J. Phys. Chem. 2006,110,8275-8281 8275

Rozen’s Epoxidation Reagent, CHCN-HOF: A Theoretical Study of Its Structure,
Vibrational Spectroscopy, and Reaction Mechanisrh

Rotem Sertchook

Departments of Organic Chemistry and Structural Biology, Weizmann Institute of Science,
IL-76100 Rehoot, Israel

A. Daniel Boese
Institute of Nanotechnology, Forschungszentrum Karlsruhe, P.O. Box 3640, D-76021 Karlsruhe, Germany

Jan M. L. Martin*
Department of Organic Chemistry, Weizmann Institute of Science, IL-76100 #¢ctsvael

Receied: September 27, 2005; In Final Form: October 31, 2005

Rozen’s epoxidation reagent, @EN-HOF, and a prototype epoxidation reaction employing it, have been
subjected to an extensive ab initio and density functional study. Its anharmonic force field reveals a very
strong red shift for the OH stretch and a strong blue shift for the HOF bend, in semiquantitative agreement
with experiment. The very strong hydrogen bond (8.20 kcal/mol at the W1 level) not only serves to stabilize
the reactant but also considerably lowers the barrier height for epoxidation of ethylene. Moreover, the reaction
byproduct HF is found to act autocatalytically. The OH moiety acquire$ Ef@racter in the transition state.

Our W1 benchmark data for the reaction profile allow the performance of various DFT functionals to be
assessed. In general, “kinetics” functionals overestimate barrier heights, the BMK functional less so than the
others. The B1B95 and TPSS33B95 meta-GGA functionals both perform very well, whereas general-purpose
hybrid GGAs underestimate barrier heights. The simple PBEO functional does reasonably well.

I. Introduction related transformatiori$:1” Reactions are usually complete in
] ] ) ~afew minutes at temperatures ranging from 0 to°€5

Hypofluorous acid (HOF) was first synthesized by Studier A number of mechanistic questions arise here, not only as to
and Appelmahin 1971. It was, however, found to be a very - the mechanism of the reaction but also as to the role of
unstable substaneet room temperature, decomposition of CH,CN: is it merely an otherwise inert reactant stabilizer, does
gaseous HOF to HF ani&O; has a half-life of about 1 h, and jt have a passive solvent role, or does it actively assist the
the liquid has a tendency to explode at temperatures abdde reaction?
°C (in the presence of oxidizable material even-a8 °C)2 In an attempt to answer these questions, we carried out a

In 1986, Rozen and co-workéf®und a way both to stabilize  computational study on the mechanism of a prototype reaction,
the compound and to harness it as a synthetic reagent bynamely epoxidation of the simplest olefin by @EN-HOF:
complexation with acetonitrile. By bubbling an,Nstream
containing about 10% Jthrough an aqueous acetonitrile [CHCN] 0
solution (10% HO), a CHCN-HOF complex is created that H,C=CH, + HOF — H,C—CH, + HF M)
has a half-life of several hours at room temperature.

The great synthetic value of HOF results from its unique  To the best of our knowledge, this system has not previously
structure in which an oxygen atom is bonded to the only more been subjected to any theoretical studies, and available experi-
electronegative element, fluorine, thus turning the oxygen into mental data are very limited. In the present work, we will apply
a strong electrophile. As such, HOF and &HN-HOF are modern density functional theory (DFT) methods to the mech-
extremely powerful oxygenating and hydroxylating agents. anis_m of this reactior) f_md validate our DFT findings by means

CH:CN-HOF can be used under very mild reaction conditions of hlgh-accuracy a_b initio calculat!ons on the sm_aller systems.
and can perform oxidative transformations of which other W€ Will also consider the formation of alternative hydrogen
reagents are incapable. It will epoxidize any double bond, Pond networks (via the reaction products HF and/or Finally,
including very deactivated ones, rapidly and with high yiéids. ~ We Will obtain DFT anharmonic force fields of the GEN-

It also efficiently oxidizes amines to nitro derivatifes! and HOF dimer and its monomers, in an effort to assist future
transforms sulfides, even highly deactivated ones, into the spectroscopic studies on the dimer.
corresponding sulfonéd:131t is also useful for hydroxylation e ional Detail
o to a carbonyl of many ketones, esters, and aéittand many - Computational Details
All DFT calculations were carried out using a locally modified
T Part of the “Chava Lifshitz Memorial Issue”. version of Gaussian 03 Revision C.Blnitially, we employed
* Corresponding author. E-mail: comartin@wicc.weizmann.ac.il. the B97-1 hybrid GGA (generalized gradient approximation)
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functional, which represents the Handy group reparametriza- H F
tion!® of Becke’s 1997 hybrid GGA? (This functional has 21%
Hartree-Fock type “exact” exchange.) B97-1 was previously

= (99.06)
. i . = 2
shown to yield excellent performance for equilibrium properties g8\| (999 (11aa0) — 98.70 88
. . . [Cheey © LY - -
in general?®2and for hydrogen bonds in particufr. H =g o Sy e ( <
To give a realistic representation of the energetics and kinetics Y C» oo N 0.9816
& 9 (0]
1 N Hs771)

of the reaction, the DFT functional chosen should correctly
reproduce both the reaction barriers and the hydrogen bondFigure 1. B97-1/aug-pc2 and (in parentheses) B1B95/aug-pc2 opti-
energies. As this combination is a rather difficult task for mized structures (A, degrees) for @EN-HOF

present-day DFT methods, we have considered a rather wide

variety of functionals and validated them against benchmark typically in the kJ/mol range, and should therefore definitely
ab initio calculations (see below). Our specific choices were to be accurate enough for our purpose. We note that W1 theory
some extent motivated by our recent findiffgis a validation has recently been used by several grétffs*°for generating
study on a number of late transition metal catalyzed reactions. benchmark data for parametrizing and validating DFT methods.
Besides the B3LYP25>and PBE®® hybrid GGA functionals, The actual calculations were carried out by means of the
we considered the following hybrid meta-GGA functionals: ~ MOLPRO 2002 electronic structure pack&gend a driver script

«BMK (Boese-Martin for kineticg?) written in Perl>2

«TPSS1KCIS, i.e., TaoPerdew- Staroverov-Scuseria meta- To facilitate future experimental spectroscopic studies on the
GGA exchang® with Krieger—Chen-lafrate-Savin meta- CH3CN-HOF complex, we carried out an anharmonic force field
GGA correlatioR® and 13% HF exchange, a combination study on this system. Following the approach first proposed by
proposed by Truhlar and co-workéts Schneider and Thiék a full cubic and a semidiagonal quartic

«Becke’s B1B95 functional which combines Becke’s meta-  force field are obtained by central numerical differentiation (in
GGA correlation functiond? with Becke’s GGA exchandé rectilinear normal coordinates about the equilibrium geometry)
and 28% exact exchange of analytical second derivatives. The latter were obtained by

«BB1K, Truhlar's kinetics variad® (with 42% exact ex- means of locally modified versions of Gaussian'®&odified
change) of the previous functional routines from CADPAGC* were used as the driver for the

«the MPW1B95 and mPWB1K function@fwhich combine numerical differentiation routine. All the force fields have been

modified Perdew-Wang excharige®® with B95 correlation, and ~ 2nalyzed by means of the SPECTR@nd POLYAD® rovi-
31 and 44% exact exchange, respectively brational perturbation theory programs developed by the Handy

«Truhlar's very recent PW6B95 and PWB6K functiorfls and Martin groups, respectively. In all cases, when strong Fermi

. resonances lead to band origins perturbed more than about 2
Ql:itr:];\ I-Lfilszg\?viii 2?§ c-[)fnsbisnga%i?)?li ;;'[}%ggﬂi(ﬂ:ﬁ;esﬁtﬁ Y cm~1 from their second-order position, the deperturbed values
B95 correlation using 25 and 33% HF exchange, respectively are reported and resonance matrices diagonalized to obtain the

- . true band origins. As second-order rovibrational perturbation
an.c:hr?ov\;ev:)yrliz(r:ggt MOS5 (Minnesota-2005) functional of Truhlar theory leads to unphysical anharmonicities involving the very

; o ) 5 ) low-lying intermonomer vibrations in the complex, we have
Jensen’s polarization consistéht basis sets were used for  yejated all anharmonicity constants involving these three modes
all DFT calculations. Initial optimizations were carried out using  ¢om the analysis.
the fairly small aug-pcl basis set (which is of 3s2ptliffuse
spd quality on first-row atoms). Further refinements employed
the much more extensive aug-pc2 basis set, which is of
4s3p2d1f-diffuse spdf quality. This large basis set was used  A. Structure and Energetics of the CHSCN-HOF Complex.
not only to minimize basis set truncation error on the computed At the B97-1/aug-pc2 level of theory, we find the gEN-HOF
properties but also to reduce BSSE (basis set superpositioncomplex to haveCs symmetry. Its optimized structure is pre-
error) on the H-bonded energies as far as possible. Finally, tosented in Figure 1. The computed and experimentally derived
check the basis set convergence, some single-point calculationgquilibrium structural parameters of the complex and its con-
were carried out using the aug-pc3 basis set, which is of stituent monomers are presented in Table 1, together with avail-
6s5p4d2flg-diffuse spdfg quality. able experimental data. The latter include a spectrosagpic

Unless noted otherwise, geometries for the various speciesgeometry for the HOF molecufé,an oldr,®® and a more recent
involved in this reaction were fully optimized at the respective approximater. structuré® for the acetonitrile molecule and
levels of theory, and vibrational frequencies calculated to both fairly crude X-ray diffraction data for the compxFor a con-
characterize the stationary point and obtain zero-point vibrational cise overview of the different geometry types, see KucHisu.
energies (ZPVEs) and (rigid rotor-harmonic oscillator) thermal  In general, agreement between the computed monomer geom-
corrections. Subsequently, intrinsic reaction coordiiét¢IRC) etries and the available, data is very satisfactory, with
calculations were carried out on the transition states to verify computed values lying within or near experimental standard
that the computed transition states were indeed saddle pointsdeviation bands. Larger deviations are found for the OF bond
between reactants and products. Solvation effects were ap-length, which is underestimated by 0.012 A, and for the HOF
proximated using a static isodensity surface polarized continuumangle, which is overestimated by 1,Zlthough we note that
model (IPCM¥® with acetonitrile as the solvent & 36.64). the standard deviation on the experimental measurement is itself

To validate the DFT calculations, selected reaction and 0.5°. (It has been shown repeatedly (e.g., refs-63) that
association energies were also obtained by means of the Wicorrelation effects in the OF bond represent a particular
(Weizmann-1) ab initio computational thermochemistry proto- challenge for electronic structure methods in general and density
col.*6-48 Basically, W1 theory represents an extrapolation to functional theory in particular.) The large reported uncertainties
the relativistic, infinite basis set, CCSD(T) limit: as documented in the crystallographic study of the GEIN-HOF comple®
elsewheré® 48 errors in total atomization energies (TAEs) are render any comparison with the computed data somewhat futile.

Ill. Results and Discussion
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TABLE 1: B97-1/aug-pc2 and Experimental Geometric

Parameters for HOF, CH3CN, and CH;CN-HOF2
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TABLE 3: Computed DFT and W1 Dissociation Energies
(kcal/mol) of Hydrogen Bonds in CH;CN-HOF, CH3;CN-HF,
and C,H,O-HF

monomers exp complex exp
Bond Lengths () CH,CN-HOF  CHCN-HF  GH,O-HF
r(F—0) 1.4223  1.4350(3%) 1.4270 1.30(2) vacuum CHCN vacuum CHCN vacuum CHCN
;ngm) 0.9689  0.9657(18) g'ggé? 1%8 B97-1/aug-pcl 9.55 10.13 10.83
f((N-C)  1.1520 1.1567(6)1.156(2) 1.1495 115(1) ~ poruaugpez oo 207 943 650 956 706
r(C;—Cy) 1.4578 1.4617(%91.457(2) 1.4555 1.45(1) gp : : :
BMK/aug-pc2 7.49 8.85 9.17
r(Co—H)  1.0909 1.0947(2491.087(3} 1.0910 B3LYP/aug-pc2 299 9.97 5.38
Angles (deg) PBEO/aug-pc2 8.35 5.46 9.65 6.99 9.62 7.12
OFOH 98.71 97.54(50) 98.70 93(5) B1B95/aug-pc2 7.06 2.38 8.28 4.99 8.05 5.62
JOHN 179.4 177(9) TPSS33B95/aug-pé2 8.11 3.33 9.28 5.74 931 6.72
OJCCN 110.05  109.1(19,110.1(3Y 109.87¢109.80 MO5/aug-pc? 8.28 9.50 9.08
a Experimental uncertainties shown in parentheses repreisént \rrvlz\i\rllz(l)rKy/aug-ch 73?280 2.90 g%:é 5-30 ggg 6.22

in the least significant digits. See Figure 1 for numbering of atbras.
geometry, ref 57¢r, geometry, ref 589 Approximater. geometry, ref
59. ¢ X-ray diffraction, ref 2." Out of symmetry plane? In symmetry

plane.

a At B97-1/aug-pc2 geometry.At B1B95/aug-pc2 geometry.

enthalpy of dissociation at 298 K of 3.63 kcal/mol. Assuming
the difference between B97-1/aug-pc2 and W1 theory to be

TABLE 2: APT Charges for Free and Complexed HOF and . . . . .
J b likewise transferable, our final best estimate is 3.57 kcal/mol.

CH3CN Molecules Obtained from B97-1/aug-pc2

Calculations Agreement with the experimental value of Appelman efal.,

monomers complex D 3.42+ 0.12 kcal/mol, is as good as we can rgasonably expect.

= 02126 —0.2502 Z0.0376 Even stronger hydrogen bonds are seen in th@(IN-IHI_:

o 00572 01876 01304 and GH4O-HF complexes (9.06 and 9.80 kcal/mol, respectively,

H 0.2698 0.4703 0.2005 at the W1 level). B97-1/aug-pc2 reproduces all of these rather

N —0.3218 —0.4128 —0.091 well; single-point B97-1/aug-pc3 calculations at the B97-1/

C 0.1149 0.1763 0.0614 aug-pc2 geometry lower all the binding energies by 6:046

C. 0.0904 0.0553 0.4626 kcal/mol compared to aug-pc2, suggesting that the aug-pc2 basis

3xH 0.0388 0.0496 0.0108

set is sufficiently close to the basis set limit. (The aug-pcl basis
) ) i set is definitely inadequate.) Of the other functionals considered,
On the basis of the level of agreement with experiment for the PBEO, B3LYP, and TPSS33B95 all perform about as well as
monomeric geometries, however, we have reason to believe tha§397_1, whereas mPWB1K and BMK are somewhat inferior and
our computed geometry for the complex is reliable and provides g1 g5 clearly underestimates the hydrogen bond energies.
a solid basis for further analysis. . B. Vibrational Frequencies. Vibrational frequencies beyond

As can be seen from Table 1, the geometries of the monomerthe harmonic approximation were obtained by means of second-
units in the complex do not differ significantly from the free  order rotation-vibration perturbation theory from a semidiago-
monomer structures. As expected, however, a certain amountna| quartic force field obtained at the B97-1/aug-pc1 level and
of charge rearrangement is observed in the APT (atomic polar harmonic frequencies obtained at the B97-1/aug-pc2 level. This
tensof?) charges (Table 2): the APT positi\_/e partigl charge on |aye| of theory was shown previougfy7° to yield sufficiently
the hydrogen-bonded atom, and the negative partial charges orftgjiable anharmonic vibrational frequencies for most purposes:
the adjacent oxygen and nitrogen atoms become considerablysadly, large basis set CCSD(T) harmonic frequencies are not a
more pronounced. The APT charges in free HO®.212e on practical option for the complex. As for the monomers, Breidung
the OH moiety) are in qualitative agreement with earlier rough gt 3171 and Peterson and co-work&rspreviously obtained
estimates £0.5 e on the OH moiety) derived from NMR  accurate CCSD(T) anharmonic force fields for HOF, whereas
chemical shifts in liquid HOP? in a very recent study by Pouchan and co-workersn

To illustrate the reliability of W1 as a primary standard for CHs;CN, a B3LYP/cc-pVTZ anharmonic force field was com-
thermochemical calculations, we will consider the heats of bined with CCSD(T)/cc-pVTZ harmonic frequencies.
formation of some of the species involved in the reaction under  Calculated harmonic and fundamental frequencies of the free
study (and in the H-bonded complexes). In a previous validation monomers and the GEN-HOF complex are presented in Table
study/® we found that W1 theory reproduces the well- 4, together with the available experimental and selected ab initio
established heats of formation of @EN, GH,, HF, and GH,0 data. For the monomers, harmonic frequencies are generally in
to within +-0.3, +-0.6, +-0.4, and—0.2 kcal/mol, respectively.  good agreement with experiment or accurate ab initio values,
For hypofluoric acid, we calculateH° o = —19.89 and\H"f 298 except for the OF stretch in HOF and (to a lesser extent) the
= —20.60 kcal/mol, the former in excellent agreement with the CN and CC stretching frequencies in gEN. (The aforemen-
recently revised value of Peterson and co-worReesH°o = tioned difficulties of DFT with describing OF bonds are seen
—20.02+ 0.25 kcal/mol. here in amplified form.) As for the CN and CC stretches in

At the B97-1/aug-pc2 level, the dissociation energy of the CH3;CN, one of the main consequences of the errors in these
CH3CN-HOF complex (Table 3) is found to be 8.26 kcal/mol harmonic frequencies is that the observegdt v4 ~ v, Fermi
in the gas phase and 5.08 kcal/mol in a simulatedsC¥ type 2 resonance is nearly absent in this computed spec-
solvent. The gas-phase value is in excellent agreement with thetrum.
W1 value, 8.20 kcal/mol. This strong hydrogen bond energy  As in the majority of hydrogen-bonded systems, the vibra-
certainly explains the stabilization of HOF within the complex. tional modes of the isolated monomers remain largely recogniz-
From the B97-1/aug-pc2 computed enthalpy of dissociation at able in the complex. A comparison of the vibrational modes of
298 K, 6.81 kcal/mol, and assuming the solvent effect to be the complex to the corresponding modes of the isolated
transferable from the bottom of the well, we find an estimated monomers (Table 4) reveals that spectral perturbations in the
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TABLE 4: Harmonic and Fundamental Vibrational Frequencies (cm™1) for Free and Complexed HOF and CHCN Molecules

B97-1/aug-pcl B97-1/aug-pc2 ab inftfo experiment
10} v 1) v 10} v ) v assignment
HOF
3734.5 3546.5 3765.3 3582.5 37809 3591.0 3763.95+ 4.6 3577.9 OH stretch
1408.4 1367.2 1420.0 1380.0 1405.1  1361.P 1396.22+ 7.C¢ 1353.4 HOF bend
971.0 951.0 1002.7 982.1 924.4 893.8 916.84+ 19 889.1 OF stretch
CHsCN
3047.4 2934.0 3044.4 2936.8 3065 297C 3044 2954.® CHjs stretch (A)
2359.7 2328.8 2355.5 2327.2 2297 2247 2294 2266.5 CN stretch (A)
1391.7 1358.4 1404.4 1369.4 1413 1376 1418 1385.0 CHs deform. (A)
932.9 926.0 1002.7 919.9 920 913 929 920.2 CC stretch (A)
3133.2 2989.2 3121.0 2979.3 3249 3053 3135 3009.2 CHs stretch (E)
1459.3 1429.6 1470.1 1438.7 1487 1486 1478 1447.9 CHjs deform. (E)
1049.7 1037.0 1056.3 1034.8 1061 1038 1062 1040.8 CHjs rock (E)
371.7 374.8 377.9 380.9 361 364 365 362 CCN bend (E)
gas phase pcm(argon)
B97-1/aug-pcl B97-1/aug-pc2 B97-1/aug-pcl experiment
w v Q) % 3 v w v assignment
CH;CN-HOF
3502.8 32981 3521.9 3316.6 3450 3251 323¢ OH stretch
1506.1 1453.2 1516.6 1457.4 1510 1458 *437 HOF bend
964.4 942.9 994.6 975.3 963 942 881 OF stretch
3049.6 29354 3047.3 2936.3 3047 2932 3GHetch
2384.0 2349.2 2376.2 2342.6 2382 2347 CN stretch
1391.3 1358.4 1403.4 1370.5 1389 1356 s@eform.
941.7 933.2 934.2 926.1 941 933 CC stretch
3138.6 2988.2 3126.5 2974.2 3137 2987 3@ stretch
1455.7 1425.4 1466.0 1435.3 1452 1425 ;@D deform.
1050.2 1027.1 1055.6 1032.1 1049 1026 3@ rock
378.2 376.3 383.1 384.7 382 381 CCN QD bend
610.5 556.0 606.5 554.8 629 572 OH 0-0-p wrt CN

aQD=quasidegenerate. Experimental uncertaintiesdarks. ? Large basis set CCSD(Fxore-valencé-scalar relativistic corrections, ref 66.
¢ Reference 57¢ Reference 78 CCSD(T)/cc-pVTZ, ref 72! Reference 79 Reference 80" In Fermi resonance with HOF bend overtone at 2861.2
cm L deperturbed band origins at 3254.6 and 2904.8'cmespectively, andV = 261.7 cn. ' In Fermi resonance with HOF bend overtone at
2861.4 cm*: deperturbed band origins at 3276.1 and 2901.9'cmespectively, andV = 259.2 cm®. I In Fermi resonance with HOF bend
overtone at 2866 cm: deperturbed band origins at 3203 and 2915 tmespectively, andV = 255.1 cntl. X In argon/helium matrix, ref 67.

CH3CN moiety are rather small (less than 20din whereas results (Table 4) suggest a red shift of about 53 tiwn the
much stronger shifts are seen in the FOH moiety. Specifically, unperturbed HO stretch; narrowing of the Fermi resonance gap,
the O—H stretching vibration is red-shifted by 248 ckand and the resulting increased perturbation, reduce the matrix shift
the FOH bending mode exhibits a blue shift of 86 ¢niThe to about 47 cmt. Our computed HOF stretching frequency in
blue shift for the FOH bending mode is in very good agreement Ar matrix, 3251 cn1?l, is actually in rather good agreement
with that found experimentally by Appelman et & hut these (perhaps to some extent fortuitously) with the experimental
authors report an extremely large red shift of almost 350%cm  observation at 3230 cm.

on the OH stretch that is only in semiquantitative agreement  Appelman et al. also report a strong and broad band at 2860
with our calculations. The OH red shift in the complex causes ¢cm™1, which shifts to 2113 cmt upon deuteration. On the basis
sufficient narrowing of the gap with the HOF bend overtone of our calculations, we assign these bands to the overtone of
that significant Fermi type 1 resonance occurs. (As can be seenthe HOF viz. DOF bend (calculated at 2904 and 2134%m

in the footnotes to Table 4, the cubic anharmonicity constant respectively, in the gas phase at the B97-1/aug-pc2 level, and

linking these two vibrations is very large.) at 2866 and 2140 cm, respectively, in PCM argon at the
For HOF, comparison between experimental gas-phase andB97-1/aug-pcl level).
noble gas matrix IR spectra from different souréésleads to Dunkelberd? reports an even larger red shift, to 3141 ¢m

conflicting conclusions: although matrix red shifts of onky@ in CH:CN at—150°C: at the PCM-B97-1/aug-pcl level, we
cm~! were found by Appelman et &P,one of the researchers find a deperturbed fundamental at 2953 ¢nfvery close to
involved in refs 2 and 67 reports a red shift of 25¢nfor the the HOF overtone at 2916 ci) and a perturbed fundamental
OH mode in Table 15 of his Ph.D. thegs(Appelman et al® at 3053 cmit. Once again, PCM reproduces this medium effect
found a matrix red shift of 41 cnt in N».) Comparison between  qualitatively but not quantitatively.
B97-1/aug-pc2 harmonic frequency calculations on HOF inthe  C. Mechanism and Kinetics for the Epoxidation Reaction.
gas phase and using a PCM mddelith argon as the “solvent” At the B97-1/aug-pc2 level and in the gas phase, the epoxidation
reveals a large computed red shift of 67 m literature  of ethylene by free HOF is calculated to be exothermic\
evidencé® suggests that medium shifts calculated using the PCM = —g8.6 kcal/mol and exergonic Gyes = —65.8 kcal/mol.
model are semiquantitative at best, yet the calculation would The former value is in very good agreement with our W1 re-
seem to indicate a significant red shift. sult, AE; = —71.00 kcal/mol. With CHCN-HOF as the re-
We therefore carried out an anharmonic force field calculation actant, the reaction is likewise highly exothermite; —69.8
for the entire complex at the PCM-B97-1/aug-pcl level. The kcal/mol, AG,95 —66.0 kcal/mol).
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Figure 2. B97-1/aug-pc2 and (in parentheses) B1B95/aug-pc2 opti-
mized structures (A, degrees) for the epoxidation transition state, with
(a) HOF and (b) CHCN-HOF as reactants.

The epoxidation transition state structure in both cases, bare

HOF and CHCN-HOF, is displayed in Figure 2. In both cases,
r(O—F) is stretched by over 0.3 A compared to the reactant,
butr(C=C) is elongated by only 0.04 A, amdC---O) of about

2 A likewise indicates no epoxide bonds have been formed yet.
This relatively “early” transition state is consistent with the
Hammond postulate and the very exothermic character of the
reaction. According to the APT charge distribution, the HOF
moiety acquires HO F~ character in the transition state, with
partial charges oft0.86 and—0.86 e, respectively, without
CH3CN and-+0.90 and—0.94 ¢, respectively, with hydrogen-
bonded CHCN.

The strongly polar character of the transition state also
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TABLE 5: DFT and W1 Energetics (kcal/mol) for the
Epoxidation Reaction

AE' AG,s AE[sol) AE  AE(sol)
HOF
B97-1/aug-pcl 8.77 1859 -536 —71.29 -75.09
B97-1/aug-pc2 13.81 23.58 —0.09 —68.62 —72.50
B97-1/aug-pc3 14.25 —68.72
B3LYP/aug-pc2 13.68 —66.22
BMK/aug-pc2 21.79 31.82 —73.87
PBEO/aug-pc2 15.47 25.55 —73.07
TPSS1KCIS/aug-pc2 14.13 24.32 —70.32
B1B95/aug-pc2 17.66 27.93 —73.76
BB1K/aug-pc2 24.22 —76.52
mPW1B95/aug-pc2  15.02 25.23 —73.26
mPWB1K/aug-pc2 24.24 —77.10
PW6B95/aug-pc2  21.69 —61.47
PWB6K/aug-pc2 28.99 —66.15
TPSS25B95/aug-pé2 15.04 —72.52
TPSS33B95/aug-pé2 18.89 —74.32
MO5/aug-pc2 16.83 —84.10
w1l 18.26 —71.00
CH3CN-HOF

B97-1/aug-pcl 582 16.31 —72.22 —84.16
B97-1/aug-pc2 10.66 23.53 5.76-69.79 —73.93
B97-1/aug-pc3 11.06 —69.91
PBEO/aug-pc2 12.36 25.48 8.38—74.37 —78.38
B1B95/aug-pc2 1471 27.01 8.32—-74.98 —80.22
TPSS33B95/aug-pé2 14.92 8.19 —75.49 -80.69
MO05/aug-pc2 13.81 —85.32
mPWB1K/aug-pc2  19.78 12.70 —78.25 —83.52

aSingle point calculation at B97-1/aug-pc2 geomefrgingle point
calculation at B1B95/aug-pc2 geometry.

continuum solvent effects further lowers the barriers by75
kcal/mol. (We note that continuum solvent models act a
substitute for explicitly considering the hydrogen bond; as can

expresses itself in the rather slow basis set convergence for thgye seen in Table 5, in the absence of an explicitsCM

barrier height: it still increases by 0.44 kcal/mol between
aug-pc2 and aug-pc3 basis sets, compared@d0 kcal/mol

for the overall reaction energy. (The aug-pcl basis set is clearly
woefully inadequate.)

Reproduction of reaction barrier heights continues to be an
Achilles heel of density functional theo?y,’” and indeed the
B97-1/aug-pc2 barrier is too low, relative to the W1 value, by
4.45 kcal/mol, of which only 10% can be attributed to basis set
incompleteness. Various “kinetics” functionals such as PWB6K,
BB1K, and mPWBI1K seriously (610 kcal/mol) overestimate
the barrier, the BMK functional less so (3 kcal/mol). The
relatively good performance of PW6B95 for the barrier (and
the even better one of the very recent M05 functiéfadre
marred by 10 kcal/mol errors in the overall reaction energy.
The simple PBEO functional puts in a fairly creditable perfor-

hydrogen bond acceptor, exaggerated solvent effects are found
that lead to chemically meaningless negative barrier heights.)
One potential alternative reaction pathway involves first
formation of methyl cyanidéN-oxide (aka methyl fulminate)
HOF + CH3CN — HF + CH3CNO, followed by epoxidation
by the fulminate, CHCNO + HC,=CH, — C,H,O +
CH3CN. Even at the B97-1/aug-pc2 level (where reaction
barriers will be underestimated), we found both steps to have
unrealistically high barriersAG;F98 = 41.32 and 57.19 kcal/
mol, respectively.
D. Alternative Hydrogen Bond Assisted Transition State?
To investigate possible involvement of other H-bond donors/
acceptors in the reaction process, we sought transition states
involving F~ and HF, rather than GI€N, in the H-bond
acceptor role. Optimization at the B97-1/aug-pc2 level led to

mance, and B1B95 reproduces the barrier height almost exactlythe structures presented in Figure 3. HF may initially be present

and TPSS33B95 only slightly overestimates it. TPSS25B95,
TPSS1KCIS, and mPW1B95 all underestimate the barrier
height.

We were unable to carry out W1 calculations for the reac-
tion with CHsCN-HOF, but we can assume that the most re-
liable results would be obtained from functionals that can handle

in the reaction mixture as a product of the in-situ generation
reaction i + H,O — HOF + HF (in the presence of actonitrile)
and is of course generated as a byproduct of the epoxidation
reaction. Acetonitrile can act as a weak base, and thus some
F~ could be present in equilibrium with HF. (However, at the
B97-1/aug-pc2 level in a simulated @EN solvent, the reac-

well both the H-bond energies and the barrier in the absence oftions CHCN + HF <= CH;CNH'F~ and 2CHCN + HF <

CHsCN. It is thus encouraging that B1B95/aug-pc2 and
TPSS33B95/aug-pc? yield nearly identical results for the barrier
heights, even with the limitations of the former in describing
the hydrogen bonds. Qualitatively, all functionals show that
complexation to CHCN lowers the barrier height by-34

kcal/mol, and that the already highly exothermic reaction

CH3CN-+-H*--*NCCH; + F~ were both found to be highly
endothermicAE. = 38.2 and 30.2 kcal/mol, respectively. As
such, involvement of F can safely be ruled out, except in the
presence of a strong base, which would also deprotonate HOF.)
The calculated barrier heights (Table 6) show that complex-
ation with HF or F significantly lowers the epoxidation reaction

becomes slightly more so, due to the stronger H-bond energybarrier, even more so than with GEN itself. (Consistent with

of C,H,O-HF compared to CECN-HOF. Consideration of

the Hammond postulate, the transition state geometries are even
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