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The gas phase identity nucleophilic substitution reactions of halide anions (X=F, CI, Br) with
cyclopentadienyl halided) are investigated at the B3LYP/6-311%@VP2/6-311+G and G2(+)MP2 levels
involving five reaction pathwaysrattack &2, f-Sn2'-syn, 3-Sy2-anti, »Sy2-syn andy-Sy2'-anti paths. In
addition, the halide exchange reactions at the saturated analogue, cyclopentyl 2)aliesthe monohapto
circumambulatory halide rearrangements$ are also studied at the same three levels of theory. raktack

S\2 transition state fot weak positive charge develops in the ring with X = F while negative charge develops
with X = Cl and Br leading to a higher energy barrier with X = F but to lower energy barriers with X = Cl and
Br than for the corresponding reaction2oThe rrattack3-Sy2' transition states are stabilized by the strong

Nnc-TT c=c charge transfer interactions, whereasragtack)y-Sy2' transition states are stabilized by the strong
Nc-0’ c.x interactions. For all types of reaction paths, the energy barriers are lower with X = F than Cl and Br
due to the greater bond energy gain in the partial C-X bond formation with X = B-S{2epaths are favored

over they-S\2' paths only with X = F and the reverse holds with X = Cl and Br. ddatack &2 reaction
provides the lowest energy barrier with X = Cl and Br, but that with X = F is the highest energy barrier path.
Activation energies for the circumambulatory rearrangement processes are much higher (by more than
18 kcal mot?) than those for the corresponding2$eaction path. Overall the gas-phase halide exchanges are
predicted to proceed by tleattack &2 path with X = Cl and Br but by th® Sy2-anti path with X = F. The

barriers to the gas-phase halide exchanges increase in the order X = F < Br < Cl, which is the same as that found
for the gas-phase identity methyl transfer reactions.
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Introduction

The experimental studies of the nucleophilic substitution
reactions of cyclopentadienyl halides ((@xt)1) by Breslow
et al! with X =Br and | have indicated that cyclopentadi-

3 4
mation for the facts that (i) the reaction of bromitlevith
X X X =Br) with I” is ca. 10° times more accelerated than is the
reaction of iodide I with X =) with Br~ under the same

reaction condition, and (ii) the cylopentadienyl halidBs (
1 2 are completely unreactive undeglSsolvolytic conditions,

but with added halide salts (BUX") they are significantly
enyl iodide { with X =) reacts with Br (BwN*Br7) to give  more reactive than are the cyclopentyl halid@s (
cyclopentadienyl bromidel(with X = Br) ca. 10 times as In order to present plausible answers to these problems by
rapidly as cyclopentyl iodide2(with X =1) reacts in 1/1  elucidating the detailed mechanism involved in the reactions
(v/v) CCL-CH:CN at 25.0°C. The reactivity of cyclo- of halide anions with cyclopentadienyl halides, we have
pentadienyl bromidel(with X = Br) with I (BwN*I") was  undertaken a high level ab initio molecular orbital studey on
found to be even greatara 1 times than that of cyclo- the gas-phase identity nucleophilic substitution reactions of
pentyl bromide Z with X = Br). They invoked (aromatic) 1, eq. 1 with X=F, Cl and Br. The nucleophilic substitution
cyclopentadienyl anionic character on the carbon atom imeaction ofl presents a variety of reaction pathways that
S\2 reactions3, and another possibility ofjaSy2' reaction,
4, to explain the higher reactivity @fthan2. However they (CH)sX + X~
were not able to provide satisfactory mechanistic infor-

may involve a ring structure in the transition state (TS) with
“Corresponding Author. Fax: +82-32-865-4855; E-mail: ilee@aromatic (anionic) or antiaromatic (cationic) charatciale
inha.ac.kr have considered altogether 5 types of possible reaction paths

X(CH)s + X~ (1)
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Scheme 1Various reaction pathways.
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Results and Discussion
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a was set to 0.6 for bond orders less than one and to 0.3 for
Z bond orders greater than one.

Reactants and Reactant Complexes (RCsJhe reactant
structures are presented in Figures 1-3. In general, bond
lengths in the ring are slightly longer with X = F than with
Cl and Br. The C-X bond in all cases is shorter than that in
the saturated analogue, cyclopentyl halid®s €.g, for
X=F, der=1.392A forl and 1.409 A for2. A stable
adduct is formed only in thB-Sy2-anti reaction path with
\ X =F in a triple-well potential energy surface. In all other
cases, double-well potential energy profiles are obtained, in
which there are two identical ion-dipole complexes (RCs) on
either side of the central reaction barrier. The structures of
the reactant complexes (RCs) are showBIir{Supporting
Information). For thgrSy2' paths with X = Cl and Br, the
RCs have bifurcated structures with X loosely bonded to two
hydrogens on the,y-carbons at the B3LYP/6-311+G

level. We failed to locate the RC at the MP2 level for 2 S
shown in Scheme 1. In addition, we have extended th@ath with X =F and that shown 8ilis obtained at the RHF/
studies (i) to the correspondingXeactions of the saturated 6-311+G" result. The complexation energieAE&c) or

analogues (sn&), cyclopentyl halides?, and (ii) to the
sigmatropic 1,5-shifts of halide (circumambulatory rear-
rangemen®within the cyclopentadienyl ring.

Computational Methods

Level (in kcal motY)

well-depths range from6 to—18 kcal mol* as shown 51
The grattack Sy2 reactions The halide anion attacks at

Table 1 Activation Parametetdor the Identity Halide Exchange
Reactions of Cyclopentadienyl Halide, at the B3LYP/6-311+G

Calculations were performed at the B3LYP/6-311+G

MP2/6-311+G and G2(+)MP2 levels using the Gaussian*__Paths A AE'zpe  AHPP  -TAS® AG™
98 program$.In the G2(+)MP2 level, diffuse functions were F S22 046 -040 -076 814 738
added to the standard G2MP2 method in order to get more (s-S2)° (-2.06) 2.58) 3.21) (9.17) (5.97)
accurate geometries and thermochemical data. Stationary BSv2-syn -3.30 -384 -470 888 4.18
points were characterized with analytical second derivatives. f-S2-anti TS -9.59 -10.10 -10.79  8.28 -2.51
Enthalpies AH*) and free energiefAG”) of activation at Int’ -11.26 -11.55 -12.00  8.31 -3.68
298 K were calculated using vibrational contributions — ¥Sk2-syn -4.02 -478 -543 823 2380
calculated with the use of harmonic frequencies computed at  ¥Sv2-anti -252 -338 -396 853 457

the B3LYP/6-311+G and MP2/6-311+G levels and | s2 2.11 145 127 753 879

scaled by the appropriate factérActivation parameters are (s-SW2Y° (254) (1.78) (1.43) (8.44) (9.87)

reported relative to the separated reactants level. The natural p52'-syn 2769 26.41 2607 7.33 3341

bond orbital (NBO) analysésvere carried out to determine B-Sy2'-anti 7.84 6.91 6.76 7.25 14.01

the proximate bond-antibond (which includessn-n-77, ¥SN2-syn 6.86 6.31 6.00 7.21 13.20

a-pzé) a—_a* , etc)_ charge-transfer delocaliz_a_ltion energies,  yS2-anti 550 491 469 736 12.05
AE;’; ineq. 2, in the substrates and transition states (TSsp g , 2009 -068 -083 746 663

=y (s-S2)° (1.78) (0.90) (0.69) (7.66) (8.34)

AE 572_)0* - _z go 2) B-S\2'-syn 27.28 26.06 25.95 6.44 32.39

€. =& B-S\2-anti 437 344 354 7.07 10.40

, , ¥SN2-syn 459 413 382 713 10.95

nd natural population analyses (NPAjere carried out. The S2-anti 3.09 256 238 724 961

percentage bond order changes upon TS formatiam %
were determined using eq. 3, wherg rr andrp are the

bond lengths in the TS, reactant and product respectively artdilides) For intermediate.

aCorrected for zero-point vibrational energy with the scaling factor of
0.9806.°At 298 K. °For the saturated reactanise for cyclopentyl
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Table 2. Activation Parametetdor the Identity Halide Exchange the G atom and a trigonal bipyramidal pentacoordinate
Reactions of Cyclopentadienyl Halide, at the MP2/6-311+G** (TBP-5C) TS 8) is formed in which the cyclopentadienyl

Level (in kcal mot”) ring provides two equatorial ligands. The reactions proceed
X Paths AEF  AFee AH?® -TASP AG?P through typical double-well potential energy surfaces. As
F s2 699 619 573 844 1417 have been pointed qut by_ !Breslaa/u al® this TS V\{ill be
(5-S2)° (3.91) (356) (2.82) (9.33) (12.15) e>.<tr(.amely u_nstable, if positive gharge _develops in the TS
BS2-syn 188 -1.92 -2.81 8.89 6.08 within the ring, due.to the antlaror_nat|g charagter of the
BS2(A) TS -596 -6.12 -6.84 836 151 cyclopentadienyl cation. By contraries, if negative charge
N -978 -971 -10.16 819 -1.97 develops in the ring, the TS will be stabilized due to the
JSW2-syn 173 -2.04 -2.80 8.41 5.62 aromatic chara_cter c_)f the cyclopentadienyl anion. Thg ener-
JS2-anti 040 —-0.05 -0.69 8.68 7.96 getics summarized in Tables 1-3 reveals that the activation

energies AE* and AG”) for the o-attack §2 reaction of

Cl Sa2 . 879 vyl 754 780 1534 g 4rde anion with cyclopentadienyl fluoridé with X = F)
(s-52) (10.33) ~ (9.66) (929) (8:18) (17.47)  4re higher bydAG” = AG*(S\2) - AG*(s-S2) = +1.5 keal
BSi2-syrt 2428 23.37 2231 943 8L75  orl 5 the G2(+) MP2 level than that with cyclopentyl

£Si2-ant 11.04 1049 1004 838 1842 g ,de (s-§2; 2 with X = F), while those for the reactions
¥Si2-syn 1194 1181 1132 7.79 1911 4 \yith X = Cl and Br are lower bAG* = -1.6 and-2.8
y-Sy2-anti 1335 1313 1276 796 20.72  yeaimolt respectively than those for the corresponding
Br &2 518 429 410 803 1213 reactions o2 with Cl and Br at the G2(+)MP2 level. This
(s-S2)° (8.86) (8.39) (8.02) (8.28) (16.30) should indicate that there is an unfavorable electronic effect
B-Sn2-syrf 30.64 2058 28.63 940 38.03  within the unsaturated ring in the reactiorlafith X = F, in
B-Sv2'-anti 10.76 1052 10.10 845 1855 contrast there is a favorable effect within the ring in the
ySu2'-syn 1024 1025 974 807 17.81 reactions ofl with Cl and Br, compared with the reactions of
ySe2-anti 1135 1119 10.84 807 1891 2 with the respective halide. The percentage bond order

*Thermal data were taken from the MP2/6-31+&vel and zero-point changes upon TS formation, 867 (S2, and the NPA

gibrational energies were corrected with the scaling factor of 0.9670chargé analyses$3 show that the degrees of bond making

At 298 K. “For the saturated reactantse, cyclopentyl halides. ; . .

9For intermediate Two imaginary frequencies (second-order saddle and cleavage are approxmatgly 50% in all cases with the

point). NPA charges at the ;Catom in the TS of §=+0.149
(X=F), -0.112 (CI) and-0.159 (Br). These results clearly

Table 3. Activation Parametet$or the Identity Halide Exchange

Reactions of Cyclopentadienyl Halide, at the G2(+)MP2//MP2/6-

311+G" Level (in kcal motY) (9:56
X Paths AE*  AEzpe  AH*® -TAS® AG*® 1352 }9 SWPeN HED 1.399 P
(1409) | 483 \ 438
F S2 132 052 005 844 849 IM\%\QE O ( sty
(s-S2)° (-1.25) 1.60) (2.34) (9.33) (6.99) 137 &/ 1133 }88;“
B-Su2-syn 508 -513 -601 889 2.88 F 23 @ P
B—SNZ'-anti TS -8.48 -8.65 -9.37 8.36 -1.02 Reactant SN2 B-Sn2-syn
Int¢ -12.34 -12.27 -12.72 819 -4.53 Coomm ) Cavaymm Cosym
SN2'-syn -417 -448 -524 841 3.9 O ()
JS2'-ant 225 -2.68 -3.32 868 5.33 1,403 1461
Cl s2 355 247 230 7.80 10.10 %
(s-SW2)° (452) (3.84) (3.47) (8.18) (11.66) 472 58
B-Sn2-syr? 26.14 2523 2417 943 33.60 ©:
B-S2-anti 1281 1225 1180 8.38 20.19 5 2 )
JS2'-syn 1153 1141 1092 7.79 18.71 o o
JS2'-anti 11.68 11.46 11.09 7.96 19.05
Br Sw2 199 109 091 803 8.94
(s-S2)° (4.26) (3.79) (3.42) (8.28) (11.70)
B-Su2-syrf 31.23 3018 2923 940 38.62
B-Sw2'-ant 1082 1059 10.17 8.45 18.62
¥S2'-syn 980 981 931 807 17.38 y-Sx2-ani
JSN2'-ant 970 954 918 807 17.25 T-Sn2usyn Cyrsymn

aThermal data were taken from the MP2/6-314&el and zero-point - . .
vibrational energies were corrected with the scaling factor of 0.9670F'9Ur€ 1. Structures of reactant and transition states for the id

bAt 298 K. SFor the saturated reactantse., cyclopentyl halides. fluoride exchange reactions of cyclopentadienyl fluoride, cals
dFor intermediateTwo imaginary frequencies (second-order saddle ed at the MP2/6-311+Glevel (bond lengths in A, and angle:
point). degrees). Values in parentheses are for cyclopentyl fluoride.
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Figure 2. Structures of reactant and transition states for the identityFigure 3. Structures of reactant and transition states for the id
chloride exchange reactions of cyclopentadienyl chloride, calculatbromide exchange reactions of cyclopentadienyl bromide, ca
ed at the MP2/6-311+Qevel (bond lengths in A, and angles i ed at the MP2/6-311+Qevel (bond lengths in A, and angle:
degrees). Values in parentheses are for cyclopentyl chloride. degrees).Values in parentheses are for cyclopentyl bromide.

show that the reaction of fluoridel (with X =F) is  These trends of forming tighter TS in the Q2 reactions
unfavorable whereas those of chloride and bromideith with 1 than with cyclopropenyl halide$)(are of course to
X=Cl and Br) are favorable over the correspondingpreserve as much as possible the (aromatic) anionic ring
reactions with2 due to antiaromatic cationic charge (for character in the TSs for the associative tyger8actions of

X =F) and aromatic anionic charge (for X=Cl and Br) 1, in contrast to the preferred (aromatic) cationic ring

development in the TSs, respectively. character in the TSs for the dissociative typg f&actions
The TS structures are shown in Figures 1-3. The C-Fof5.
bonds in the distorted TBP-5C TS withyGymmetry forl In the TBP-5C TS (Figure 1) an empdyorbital develops

with X =F are longer by 0.038 A than the correspondingas the leaving group, F departs, and leads to strong
values in the TS fo2 with X = F. In contrast, however, they electronic charge delocalization from the lone pair orbitals
are much shorter than the corresponding valuése(d (onep and twosp’ types) on both F atoms toward the empty
2.069 A) in theo-attack 2 TS for cyclopropenyl fluoride p (p*) orbital on G (ne-p* charge transfer interactiods)nd
(5, X=F), by 0.213 & In the latter, the TS has an “open” the TS is stabilized as much as possible by preventing the
structure in a dissociative typen process so that the formation of antiaromatic cyclopentadienyl cationic ring
cyclopropenium ring has strong delocalized cationicstructure. The\p* charge transfer energgAE®@,, .. = —295
(aromatic) character. In fact all the C-X bonds indhattack  kcal mol?) is the main component of the total increase
S\2 TSs for the identity exchange of cyclopentadienyl(SAE®,.» = -370 kcal mof® in Table 4) in the proximate
halides (Figures 1-3) are much shorter (by 0.342 A for X =charge transfer delocalization ener§i@®n going from the
Cl and 0.395A for X =Br at the MP2 level) than the reactants to the TS. The TS is further stabilizaed by an extra,
corresponding values for cyclopropenyl halideg(CH):X).8 but partial, C-X bond formation (BE = 102 (X =F), 76 (Cl)
and 65 (Br) kcal moh).! Due to the substantially larger
gain in the bond energy with X = €4, 54% bond cleavage
%}( and 46% bond formation) than with X = Cl and Ba.(60%
bond cleavage and 40% bond formation) despite the weaker
charge transfer stabilization with X = F (Table 5), the barrier
height to theg-attack &2 reaction decreases in the order Cl



Theoretical Studies of the Gas-Phase Identity Nucleophilic Substitution Bull. Korean Che?@030¢ol. 24, No. 5 587

Table 4. Electrostatic AE.), Deformation AEq) and Charge- the stretching of the leaving group in the * §i) The bond
Transfer EAE®.+) Energies for the Halide Exchange reactions of energy (BE) gain in the newly formed ((partial) bond by the
Cyclopentadienyl Halides at the MP2/6-311+@evel (in kcal  cleophile. (jii) Changes in the proximate charge transfer

mol™) energies geq. 2) upon TS formatiodAED,: = AE@y. o

X Paths AEes AEjer  —OXAE® ;0 (TS) - AEUZ_)U* (Reactants). The charge transfer interaction

E S2 8 42 -370 takes place between vicinal (and / or geminal) bondt (ar,
(s-S2)° (-12) (42) €131) etc) and vacant antibondi( o', etc) orbitals, and the
BSu2'-syn 42 32 -235 interaction energy can be calculated as the second-order
B-Su2-anti (TS) 24 8 -218 perturbation energy by eq??2.(iv) Changes in non-charge-
B-Sn2*-anti (Int) 33 28 238 transfer energies MEnct = AEnct(TS) — AEncr(Reactants),
¥SN2'-syn 48 29 -148 upon TS formation. Non-charge-transfer terdEycr)
yS2'-anti 44 29 -145 includes electrostaticAEe9 and steric interaction energies

al S2 23 37 383 (AESQ and cgrresponds essenlt;ally to the energy associated
(s-82)° (-8) (42) £111) with the Lewis structure_A(ELew). . _
BS2-syn 31 34 237 The a—att.ack &_2 reactlons_ of cyclopentadienyl halldé.$.(
B-S2-anti 40 25 294 ha\_/e relatively tight aSSQC|at|vaWpe TS structures in
VS2"-syn 38 30 345 which the bond formation (40_—45%) and cleavage (5_4—
VS2-ant 30 31 347 60%) have progressed approximately 50% with negative

charge development at the reaction center carbon (except
Br SN2 30 31 =379

with X = F). The major stabilization energy is provided by
(s-Si2)" (-6) (42) (-106) the n-p* interaction €295 (F);—309 (Cl); -299 kcal mot*
B-S2'-syn 36 32 278 (Br)). In addition to this charge delocalization toward the
B-Sn2*-anti 21 27 438 developing empty (p*) orbital at G, small but significant
y-S2-syn 38 27 444 Te=c-p* charge transfer-60 (F); -68 (Cl); —74 kcal moi*
y-Su2-anti 28 28 i (Br)) occurs and the cyclopentadienyl ring acquires
ZEECkSiquana%fo_r Athe ;aturated gggzté}gﬁ (C)/_C'%‘Z‘*E’}zt}" he%lige_s). delocalized anionic (aromatic) character. For X = F, these
SDEgS)G; (REgicta)m)_ Ee{Reactant). oo = oo (TS) charge delocalizations are not sufficient to gain aromatic
character but is supplemented by the strong bond energy of a
(AG” = 10.1 kcal mot') > Br (8.9) > F (8.5), which is similar newly, but partially, formed C-F bond to stabilize the TS.
to the order of the,& reactions witl2, Cl (AG* = 11.7 kcal  Due to the slightly cationic antiaromatic character with X =
mol™) OBr (11.7) > F (7.0). F, the reaction barrier becomes higher than that for the
Comparisons of activation energie@G”* = AG*(S\2) saturated, cyclopentyl fluoride, in which there is no delocali-
-AG*(s-Si2), between those for the reactions of cyclopentazation within the (saturated) ring. This means that other
dienyl halides (&) with those corresponding reactions of factors ((i) and (iv) above) differ very little and contribute
the saturated, cyclopentyl, halides (&5 show that the similarly to the TSs for the reactions dfand 2. Quite
reactivities ofl with X = Cl (3AG* = -1.6 kcal mot*) and  interestingly, the stabilizing factors in the TSs foform a
Br (0AG* = -2.8 kcal mot?) are faster byk(Sn2)/k(s-Sv2) O striking contrast to those in the TSs for cyclopropenyl
10 and 18 at 298 K respectively, but is slowedNG* = halides §). For the halide exchangesSnthe TSs are of the
+1.5 kcal mot?) by 10" with X = F. The G2(+)MP2 reac- dissociative § type and have an “open” (loose) structure
tivity ratio of 1 is in good agreement with the experimental with low degree of bond making (22-33%) and extensive
reactivity ratio,k(Sy2)/k(s-S\2) 0107 for X = Br,! consider-  bond cleavage (67-78%)The cylopropenyl ring becomes
ing the fact that our theoretical values are for the gas-phas#rongly positive (+0.67 ~+0.76) and achieves strong
reactions whereas the experimental data are for the reactioasomatic cyclopropenyl cation structure. The major charge
of cyclopentadienyl () and cyclopentyl (s+2) bromides  delocalization comes from tha:-c-p* interaction €307 ~
with 17 (BuN*I") in CCL-CHsCN mixtures at 298 K.The = -367 kcal mot) with small stabilizing electrostatie§1 ~
lower reactivity of cyclopentadienyl fluoridek(6n2)/ -86 kcal mot') and destabilizing deformation (35-46 kcal
k(s-S2) 010 than cyclopentyl fluoride is most probably mol™) energies. Here due to the extensive stretching of the
due to the weak antiaromatic cyclopentadienyl cationicC-X bonds (very small overlap between the two orbitals
character of the TS with X = F, while the higher reactivity of leads to negligible Fock matrix elemeri,.) there is no
cyclopentadienyl chloride and bromide than the correspondnx-p* type charge transfer interaction.
ing cyclopentyl halides are due to the aromatic cyclopentadienyl The rrattack 8-Sy2 reactions The nucleophile can attack
anionic character of the TSs involved, as discussed above. at a neighboring3-carbon either with synf{Sy2-syn) or
In general there are several factors that are important faanti (3-Sy2-anti) orientation to the existing C-X bond
the TS stability, and hence for the reactivity, in th S forming a 1,2-dihalocyclopentenyl anion like TS. The anti
reactions: (i) The deformation enerdyEqes, that is needed 1,2-dihalo adduct is stable enough to exist as an intermediate
to supply for the structural deformation of the reactant toonly for X = F with a well-depth of3.5 kcal mot! at the
achieve the TS structure. The major componeiE&it; is G2(+)MP2 level, and thg-Sy2-anti reaction with X=F
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4 5 higher by 13-20 kcal mdi at the G2(+)MP2 level than the
H . H C; structure. The higheAG” values for the syn than anti
@\1 M path are in most cases due to higher steric repulaBRX
Q 12 ‘\X 3 ' “XS- 0) as evident from more negatik6” value byca.2-4 e.u for
; 5 L. the syn path, and also due to higher deformation energies
X X (AEqe) for the syn (Table 4) than the anti path.
Scheme 2B-Sy2-syn TS For the3-Sy2' reaction paths also the fluoride exchanges

have considerably lower activation energies despite low

exhibits a triple-well potential energy profile. The stable 1,2-proximate charge transfer stabilizatiomsg, for the anti
dihalo adducts are not formed with X = Cl and Br, so fhat path, AG*=-1.0 (F), 20.2 (Cl) and 18.6 kcal mbl(Br).
Su2 reactions with X = Cl and Br proceed by a double-well Since stretching of the C-F bond in the TS is smaller than
potential energy surfaces. The energetics in Tables 1-fhat of the C-Cl and C-Br bond the REvalue is smaller for
reveals that the B3LYP activation energies are lower thaiX = F by ca. 17-19 kcal mat* than for X = Cl and Br. We
those corresponding values at the G2(+)MP2 level, exceptlso invoke the bond energy factor (factor {iifle suprato
ing for the two cases of-Sy2-syn TS andB-Sy2-anti rationalize the considerably low&G* value with X =F
adduct with X=F for which the reverse holds., the  since bond energy of the C-F bond is much stronger than
B3LYP AG” values are higher. This suggests that the DFTthose of the C-Cl and C-Br bontsThis interpretation was
method overestimates electron correlation effects in generallso applicable to the low&G* values with X = F for the
for the delocalized T8"'® but underestimates interorbital halide exchanges in cyclopropenyl halifles.
pair correlation energies between neighboring lone pairs on The activation energiesAG”) for the 3-Sy2' processes
the two F aton$ of the vicinal C-F bonds which are much of halide exchanges in cyclopropenyl halideS), (are
shorter (dc.-=1.438 A) than those of C-Cl (1.879 A) and substantially lower than the corresponding reactions Yith
C-Br (2.129 A) in the-S\2-syn TS. TheB-S\2 TSs are  especially with X = Cl [lower byca. 20 ((syn) and 14 kcal
relatively tight §2) with large degree of bond formation (75- mol™ (anti)] and with Br [byca. 25 (syn) and 15 kcal mdl
93%) and small extent of bond cleavage (7-25%) in the syffanti)]. A possible origin of this activation energy differences
TSs compared with the corresponding values of 53-71% andould be the more delocalized (covering whole cyclopropene
6-47% in the anti TSs. ring) 1,2-dihalocyclopropyl anion-like TSs than the partially

On the other hand, the MR®G* values for the3-S\2' delocalized (covering only three carbon atoms out of five of
paths with X = Cl and Br are lower than those correspondinghe ring) 1,2-dihalocyclopentenyl anion-like TSs. In both
values at the G2(+)MP2 level. This indicates that, in contrastases, there is no involvement of aromatic vs antiaromatic
to underestimation of electron correlation effects in generatharacter of small rings, since in the former the TS is
at the MP2 level, they are overestimated for the delocalizedyclopropy! (not cyclopropenyl) anion like, whereas in the
TSg41% of the 3-Sy2' paths with X = Cl and Br. The NBO latter the TS has cyclopentenyl (not cyclopentadienyl) anion
analyses indicate that in both the syn and anti TSs of thike structure.
B-Sn2' paths, an incipient lone pair formed ony G The reattack ySy2 reactions The nucleophile can sub-
delocalized toward the C=C bond by a strongrit-c stitute at ay-carbon with a double well potential energy
charge transfer interaction and the delocalized allyl anionisurface leading either to a syp2-syn) or anti (+Sy2-
structure is formed over ££,-Cs moiety as shown in anti) orientation to the C-X bond in the TS. No staple
Scheme 2. The lone pair on G ap type in the anti path, adduct was found at all levels of theory. Reference to Tables
whereas it is arsp’ type in the syn path. ThisciTf c=c 1-3 reveals that the B3LYBG” (AE”) values for thgrSy2-
charge transfer delocalization provides major part (>80%}pyn paths with X = Cl and Br are higher than those fogthe
of the overall proximate charge transfer energies listed ir5y2-anti paths in contrast to the lower G2(+)MR&*
Table 4. There are also weak vicingtaic.x interactions in  values (except for X = BAG*(syn) JAG*(anti)) indicating
all of the B-Sy2 TSs. This means that electronic delocali- that the interorbital pair electron correlation effects between
zation extends partly to,(.e., over G-Cs moiety (Scheme the lone pairs on the two halogen atoms of the eclipsing C-X
2). The overall proximate charge transfer energiéAEE,z_)g*) bonds (and also lone pairs op) @ the -Sy2-syn TSs are
summarized in Table 4 show that the anti TSs (compare thenderestimated as in tifSy2-syn paths\ide supra. The
adduct value for the anti path with X =F) have strongerMP2 AG” values (Table 2) are all higher than those at the
stabilization than the syn TSs due to the proximate charg&2(+)MP2 level (Table 3) so that electron correlation effects
transfer delocalization leading to lower activation energiedor the vSy2' TSs are underestimated at the MP2 level. This
for the anti-Sy2' reactions. Thg8-Sy2-syn TSs (€ sym- is in contrast to the overestimation of electron correlation
metry) for X = Cl and Br are characterized by two imaginaryeffects at the MP2 level for th8Sy2 TSs due to strong
frequencies at the MP2/6-311%Gevel indicating that they electronic charge delocalized structu?e$.This means that
are second-order saddle points with a maximum with respec¢he electronic charge delocalization in th&2 TSs is
to two mutually perpendicular directiofsSuch a TS may weaker than that in th8Sy2' TSs in which delocalization
be considered as a transient structure in the inversion profileccurs partially over four carbon atoms; G (Scheme 2),
of the 3-Sy2-anti TSs C, symmetry) and has an energy as discussed above. The TS structures are shown in Figures
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Table 5 Energetic’ for Circumambulatory Rearrangements of
Cyclopentadienyl Halides, Calculated at Various Methods with 6-
311+G’ Basis Sets (in kcal md)

Method X AF*  AF'zpe AH?P -TAS® AGP

B3LYP H 2752 2547 25.26 -0.06 25.20

Scheme 3ySy2-syn TS. F 4487 4343 4334 0.25 43.59
Cl 27.83 26.88 26.70 0.39 27.10
Br 2191 2111 20.87 049 21.36

1-3. A lone pair develops at tif(C,) position in theySy2' MP2 H 2532 2319 2299 -0.06 22.93

TSs, scheme 3, mtype for the anti and asp’ type for the E 5284 5166 5151 037 51.88
syn, and relatively strongcfo’cx vicinal charge transfer cl 3437 3379 3352 061 34.14
interactions occur and the;C,-C; moiety becomes a Br 26.93 2636 26.08 065 26.72
delocalized allyl anion. There are also very weak-0' c.x G2(+)MPZ H 2858 2645 2625 -0.06 26.19

charge transfer interactions; tth values rari)éx E 50.85 4967 4952 037 49.89
= F) ~-16 (X = Br) kcal mot* whereas thekEn - values cl 3360 3303 3276 061 33.37
are much greater than these rangrﬁg (X=F)~-219 (X Br 2695 2638 26.09 065 26.74

= Br) kcal mol®. These latterA charge transfer —— ; . .
the:Sy2 TSs are, however ConSI derabl lower &Corrected for zero-point vibrational energy with appropriate scaling
energies in s y factors: 0.9806 for the B3LYP method, and 0.9748 for the MP2 method.

than the B-77c-c interaction energlesACEn < =—198 ~  PAt298 K.°The MP2 geometries were used, and thermal data were taken
-334 kcal motY) in the -S\2' TSs (Scheme 1) malnly due formthe MP2/6-311+G level.

to wider energy gaps,A0=0s — On in eq. 2) with the
lower n levels ¢.g, 0, = 0.022 (syn) and 0.019 a.u. (anti) in 0 (B)
the y-Sy2' TSvs, = 0.025 (syn) and 0.026 a.u. (anti) in the

ot/ )
B-Sw2 TSs for X =Cl] and the higheo'cr than 7fc=c o

levels. The ySy2° TSs are somewhat looser with lower

S F (Cl)

degree of bond formation and larger degree of bond cleavac a. lon-pair like TS structure b. TS structure with
than theB3-Sv2' TSs. For example all the C-X bonds for fhe with X =H (Br) X=F(Cl)
Sv2' in Figures 1-3 are longer than those for BH&2' TSs. Scheme 5

The negative charges on @ the y-Sy2' TSs are stronger
(e.g, for X = Cl g = —0.402 (syn) and0.397 (anti)) than  stronger B-0'c.r interaction in the syn-68.8 kcal mot®)
those on Gin the3S\2 TSs €.g, for X = Cl, ¢ = -0.186  than anti £66.7 kcal mot*) leading to stronger delocalized
(syn) and-0.161 (anti)). This means that the lone pairs gn C allyl anionic moiety (&-C,-C3) as evidenced by the lower
in the yS\2' TSs are less delocalized (or more localized)negative charge on@or syn ¢0.609) than antiH0.619). In
than those on an the3-S\2' TSs. fact the lower activation energy for the syn than anti paths by
The proximate charge transfer stab|I|zat|era‘3§(AE(2) 2 kcal mofl? is the same as the difference in theo'c.r
in Table 4) of the-Sy2' TS increases in the order X = F < charge transfer energy difference.
Cl < Br. However, the barrier height decreases in the order Circumambulatory rearrangements. The halogen atom
Cl (AG” 019 kcal mof?) > Br (17) > F(3-5); in other in the cyclopentadienyl halides can undergo sigmatropic
words the halide exchanges of fluoride have the lowestearrangement by 1,5-shift and migrates around the periphery
proximate charge transfer TS stabilization but have theof the five-membered conjugated ring in a so-called mono-
highest reactivity. These trends of the lowest charge transfdrapto (1,5-suprafacial) circumambulatory (merry-go-round)
delocalization with the highest reactivity for X = F in the  rearrangement reactiSnScheme 4. We have used four
S\2 processes are similar to those found in &2 migrants (X = H, F, Cl and Br) and the activation energies
processes. We interpret this highest reactivity with X = F agalculated at the B3LYP, MP2 and G2(+)MP2 levels are
the stronger gain of the C-F bond energy relative to C-Cl andummarized in Table 5. THG” values at the B3LYP level
C-Br bonds in thgg- as well ag+Sy2' TSs. are lower than those corresponding values at the G2(+)MP2
Although the differences in th&G* values betweerny level, due to the overestimation of electron correlation
Su2-syn and anti processes are almost insignificant for X =effects in the TSs. The barrier heights increase in the order
Cl and Br, there isa. 2 kcal mot? difference in favor of the X = H < Br < Cl < F at the MP2 and G2(+)MP2 levels, but
¥Sy2-syn for X = F. This appears to be caused by thethe barrier height for X = H rises higher than that for X = Br
at B3LYP level. Moreover, thAG” value for X = H (and
X t Br) at the MP2 level is lower than that at the G2(+)MP2
level. The origin of this loweAG” values at the MP2 than
@/ —_— < _ @ G2(+)MP2 level for X = H is again the overestimation of
H u electron correlation effects for the relatively strong charge
delocalized TS structufe!™® with X = H at the MP2 level.
Scheme 41,5-Sigmatropic rearrangements. The percentage bond order changeaAn®4S4), reveal that
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the TS with X = H has a particularly tighter structure (65%ring, eq. 5, leads to a negative coefficienfyofThis means
bond formation; 35% bond cleavage) than those with other

migrants (for X = F, Cl and Br, bond formationda 40%  AG* = (1.34 + 0.09)BE- (41.38 + 2.36) + (36.16 + 8.76)

and bond cleavage ¢&. 60%). The NPA chargeS§§ at the ( r=0.997) (5)
NBO-MP2/6-311+G level show that negative charge

delocalization over the ring is the strongest with X = Hthat an aromatic cyclopropenyl cation-Yon pair like

(01 = =-0.340, g = gs = —0.252 and g=-0.236) and TS, 6), formation is facilitated by a strong electronegativity
the weakest with X = F (o= g = +0.035, g = ¢s = -0.365  of X.

and g = -0.024). Furthermore, the formal charge of the

migrant in the TSYY) is positive with X = H (§ = +0.341)
and X = Br (g = +0.033), while it is negative for X = F X
and Cl. These NPA charge analys®$) (ndicate that the TS

structure with X = H (and to a smaller extent with X = Br)
is nearly an ion pair type, (Scheme 5a) with charge
delocalized cyclopentadienyl anionic (aromatic) ring. On the We therefore conclude that the lower activation energies
other hand, the TS with X = F (and to a lesser degree withvith X = H and Br than with X = F and Cl are due to strong
X = Cl) has a quadrupole structure (Scheme 5b) with little(delocalized) negative charge development in the ring (as
charge delocalization within the ring. The ion pair like TS evidenced by the overestimation of electron correlation
with X = H (and with Br) is stabilized by an aromatic effects at the MP2 level) in the TS leading to aromatic
cyclopentadienyl anion like ring structure. This is in sharpcyclopentadienyl anion ring structure.
contrast to the strong antiaromatic negative charge delocaliz- Relative reactivities For the gas-phase identity nucleo-
ed ring structure found in the sigamtropic 1,3-shift for philic reaction pathways of fluoride anion with cyclopenta-
cyclopropene (X = H) with extremely high activation energy, dienyl fluoride, thereactivity increases at the G2(+)MP2
AG* = 88.5 kcal mot* at the G2(+)MP2 levélThese trends  level in the order @ < ySy2-anti < -Sy2-syn <-Sy2-syn
of extremely high energy barrier to the 1,3-sigmatropic< 3-Sy2-anti. The lowest reactivity of\@ path with X = F is
hydride shift on the cyclopropene ring in contrast to muchdue to the weak antiaromatic cationic ring structure in the TS
lower barrier to the 1,5-sigmatropic hydride shift on thewhile the highest reactivity with-Sy2'-anti can be attributed
cyclopentadiene ringAG” = 26.2 kical mof* at the G2(+)-  to the formation of a stable 1,2-difluorocyclopentenyl anion,
MP2 level) are consistent with the experimental resultswhich in turn is stabilized by the strong-rfc-c charge
thermally induced 1,3-hydride shifts have not been reportedransfer interaction with a delocalized allylic anion structure.
for simply substituted cyclopropeng® whereas the corre- The strong C-F bond energy in the adduct also contributes to
sponding 1,5-sigmatropic hydride shifts for cyclopentadiendts stability. The sigmatropic 1,5-shift of F has much higher
are known to be facile @ 60°C with a barrier height of activation barrier with 49.9 kcal mbdlthan other fluoride
AG” = 24.3 kcal mol*.*® In fact circumambulation around exchange reaction paths so that can not interfere or compete
cyclopentadiene ring is not limited to hydride as thewith other reaction path.
migrating groug. A wide variety of other types of groups  For the reactions with X = Cl, the-attack &2 reaction
can undergo comparable thermally induced migration. Alkylpath is the most favored and has the strongest reactivity;
groups shift in general with substantially higher activationthe reactivity increases in the order at the G2(+)MP2 level,
energies €.g, methyl group shifts ata. 200°C with AG* = B-S2-syn < 3FS\2-anti < pS2-syn < pSy2-anti < §2.
41.8 kcal moth)? than hydride. The strongest reactivity of theattack &2 path is ascribed
We have correlated the activation ener§y{ at the G2 to the weak aromatic cyclopentadienyl anion like TS. For X
(+)MP2 level) for the circumambulatory rearrangement of X= Cl, the twoyS\2' paths,i.e., syn and anti, have similar
reaction barriersca. 19 kcal mot?, which are lower than
AG” =(0.29 £ 0.03)BE + (11.79 + 0.59) (26.54 + 2.40) those for theB3-Sy2' paths. The high energy barrier wigh
(r =0.999) (4) Sy2-syn is due to smaller proximate charge transfer
stabilization (Table 4). The sigmatropic 1,5-shift of chlorine
(= H, F, Cl and Br) with bond energy (BE) of the C-X bond atom has also a high energy barrier, 33.4 kcal‘radl the
and electronegativity xj of X, eq. 4. For the cyclo- G2(+)MP2 level, which is considerably higher than those for
pentadienyl ring, both the BE and electronegativigy?’(  all halide exchange reaction paths except fof3$g2-syn
contribute to elevate the barrier heidhte., the stronger path which has almost the same barrier height of 33.6 kcal
the BE and the electronegativity, the barrier becomes highemol™. Thus the circumambulatory rearrangement reaction of
Alternatively, a migrant X with low electronegativity and chlorine can not compete with halide exchange reactions in
weak C-X bond will readily form a (@ls)” + X*) like TS general, in particular with the-attack &2 path AG”* =
(Scheme 5), which is stabilized by an aromatic cyclo-10.1 kcal malt) which is favorable by more than 20 kcal
pentadienyl anion ring. By contrast, the same type of corremol™ over the sigmatropic 1,5-shift.
lation with AG* (G2(+)MP2) valuésfor circumambulatory For the reactions of X =Br, the reactivity trends are
rearrangement of X (= H, F, Cl and Br) in the cyclopropenylsimilar to those of X = Cl above: tlmeattack {2 path is the

6
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most favored due to the aromatic cyclopentadienyl aniorwhich decreases in the order X=Br>CIl>F so that the
like TS structure. Again the twgS\2' paths have similar barrier heights increase in the order X =Br< CI<F. The
energy barriersga. 17 kcal mot*. The 3-Sy2-syn path has  lowest degree of positive charge development with X = F in
the highest energy barrier (36.6 kcal Mplwhich is even  this case is the results of rather tighter TS with larger degree
higher than the sigmatropic 1,5-shift of the bromine atomof bond formation and lower degree of bond cleavage than
(26.7 kcal matY). The much higher barrier fg8-Sy2-syn those with X=CI| and Br. Thus there is a compromise
(by 20 kcal mot?) than for 3-Sy2-anti results from much between a greater degree of aromatic ring formation (the
lower proximate charge transfer energie®7B (synyvs-438 looser the better) and the stronger bond energy gain (the
(anti) kcal mot*, Table 4]. ForB-Sy2 bromide exchanges, tighter the better) for they® TS with X = F.

the energy gaps betweep ando’c g, levels are 0.30 (syn) Finally it is appropriate here to summarize the relationship
and 0.21 a.u. (anti) so that the o c.sr charge delocalization between electron correlation effects calculated and delocali-
energies are57 (syn)vs—178 (anti) kcal mof, and lead to  zation within a TS or an intermediate. (i) Electron correlation
large overall proximate charge transfer energy differenceenhances delocalization. Various resonance delocalized forms
cited above. The activation barrier to the circumambulatoryof a molecular species are already present at the uncorrelated
bromine migration is low with 26.7 kcal md) but is still MO level, but electron correlation provides larger weights to
higher than all the halide exchange paths excepf-f\2- the resonance delocalized forms rather than new types of
syn path. Therefore the Br migration can not compete withhesonance delocalization. This is why the activation barriers
the halide exchanges, especially with thattack &2 path.  to reactions with a delocalized TS become lower with
The reactivity increases in the order 1,5-shi#$y2-syn <  correlated than uncorrelated MOs. Ample examples are
[-Sn2-anti < pSy2-syn 0 ySy2-anti < 2. presented by Weinhold and cowork&s(ii) The electron

For the reactions with X = F, th2Sy2' paths are the most correlation effects are in general underestimated at the MP2
preferred and the-attack {2 path is the most disfavored. In level, but for electron delocalized structures the electron
contrast, however, for the reactions with X = Cl and Br, thecorrelation effects are overestimaté¢f We encounter often
most preferred path is tleattack {2 and the @ paths are  a reaction with delocalized TS, for which the electron
much less favored (by more than 8 kcal Motelative to  correlation effects are overestimated and hence the activation
the Q42 process. We therefore conclude that in the gas phasmergy is underestimated at the MP2 level relative to a higher
the chloride and bromide exchanges in the correspondintgvel .g, G2 level) result. Examples: The lowgSy2
cyclopentadienyl halidesl) proceed by thes-attack &2 reaction barriers with X = Cl and Br at the MP2 level (Table
path and the &' processes should be difficult to compete 2) than the corresponding values at the G2(+)MP2 level
and will constitute the minor reaction pathways. This(Table 3). (iii) The electron correlation effects are over-
conclusion supports the experimentally deduce S estimated in the DFTe(g, B3LYP) energetics especially for
mechanism of Breslovet al for the halide exchanges in a delocalized structure so that for reactions with a delocaliz-
cyclopentadienyl halide's. However, the possibility of ed TS the activation energies are underestintatddwever,
competing therSy2' path (as well as th8-Sy2' path) with  the interorbital pair correlation energies between lone pairs
the S2 reaction raised by them can be disregatd@dr on neighboring atoms are underestimated, and hence if such
results also show that reactions involving displacement omeighboring lone-pairs are present in the TS, the activation
the halogen atom to form a dihalogen molecule leading t@nergy is overestimated. Examples: The higher D&F
cyclopentadienyl anion formation is not possible in the gagAE”) values (Table 1) than the corresponding values at the
phasé G2(+)MP2 level (Table 3) fo-S\2-syn (TS) andB3-Sy2-

The gas phase fluoride exchange reaction exhibits entirelgnti (intermediate) processes.
different trends compared to chloride and bromide exchanges. These trends of accounting for electron correlation effects
The TSs in the fluoride exchanges are mostly stabilized byt lower levels of theory can therefore help understanding TS
an extra, albeit partial, strong C-F bond energy, which seemstructures as the examples given above demonstrate.
to provide much lower energy barriers@as well as-Sy2
reactions but not in they3 path since F is bound much  Acknowledgment This work was supported by Korea
looser (dcr=1.856 Avsdfc-1.438 and 1.541 Ainth8  Research Foundation Grant (KRF-2000-015-DP0208).
andy-Sy2' TSs respectively).
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exchange reactions of cyclopropenyl halidgsa¢ the G2(+) Chem. Resl973 6, 395. (c) Reindl, B.; Schleyer, P. v. B.
level of theory In the latter reactions db, the barrier Comput. Cheml998 19, 1‘:21295‘1) Glukhovtsev, M. N.; Bach, R.
heights of thes-attack |2 .p_aths are str_ongly dependent on a,';iglﬁ,te{’ g.%hsg}/éhgr?f Chen‘?_lpo%éggsf‘z(fg_ Lee, E. P F;
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