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In a previous study we reported that fluorine substitution at the carbon positions of aziridine results in
profound enhancements of the rate of reaction with ammonia, a typical nucleophile, in the gas phase. In
this study the investigation is extended to include chloro- and bromoaziridines. Because syntheses are
largely performed in the condensed phase, the present computational investigation [(MP2(Ful}#8=311
(d,p)//MP2(Full)/6-33-G(d) level] was conducted with three typical solvents that cover a wide range of
polarity: THF, CHCN, and HO. Nucleophiles can react with haloaziridireby displacing a substituted

amide ion by means of any@ mechanism (pathway a), producing 1,2-diaminohaloethanes (from the
initially formed dipolar specie®). Alternatively, a rearrangement mechanism involving rate-determining
departure of a halide ion (pathway b) to form an imidoyl hali8eis possible. Transition-state theory

was used to compute relative reaction rates of these mechanistic possibilities and to assess the role of the
halogen substituents and the reaction solvent. Gas-phase results provided the basis of mechanistic insights
that were more apparent in the absence of intermolecular interactions. Fluoroaziridines were found to
react at accelerated rates relative to aziridine exclusively by means of the a Menshutkin-type mechanism
(Sv2) in each solvent tested, while the reactions of the chloro- and bromoaziridines could be directed
toward?2 in the highly nonpolar solvent, cyclohexane, or towaid the more polar solvents. An assessment

is made of the feasibility of using this chemistry of the haloazirdines in the synthetic laboratory.

Introduction are typically prepared to increase its reactivity to synthetically
useful levels. We recently reported that substitution of the carbon
Aziridine chemistry continues to be an area of considerable positions of the aziridine ring with fluorine led to spectacularly
interest synthetically and mechanisticall. noteworthy bioor-  elevated rates of ring cleavage reactions with ammonia in the
ganic application to the preparation of irreversible inhibitors of gas-phase calculatiofsThese findings have assumed increased
cysteine protease has been reported by Engels and co-wérkerssignificance with the subsequent report of De Kimpe and co-
Although oxirane and thiirane are widely used synthetically workers that fluoroaziridines can be prepared in good to fair
in nucleophilic substitution reactions to prepare 2-substituted yield.1>® 1t is anticipated that haloaziridines will prove to be
alcohols and thiols, respectively, aziridine is a reluctant useful synthetic intermediates.
participant in these reactions due to the poor leaving group Fluorine was an attractive substituent to probe this reaction
ability of its amide ion*~13 Amide and sulfonamide derivatives  since it is only slightly larger than hydrogen, yet vastly more
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electronegative. Several reasons were provided for the rateof these halogens relative to fluorine, an additional mechanistic
acceleration$? Fluorine contributes to the disjoined efféét’ possibility encompassed expulsion of chloride or bromide via
Fluorine substitution makes the amide function a better leaving a rearrangement pathway to generate a carbocationic species
group. The electronegative fluorine can interact in an electro- followed by capture of halide ion, yielding an imidoyl halide,
statically stabilizing manner with the incoming partially posi- 3. Indeed, heating mono- and dichloroaziridines in nonpolar
tively charged ammonia moiety. Finally, fluorine substitution solvents has been found to produce these compot§rfs.
accelerates the reaction by increasing the ring strain of the

ground state. X,

To determine whether fluorine is unique among the halogens NH; ®/\//NH
and to further elucidate the mechanism of the reaction, the - 2 H;3N !
present computational study was designed to study the larger, e
less electronegative halogen substituents, chloro and bromo, in X ;ﬁi‘:{é’“““ 2
a Menshutkin-type reaction proceeding via a2 $nechanism Xm ¢) CH,CN
to form 2; however, due to the superior leaving group ability 1 d) H,0

X=F,CLBr; m=1-2 Xm-1) NH

(1) (a) Fukuta, Y.; Mita, T.; Kukuda, N.; Kanai, M.; Shibasaki, M. b \CH(4-m)_(
Am. Chem. Soc2006 128 6312. (b) D’hooghe, M.; Vervisch, K.; De X
Kimpe, N.J. Org. Chem2007, 72, 7329. (c) Yadav, V. K.; Sriramurthy, 3

V. J. Am. Chem. So®005 127, 16366. (d) Minakata, D.; Hotta, T.;
Oderaotoshi, Y.; Komatsu, M. Org. Chem2006 71, 7471. (e) D’hooghe,

M. Mangelinckx, S.; Persyn, E.; Van Brabandt, W.; De KimpeJNOTg. Since most synthetic reactions are conducted in solution,

Chem 2006 71, 4232. (f) Liiu, R.; Heron, S. R.; Fleming, S. A. Org. relative rates were calculated with three typical solvents that
Chem 2007, 72, 5587. (g) Chen, G.; Sasaki, M.; Li, X.; Yudin, A. K. span a wide range of dielectric constafftselatively nonpolar
Org. Chem 2006 71, 6067. (h) Hu, L.; Zhu, H.; Du, D-M.; Xu, dI. Org. THF (e = 7.58), polar, aprotic acetonitrile (AN;= 35.9), and

Chem 2007, 72, 4543. (i) Savoia, D.; Alvaro, G.; Di Fabio, R.; Guanlandi, . - - . !
A.; Fiorelli, C. J. Org. Chem 2006 71, 9373. (j) D'hooghe, M.; Van highly polar, protic HO (¢ = 78.3). In essence, it was of interest

Speybroeck, V.; Van Nieuwenhove, A.; Waroquier, M.; De Kimpe JN. to determine whether these haloheterocycles are nothing more

Org. Chem2007, 72, 4733. (k) Ardura, D.; Lopez, Rl. Org. Chem2007, i iositi i i i
723250, () Mendiik. M. T Tao, P Hada, C. M.. Coleman. R. S.. Lowary, '_than thedqretlcal curiosities or if they have potential as synthetic
T. L. J. Org. Chem2006 71, 8059. (m) Yu, L.; Kokai, A.; Yudin, A. K. Intermediates.
J. Org. Chem?2007, 72, 7471. (n) Braga, A. L.; Schneider, P. H.; Paixao,
M. W.; Deobald, A. M.; Peppe, C.; Bottega, D.P.Org. Chem2006 71, Computational Methodology
4305.

(2) (a) Helten, H.; Schirmeister, T.; Engels, B.0rg. Chem2003 70, Ab initio calculations were performed at the MP2(Full)/6-

233. (b) Vicik, R.; Busemann, M.; Gelhaus, C.; Stiefl, N.; Scheiber, J.; _ _

Schmitz, W.; Schulz, F.; Mladenovic, M.; Engels, B.; Leippe, M.; Baumann, ;311;;G($,p)/]{MP2(FLrJTI]I¥6TﬁEH—G(F) 't‘?"e' by(;n?a?ls. ofdthe Gasugls

K.; Schirmeister, TChemMedCher2006 1, 1126. 1an b Sure ot programs. 'ne sovaton modet utilzed was St1-
(3) Padwa, A.; Murphee, S. IProgress in Heterocyclic Chemistry PCM2223 A scaling facto?* of 0.9646 was used for the thermal

Gribble, G. W., Joule, J. A., Eds.; Elsevier: New York, 2007; Vol. 18; see correction to the computed energies at a reaction temperature of

also previous volumes in this series. 298.1 K. Criteria for the transition state and ground state were
(4) Izquierdo, J.; Lopez, I.; Rodriguez, S.; GonzaleAREcent Res. De calculation of one and zero imaginary frequencies, respectively.

Or%é)cpl}ﬁgws.igi%hﬂloél?% Org. Chem2006 22 4979 GaussView 3.0% was used for animation of the sole imaginary

(6) Pastor, I. M.; Yus, MCurr. Org. Chem 2005 9, 1.
(7) Fokin, V. V.; Wu, P. InAziridines and Epoxides in Organic Synthesis (18) Deyrup, J. A.; Greeenwald, R. B.Am. Chem. Sod 965 87, 4538.

Yudin, A. K., Ed; Wiley-VCH: Weinheim, Germany, 2006; p 443. (19) (a) Heine, H. W.; Smith, A. B., lllAngew. Chem., Int. Ed. Engl.
(8) Hodgson, D. M.; Humphreys, P. G.; Hughes, SP&re Appl. Chem. 1963 2, 400. (b) Ichimura, K.; Ohata, MBull. Chem. Soc. Jpr1967, 40,
2007, 79, 269. 1933.
(9) Sweeney, J. BChem. Soc. Re 2002 31, 247. (20) Reichardt, CSokents and Sekent Effects in Organic Chemistry
(10) Ando, W.; Choi, N.; Tokitoh, N. IfComprehensie Heterocyclic VCH: Weinheim, Germany, 1988; p 408.

Chemistry || Katritzky, A. R., Rees, C. W., Scriven, E. F. V., Eds; (21) Gaussian 03, revision C.02: Frisch, M. J.; Trucks, G. W.; Schlegel,
Elsevier: Amsterdam, 1996; Vol. 1, p 241. H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Montgomery, J. A.,
(11) Chew, W.; Harpp, D. NSulfur Rep1993 15, 1. Jr.; Vreven, T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.;

(12) Pearson, W. H.; Lian, B. W.; Bergmeier, S. C.Gomprehensie Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.;
Heterocyclic Chemistry jIKatritzky, A. R., Rees, C. W., Scriven, E. F. Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda,
V., Eds.; Elsevier: Amsterdam, 1996; Vol. 1, p 1. R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,

(13) Yudin, A. K. Aziridines and Epoxides in Syntheswiley-VCH: H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken,
Weinheim, Germany, 2006. V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.;

(14) Banks, H. DJ. Org. Chem2006 71, 8089. This reference contains  Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.;
a discussion of the application of NBO atomic charges to aziridines. Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski,

(15) Van Hende, E.; Verniest, G.; Surmont, R.; De Kim@eg. Lett V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D.
2007, 9, 2935. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui,

(16) An excellent review of previous syntheses@haloaziridines is Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.;
available: Singh, G. S.; D’hooghe, M.; De Kimpe, 8hem. Re. 2007, Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith,
107, 2080. T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.;

(17) The disjoined effect explains the observation of an acceleration of Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople,
nucleophilic cleavage of three-membered heterocycles in terms of a lowering J. A., Gaussian, Inc., Wallingford, CT, 2004.
of the rate-retarding attractive electrostatic energy of the transition state  (22) Wiberg, K. B.; Keith, T. A.; Frisch, M. J.; Murcko, Ml. Chem.
between the partially positively charged carbon reaction centgraad Phys.1995 99, 9072.
the departing partially negative heteroatom functionality. The proposed  (23) Excellent reviews of solvent effects are available: (a) Tomasi, J.;
mechanism of this effect is that advantage is taken of the unpaired electronsMennucci, B.; Cammi, RChem. Re. 2005 105, 2999. (b) Ororozo, M.;
of heteroatoms (nitrogen and fluorine) attached to the vicinal carban, C Luque, F. JChem. Re. 200Q 100, 4187. (c) Cramer, C. J.; Truhlar, D. G.
Repulsion of the back lobe of the vicinal carbon orbital used for bonding Chem. Re. 1999 99, 2161.
to the carbon reaction center by these heteroatom electron pairs decreases (24) Foresman, J.B., Frisch, Zxploring Chemistry with Electronic
the magnitude of positive charge assumed hyéative to a substrate for Structure Methods2nd ed.; Gaussian, Inc.: Pittsburgh, PA, 1996.
which this is not possible such as a four-membered ring or an acyclic  (25) GaussView 3.09, Gaussian, Inc., Carnegie Office Park, Building 6,
compound. See Figure 2 and the accompanying text. Pittsburgh, PA 15106.
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H3N(5+ q(cv)eﬂ - qCv + qx3 + qX4
X Anpeft = On T+ Oh-n
Xz——C{ X4 Finally, d is the distance betweenrs@nd N .
X3\\d/ The Laplacian plots of electron density of the transition for the
% Cy rearrangement reaction were obtained by means of AIM 2000
5 calculations®®

N.H . .
L Results and Discussion
FIGURE 1. Transition state for the\& reaction of an aziridine with

- Sy2 Reaction Pathway.Chloro and bromo compounds-10
ammonia.

were added to the previously studiédias-phase calculations

frequency, and IRC calculations were used to confirm identification for 4—6. The relative rates of the\2 reactions for these
of the transition states. Rate differences between invertomers were

ST . . . . . X Y
found to be insignificant. Ring strain energies were estimated using
the method of Dudev and Lif# This technique provides a relatively H P
simple method of estimating the strain energy of a cyclic molecule 6 F F
relative to a strain-free acyclic model compound. It consists of the 7 C H
following procedure. First, at the chosen level of theory, the energy X ; a - da
of the acyclic model compound is computed. Since the energy of 0  Br Br

a cyclic compound differs from that of its acyclic model by the Y

energy due to the removal of two-& bonds and the formation . . .
of a C—C bond, terms for these energies must be included in the SOMpPounds were determined in the aforementioned solvents.

ring strain energyErs. For monocyclic compounds The results are presented in Table 1. Extremely Iar_g_e .accellera-
tion of the rates of nucleophilic cleavage of the aziridine ring
Ers = Ecyelo — Eacyclo T Ean were calculated upon substitution of the ring by halogen

substituents. The factors that contribute to these impressive rates
where Egyqo and Eqcyoio are the calculated energies of the cyclic  of nucleophilic substitution will now be considered.

compound and its acyclic model, respectively. Because solvent effects can play a significant role in the
relative rates, the gas-phase reaction rates were used in seeking
Eon=2Ec 1 —Ecc explanations of relative reactivity. Since release of ring strain
in the transition state plays a prominent role in the overall rate,
Ec = ECH3CH3_ ECH3CH2- the relative rate constantke, were also determined in the
absence of the strain energy contributions so that the importance
Ec-c = Echcn, — 2Ecn; of other factors on the transition-state energy could be evaluated.

The strain energies were calculated using the method of Dudev

Good to excellent agreement is achieved when the results of thisand Lim_-% _
method are compared to experimental values for small ring Substituent effects were determined to be most pronounced

heterocycles! . N in the gas phase. This finding is not unexpected since there is
Relative reaction rates were obtained from transition-state no other available mechanism to stabilize the developing dipolar
theory?® The disappearance @fto form either2 or 3 is effectively transition state. The more polar the solvent, the less important

of the same kinetic order for each reaction since the reaction to

- ; the substituent effect, emphasizing the likelihood that the
form 2 would be conducted with a large excess of ammonia to b 9

S e . O intramolecular energetics of halogen substituents can effectively
minimize the formation of polyalkyated products, giving rise to compete with the favorable intermolecular stabilization offered
pseudo-first-order kinetics. P

The attractive energies (kcal/mol) in the transition state due to PY Polar solvents. _
the carbon and nitrogen reaction centers were computed by means Dichloro compound8 has the largest substituent effects.
of a simple, classical relationship for the electrostatic endtgy: ~ Additionally, while substitution of a second bromo substituent
produces a rate increase of about 2 orders of magnitude, a similar
33 e, et transformation for the chloro derivative gives rise to a rate factor
Bast=——q ) in excess of 18 Chlorine thus emerges as the most potent
accelerating substituent. Fluorine substitution, giving rise to the
The effective charges of the carbon reaction center and nitrogenimPVGSSiVe rate increases reported previously, was found in this
leaving groupgcqerr anddn,etr, respectively, were computed (see  study to be the least effective halogen studied for increasing

Figure 1) using the NBO atomic charges as follows: reactivity when ring strain release in the transition state was
considered.
Acyeft = Gc, T Ox, T dx, t A perr A useful model to explain the differences in reactivity is
depicted in Figure 2. This concept, the disjoined effect, is
(26) Dudev, T.; Lim. C.J. Am. Chem. Sod998 120, 4450. derived in part from the work of Wiber$.|t is postulated that
(27) Banks, H. D.J. Org. Chem2003 68, 2639. the unshared pairs of electrons on the developing amide ion

(28) See, for example: Lowry, T. H.; Richardson, KMechanism and

Theory in Organic Chemistrynd ed.; Harper & Row: New York, 1981; repel the electron pair of the-&C bond toward the reaction

p 194.

(29) (a) Cramer, C. Essentials of Computational Chemist8&nd ed.; (30) Biefler-Kanig, F.; Schiabohn, J.; Bayles, Dl. Comput. Chen2001,
Wiley: New York, 2004; pp 3233. (b) Eliel, E. L.; Wilen, S. H. 22, 545.
Stereochemistry of Organic Compounti¢iley: New York, 1994; p 37. (31) Wiberg, K. B.J. Am. Chem. S0d.99Q 112 3379.
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TABLE 1. Substituent and Solvent Effects on the Relative Rates of Reaction of Aziridines with Ndwith and without Ring Strain Energy
Corrections

solvent 4 5 6 7 8 9 10
AH*a none 63.4 40.6 32.0 40.2 33.0 38.1 315
THF 44.3 30.0 21.4 31.6 24.7 28.7 23.5
AN 40.8 30.5 20.4 30.8 23.3 27.9 23.1
H,0 40.4 28.2 20.2 30.7 23.1 27.8 23.0
AGF2 none 67.6 43.4 34.1 42.1 34.8 40.0 334
THF 54.1 39.6 30.8 41.2 335 38.3 33.4
AN 50.6 40.1 29.9 40.3 33.9 375 32.8
H>0O 48.4 37.8 29.7 40.2 33.7 37.3 32.8
Krel none 1.00 5.17E17 3.65E-24 4.50E-18 1.12E-24 1.62E-20 1.11E-25
THF 1.00 45110 1.21E-17 3.35E+09 1.44E-15 4.53E+11 1.68E-15
AN 1.00 491807 1.58E+15 3.35E+07 1.60E-12 4.29E+09 1.02E+13
H.O 1.00 5.998-07 5.08E-13 4.03E-07 5.49E-10 1.32E-08 2.90E+11
SEb 27.3 35.6 42.9 33.1 335 36.1 39.9
K'e® none 1.00 4.11#11 1.23E-13 2.47E+14 3.22E+19 5.76E+13 6.65E-15
THF 1.00 3.596-04 4.08E+05 1.84E+-05 4.14E-10 1.61E-05 1.01E-06
AN 1.00 3.91E-01 5.34E+03 1.84E+-03 4.61E-07 1.52E+03 6.12E+03
H,O 1.00 4.778-01 1.72E-02 5.47E+01 1.58E-06 4.71E+01 1.73E-02

a|n kilocalories per moleP Strain energy calculated by means of ref 2Relative rate with the ring strain energy included in the calculation.

5 TABLE 2. Effective Charges of the Transition States in the Gas
NH Phase at the Carbon Reaction Center and Electrostatic Energies
% 3 Using NBO Atomic Chargeg
5 >
$ NBO charges NBO charges
" H - Qe Eue Qe Eau
) J(creff Eelst d(creft elst
H 4 0.237 —25.6 11 0.492 —25.2
5 0.141 —10.1 13 0.370 —40.1
6 0.132 —-9.7 15 0.138 -9.5
7 0.273 —22.6 16 0.164 —-11.7
. : P 8 0.286 —26.1 17 0.248 —20.0
FI_%U’\FIQFE| 2. Transition-state model for the reaction of haloaziridines 9 0265 %08 18 0.287 o455
wi 3 10 0.284 —24.2

center, decreasing its positive charge and introducing a stabiliz- e, the effective atomic charge at the reaction center, is defined as
the sum of the atomic charges o&,CX1, Xz, Cy, X3, and Xi. The effective

ing effect by decreqsing the electrostatic attraction of the reaCtic.mcharge at the nitrogen leaving group is the sum of the atomic charges of
center and the leaving group. The presence of an electronegativ@jirogen and that of its attached hydrogen at8i8ee Figure 1 and the
fluorine at the vicinal position can supplement the stabilization Supporting Information.
due to nitrogen alone as was the case for aziridine itself by
using its unpaired electrons_to repel the electron density of the effect is of similar magnitude for this group of compounds.
C_C. bond towqrd the reaction center. . . When the electrostatic energies are calculated (eq 1), the results
This explanation does not apply fully to the high reaction are again similar to that of

rates of the chloro- and bromoaziridines. Clearly, since the Tat?le 3 provides the crit.ical carbealogen and carben
nonbonded electron pairs on chlorine and bromine are found in . " . R .
3sp and 4sp orbitals, respectively, direct interactions leading ?:Srggi? tt:itﬂit::;g?ﬁ;gn:vglfggzcgitzr%%éggrn%gf\,rv%?fﬁ; with
to repulsion of the electrons of the bonding orbital between the : .

that increases for the carbehalogen bond distances are all

carbon reaction center gEand the vicinal carbon comprised iy - .
of 25 orbitals giving riség:to a lowering of positive chgrge at within 12% of their average values and that the shortenings of
— 0,
Cr are not operative. Interaction of the electron pairs of the C—N bonds are less than 9%. The changes for the gas phase
departing nitrogen of these compounds withsbould still, as are greater @ha_n _those n the_ various solvenjfg. In the absen(_;e of
is the case for the parent compoudoccur. Support for’this solvent the incipient amide ion can be stabilized by stretching
idea is provided by calculation of the effective charge at the the qarbo&hglogen bond to Impart imine pharacter to th!s
carbon reaction centegcgerr, by means of the NBO atomic species. This intramolecular effect is responsible for stabilization
el . . . . . .

charges (Table 2), found FlerefuI previousiyt should be noted n the_vap(_)r phase. This finding is rather remarkable since,

! daspemally in the case of the good chloro and bromo leaving

that atomic charges are not physical observables, but are define roups. one miaht expect neaative charge to be transferred to
by the computational method employed. They are not necessarilyg PS, 9 P 9 g

centered at the nucléi.It is expected that at best only qualitative thesg glroypshby complfetﬁ cleavage ?f the lcartbmiogen bond, di
results will be obtained. With this in mind it is noted that while giﬁz';g i tT%ga;Esercg g‘fozﬁigobirhz‘\’/i‘(’)f“if d?sa?(;(sestehrgte e
the fluoroaziridines all have less positive values|@fyer, these L o . .

quantities for7—10 and the dichloro diastereomet3 and 18 aziridine intermediate is quite a stable species indeed.

are all rather close to that &f indicating that the disjoined One rationalization of the exceptional reactivity f10
results from considering the relative electronegativifiesd

(32) See: (a) Bader, R. F. W.; Larouche, A.; Gatti, C.; Carrol, M. T.;

MacDougal, P. J.; Wiberg, K. Bl. Chem. Physl987, 87, 1142. (b) Wiberg, (33) March, JAdvanced Organic ChemistryJohn Wiley: New York,
K. B.; Rablen, P. RJ. Comput. Cheml993 14, 1504-1581. 1992; p 21.
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TABLE 3. Haloaziridine Transition-State Bond Distances (A) [Percent Difference with Respect to Average Bond Distances]

C—X bond distance (A) €N bond distance (A)
gas THF CHCN H.0 gas THF CHCN H.O
5 1.525 1.472 1.468 1.467 1.363 1.385 1.389 1.390
[8.93] [5.14] [4.86] [4.79] F7.28] [-5.78] [-5.51] [-5.44]
6 1.435 1.408 1.398 1.484 1.342 1.362 1.365 1.365
[2.50] [0.57] [0.14] [6.00] F8.71] [-7.35] [-7.14] [-7.14]
1.414 1.399 1.406 1.495
[1.00] [-0.07] [0.43] [6.79]
7 2.002 1.896 1.880 1.878 1.361 1.387 1.393 1.394
[11.84] [5.92] [5.03] [4.92] F7.41] [-5.65] [-5.24] [-5.17]
8 1.916 1.824 1.821 1.878 1.344 1.368 1.374 1.375
[7.04] [1.90] [1.73] [1.68] [8.57] [-6.94] [-6.53] [-6.46]
1.819 1.837 1.825 1.825
[1.62] [2.63] [1.96] [1.96]
9 2.177 2.103 2.091 2.089 1.361 1.378 1.439 1.382
[1.051] [6.75] [6.14] [6.04] F7.41] [-6.26] [-2.11] [-5.99]
10 1.983 1.978 1.975 1.975 1.341 1.352 1.354 1.355
[0.66] [0.41] [0.25] [0.25] F-8.78] [-8.03] [-7.89] [-7.82]
2.094 2.063 2.058 2.056
[6.29] [4.72] [4.47] [4.37]
SCHEME 1. Alternative Pathways for Attack of NH3 on respect to the rate of aziridine in the gas phase. Unlike the case
Aziridine and Its Acyclic Model Compounds for the fluoro compounds where the acyclic model reacted about
H;N 1(? times slower, the relative accelerationIf is ca. 104
o It is likely that two factors are at work to give rise to this
\ X @ o remarkable difference. First, chloride is a considerably superior
c H;NCH5—CH=NH + X Ieavir_lg group relative to fluoride. Secon_d, th distanpe of
chlorine from the reaction center makes it difficult for it to
® interact with the incoming nucleophile at an early stage along
E _d . H,;NCH—CH---NH the reacti_on (_:oordinate_. The path of Iowes_t energy is forma_tion
: of a chloride ion that migrates close to the incipient ammonium
% ion with the concurrent genesis of the corresponding neutral

imine. The importance of having a chloro substituent at the

leaving group ability. The departure of nitrogen is promoted vicinal position was explored_ by study_ing the reactivity of £H
by the stabilization afforded by development of partial double CHANHCH:CI (12); the relative reaction rate of 1.16 10°°
bond character with the vicinal carbon, forming a species having @nd geometry (Figure 3) were virtually identical to those of the
imide character. A good leaving group at the vicinal carbon is dichloro modellc'ompound, demonstrating that the second chloro
clearly advantageous; however, additional stabilization can be 9r0UP has a trivial effect. _ o
provided by a bonded atom of reasonably high electronegativity. A radically different result was obtained when a similar
Braumar® reported in a classical paper studying tugonic transformation was made fo!r _the acyc.hc fluoro model com-
S\2 reaction that gas-phase leaving group ability is not absolute Pound. Replacement of the vicinal fluorine by hydrogen led to
and depends on the hardness/softness of the nucleophile and "ate increase of 9.2@ 10'. Unlike the transition state for
leaving group. To the best of our knowledge, gas-phase leavingdiflioroamine FCHCHNHCH,F (13) (Figure 4) that has a
group ability has not been studied foxBreactions between ~ C—N bond length of 1.356 A, the bond distance for the
neutral substrates. From thée values for7 and9, leaving ~ Monosubstituted CHCHNHCH,F (14) is 1.287 A, closely
group ability appears to make a minor contribution since the "€seémbling that of an imine bond. The carbdiuorine bond
former only reacts about 4 times faster. This observation is IS Completely broken, and fluoride ion has migrated close to a
strengthened by the relatively minor increases in thel@logen ~ hydrogen of the incipient ammonium ion. In the difluoro
bonds in the transition states (Table 3). Stabilization of the COMPpound, strong electrostatic interactions between the am-
developing negative charge afforded by the considerably higherMonia hydrogens and the fluorine of the 2-fluoroethyl group
electronegativity of the second chlorine relative to bromine at decrease the ability of the developing ammonium ion to assist
C, is proposed to be the major contributor to the higher reactivity In formation of a fluoride ion. In the absence of this fluoro
of 8 as opposed tdo. group, fluoride ion formation proceeds unimpeded.

By analogy with the acyclic model compound previously No model compound can perfectly capture every structural

employed for G attack on5, CICH,CH,NHCH,CI (11) was detail of the compound it is intended to mimic. Aziridines have

selected fof7. Attack on G of the 2-chloroethy! group simulates the leaving group tgthered to the carbon reaction center (red
an environment in which the vicinal carbon bears a chlorine Pond, Scheme 1) with pathway d the lowest energy pathway

and the departing amino group has a chloroalkyl attachment. PEcause the developing negative charge can be dispersed in the
When steric strain considerations were included, this compoundtrans't'on state over three atoms with electron density fed into

was calculated to react at a relative rate of 2:37L0%8 with the developing partially pqs[tively charggd carbon reactiqn
center by means of the disjoined effect without the necessity

(34) See, for example: Pritchard, H.; Skinner, H.Ghem. Re. 1955 of breakin_g a carbonhalogen bo.nd' In the absence of this
55, 745-786. Y ’ tether, as is the case for the acyclic model compounds, pathway
(35) Olmstead, W. N.; Brauman, J.J. Am. Chem. So¢977, 99, 4219. d would be expected to be followed since the energy required
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FIGURE 4. Transition-state geometries @fand two model compounds in the gas phase (distances are in angstroms).

TABLE 4. Regiochemical Studies for the §2 Reaction of the gas phase, the rates relative to that of aziridine after correction
Haloaziridines for strain energy release in the transition state are k18P
AGFatG AGFat G and 3.80x 10°. With the disastereomers of 2,3-difluoroaziridine,
solvent (kcal/mol) (kcal/mol) kiel(C2 vs Gy) thetransisomerl5reacted ca. fimes fastet This difference
5 H.0 52.3 37.8 2.37E11 was ascribed in part to the greater stability of the dipolar
6 THF 55.8 30.8 5.46E19 complex of thecis isomer16 and to interactions of the vicinal
; g‘;ge 5?73';’ ;3271 11327,52 fluorine with the hydrogen of the imine-like leaving group.
8 none 67.6 34.8 9.80E25 Although the dipolar complex df8 was found to be more stable
9 none 67.1 40.0 1.36E20 than17 by 2.2 kcal/mol at the MP2(Full)/6-38G(d) level, the
10 none 68.6 33.4 1.66E26 dipolar interactions between the imine hydrogen and chlorine

are expected to be minimal. This is consistent with the fact that

to cleave the €X bond is partially compensated for by the relative rate of the dichloroaziridines has dropped to 3

formation of a relatively strong carbemitrogen double bond. |104 from the considerably higher value for their fluoro ana-
This analysis suggests that since the hybridization of the carbon ogues. . o )
possessing imide character approach@step G-N bond will Both stereoisomers react faster than aziridine, demonstrating
be shortened. This prediction is confirmed by the fact that the that the presence of a chloro group at @es not hinder the
acyclic model compounds have-C bond lengths of ca. 1.29  reaction; however, these compounds both react slowerzhan
A, while that of the aziridine derivative is ca. 1.36 A (Figure 3). The more reactivel7 is 6.5 x 10* slower than7. The qicqet
The regiochemical consequences of the reaction are presentey@lues (Table 2) are quite similar and close to thag dfowever,
in Table 4. From these results it is reasonable to conclude thatit is somewhat surprising that the chlorine atoms bondedito C
for synthetic purposes attack will invariably occur exclusively in the transition states df7 and 18 bear virtually no charge;
at the less substituted position. the NBO atomic charges (Supporting Information) are 0.033
Comparing5 to its model13 and 7 to 11 (Table 2), itis ~ and 0.080, respectively. This suggests an energy requirement
noted that the acyclic model compounds develop considerablyis €ngendered by the relatively electronegative chlorine atom
more positive charge at{Ghan the heterocycles in accord with ~ at the reaction site in donating electron density to stabilize the

the disjoined effect. In the case bf, the rupture of the carben transition state.

chlorine bond permits advanced imine character for the leaving Rearrangement Pathway.The good halide leaving groups

group and greatly accelerates this reaction. of the chloro and bromo derivatives introduce the possibility
Diasteroselectivity in this reaction was explored usaig of a reaction that proceeds with a different chemoselectivity.

andtrans-2,3-dichloroaziridine 17 and18, respectively). In the Instead of concerted attack by the nucleophile with displacement
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FIGURE 5. Two views of the Laplacian for the transition state in the reactiof wfith NHs.

of a substituted amide leaving group considered above, departurelr';‘aB'F-{';aEt’i-v eERf,faet‘;t: 8; tf}g"g‘;;g;gli thir\if nggégfrfSOf Activation
of a halide ion could occur by means of an isomerization

mechanism, producing. As mentioned above, this reaction, compd solvent AG AGh, kalko
the formation ofc-chloroimidoyl chlorides from 2-chloro- and 5 none 43.4 68.5 2.50E18
2,2-dichloroaziridines, respectively, has been obset&tA mF 28-;5 gg-f 21-286512
logical intermediate in this reaction is illustrated below. A typical H,0 378 427 3 89E03
6 none 34.1 1.077E25
" 3 AN 29.8 1.344E-22
H,0 29.7 48.7 9.02f£13
7 none 42.1 68.5 2.21E19
THF 41.2 38.6 1.30E02
AN 40.3 34.9 1.13E04
H.0 40.2 34.6 7.16E05
CeHaz 43.4 51.1 44805
8 none 34.8 60.3 5.29E18
THF 335 35.9 6.33£01
15 X'=X*=F;X’=X*=H AN 339 319 3.12E02
s L o H,0 33.7 31.3 1.501E02
16 X' =X"=F, X"=X"=H 9 none 40.0 45.8 1.75E04
L wh vt wh THF 38.3 31.8 1.87E05
17 X'=X"=CL, X*=X"=H AN 37.4 28.2 1.60E07
I_ x4 o1 w2 %3 H20 37.3 27.7 8.79E08
BX=X=CLXx=X"=H CeHaz 36.8 44.1 2.16E05
) N , . , 10 none 33.4 45.8 1.13609
Laplacian for the transition state leading to this competing THE 334 30.2 4.95E03
reaction in the case of and NH; is provided in Figure 5 as AN 328 26.5 2.63E05
viewed from two planes passing through the atoms indicated. H20 33.4 25.8 2.84E06
CeH12 31.0 45.3 3.03E10

It is clear that considerable electron density has accumulated
in the G—N bond, while both the &N and G—Cl bonds are ) ) )
essentially ruptured. To evaluate the chemoselectivity of each Of the carbocation formed from this compound is undoubtedly

haloaziridine, the free energies of activation of these compounds@ugmented by the exceptional stability conferred by the aromatic
via the rearrangement mechanism were determined in the choseh!"dS- .

solvents and compared to the values for thg Brocess (Table Since 6 was found to vigorously shun the rearrangement

5). As expected, given the less polar nature of its transition state,Process, even in the extremely polar mediupdHpresumably

all haloaziridines chose they® mechanism in the gas phase. the solvent most likely to promote this reaction, calculations
It was discovered that dichloro derivatigcould follow ~ Were not performed fo in THF and AN. The most reactive

either mechanistic course depending on the solvent. Using theNaloaziridines by means of the rearrangement pathway are the
values of Table 5, the rate constant for the rearrangementbromo derivatives. The isomerization pathway was determined
reaction in water at 25C was about 67 times that of the {0 be favored by7, 9, and10 in the solvents selected for this

Menschutkin-type mechanism; this result could be reversed by Study. To determine whether synthetic versatility could be
changing the solvent to THF (rate factor ca. 63). Consistent conferred on these reactions by further solvent change, calcula-
with these findings is the observation that the 1,3-diphenyl ions with cyclohexane as solvent were conducted. Due to its
derivative of8 yields products resulting from a carbocationic Very low dielectic constantegs = 2.02), cyclohexane should

intermediate in refluxing toluedée,s = 2.4)2° The stability be essentially incapable of meaningful dipolar interactions with
the highly polar carbocationic transition state of the rearrange-

(36) Meilahn, M. K. Olsen, D. K. Brittain, W. J.; Anders, R. T.Org. ment reaction. Reactions for which calculations were performed
Chem 1978 43, 1346. in cyclohexane solution resulted in a reversal of the relative
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TABLE 6. Calculated Relative Rates of §2 Reaction of In a similar manner, it can be shown that, for the isomerization
Haloaziridines in Various Media with Respect to the Rate of reaction, the chloro- and bromoaziridines proceed with accept-
Oxirane in THF at 25 °C . .

able reaction rates in AN and»B.

CeH12 THF AN H.0
5 5.09E-03 2.28E-03 1.12E-01 Conclusions
6 1.36E+04 7.34E+04 9.53E+04
; 9.36E-06 f-ggggg %-iﬁagf 1-32582 In addition to that of fluorine, chlorine and bromine substitu-
9 5 60E-01 t 19E- 09 199E 01 > 48E 01 tlonlm ahz_llrldln%s progjuces dr_amath rr]ate acce_leratlons,\.iil Sd
10 1 05E-04 1.90E-02 4.75E-02 5 43E-02 nucleophilic substitution reactions with ammonia. As expected,

increasing the polarity of the solvent increased the reaction rate,
although much larger solvent effects were observed for aziridine
reactivities of 7, 9, and 10, and 2 was found to be the itself than for its halo derivatives. The chloro- and bromoaziri-

overwhelmingly favored product. This transformation fid; dines are considerably more reactive in the gas phase than the
the most reactive in the rearrangement reaction in the otherfluoroaziridines when strain energy release in the transition state
solvents explored, is strikingly gratifying. is considered.

As noted previously, aziridine reacts with ammonia by means  For the chloro- and bromoaziridines, different chemoselec-
of the 2 mechanism at an unacceptably slow rate for synthetic tivity that followed a rearrangement mechanism with displace-
purposes at 28C. Choosing THF as the reaction medium, its ment of halide was favored in most solvents; however, these
free energy of activation for cleavage by ammonia is 54.2 kcal/ results could be reversed in cyclohexane solution. It is not
mol compared to values of 36.5 and 34.8 kcal/mol for the surprising that increasing the solvent polarity increases the rate
synthetically useful oxirane and thiirane. To access the likeli- of this reaction; however, since both reaction pathways involve
hood that a given haloaziridine would react at a synthetically charge separation, it would be difficult to make predictions of
useful rate, the bimolecular reaction of ammonia with oxirane the favored reaction course in a chosen solvent. The power of
in THF was chosen for comparison. Table 6 provides the relative the computational chemistry exemplified herein is that it allows
rates of reaction of the haloaziridines with ammonia af@5 one to choose those solvents that are likely to be most effective
in the various solvents. Using this criterion, dihalo compounds in the laboratory to effect the desired outcome. As the
8 and 10 are sulfficiently reactive; however, the calculations haloaziridine family becomes more readily available to re-
show that, for the @ reaction to predominate, while THF may searchers, it will be worthwhile to experimentally test their utility

be chosen fo8, cyclohexane is necessary f@0. The §2 as synthetic intermediates.
reaction occurs rapidly in the three chosen solvents for difluoro
compound6, while 5 and 7 are too slow in these solvents. Supporting Information Available: Energies and Cartesian

Borderline reactivity in GHy, is calculated fo9. It should be coordinates of the reactants and transition states, unique imaginary
noted that although ammonia is a relatively good nucleophile, transition-state frequencies in the various reaction media, and gas-
more potent nucleophiles may well elevate the monosubstituted,phase, NBO atomic charges .of the transition states. This material

derivatives to useful reaction rates under these relatively mild 'S @vailable free of charge via the Intemet at hitp://pubs.acs.org.

reaction conditions. JO7023224
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