed and are not important in practice. The

processes, that is, a nitrilium cation and a chloride anion, can substitution reactions provide the major reaction pathway.

be stable in the aqueous solution by solvation, the proposed

mechanism seems quite reasonable. In view of our present gas- Acknowledgment. We thank Inha University and the
phase theoretical results the mechanism involving such stableministry of Education, Brain Korea 21 Project for support of
nitrilium ion formation in solution is strongly supported. this work.

In summary, the mechanism and reactivity of the gas-phase
nucleophilic substitution reactions of the imidoyl carbon are  sypporting Information Available: Figure showing struc-
roughly of intermediate nature between those of the carbonyl yres of reactants for ¥= CH and additional tables (PDF). This
and vinyl carbon substitutions. material is available free of charge via the Internet at

(III_) Eliminatipn R_eactions. The gas-_phasﬁ-e_liminatio_n http://pubs.acs.org.
of imidoyl chloride with a weak base, Clis a relatively facile
process with a much lower activation barriexEF = —10.6 JA0033584

and —12.6 kcal mot?! at the G2¢) level for syn and anti
elimination, respectively) than substitutionhE* = 7.1 kcal
mol~1, Table 4). The barrier heights are much lower than the
correspondingg-elimination barrier AE* = 22.0 kcal mot? at

(30) Hopkinson, A. C. InApplications of MO Theory in Organic
Chemistry Csizmadia, I. G., Ed.; Elsevier: Amsterdam, 1977; p 194.

(31) Pross, ATheoretical and Physical Principles of Organic Reaityi;
Wiley: New York, 1995; p 139.

(32) Morath, R. J.; Stacy, G. W. [fhe Chemistry of the Carbon-Nitrogen
Bond Patai, S., Ed.; Interscience, New York, 1970; Chapter 8.

(29) Hammerum, S.; Solling, T. 0. Am. Chem. S0d.999 121, 6002.



