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The cycloaddition reactions of 18 1,3-dipolar molecules to ethylene and acetylene have been reinvestigated
by quantum chemical methods that are based on a second-order perturbation treatment of electron correlation.
It is found that SCS-MP2 and the new perturbative B2-PLYP density functional provide accurate reaction
barriers and outperform MP2 as well as standard density functionals such as B3-LYP. The new second-order
based methods have the additional advantage that they perform better with increasing quality of the one-
particle space, as is desired for a good quantum chemical method. The errors for the reaction enthalpies are
in general larger than for the barriers when compared to CBS-QB3 literature values, which is related to
strong changes in the electronic structures, but the deviations are again smaller than with MP2 or B3-LYP
and are also more systematic. The results of a detailed basis set study suggest that properly polarized triple-
AO basis sets represent a good compromise between accuracy and computational speed. The combination of
very inaccurate density functionals with small (doubjebasis sets, which yields good results for the initial

part of the reactions due to error compensation, is not recommended.

There is considerable interest and progress in the developmenSCHEME 1: Investigated Dipolar Molecules

of reliable quantum chemical methods for the prediction of p;as0nium betaines Azomethine betaines
thermochemical and kinetic data of moleculddodern high- o+ - +

level ab initio quantum chemical calculations are already N=—=N—""X H

competitive with experiment for the accurate determination of, 1 X = O, Nitrous Oxide /N\_

e.g., heats of formation and reaction barriers for three to four- 2 X =NH, Hydrazoic Acid HZC/ X

atomic systems with up to about 20 electrons (errerbs 3 X = CH,, Diazomethane

kJmol~1).2 More empirical approaches, such as the modern 7 X =0, Methylene Nitrone
Kohn—Sham density functional theory (KS-DFT), are used to 8 X =NH, Formoazomethine Imine
calculate thermochemical and kinetic data of larger molecules Nitrilium betaines 9 X=CH,, Formoazomethine Ylide

of synthetic interest. However, because of the approximate
nature of all current density functionals that cannot be improved
in a systematic manner, benchmarking on experimental or highly 4 X = O, Fulminic Acid
reliable theoretical data is therefore important. This holds 3 X = NH, Formonitrile Imine
particularly for the calculation of reaction barriers as these are ® X = CHa, Formonitrile Ylide

often used to distinguish between different mechanisms in gjrection and confirms an earlier more systematic study showing
chemical reactions. the performance of the DFT method to degrade with larger basis
In this spirit, Ess and Houk (EM)recently presented  sets?it did not consider the methodological progress of the MP2
theoretical activation and reaction enthalpies for various 1,3- method such as SCS-MPand presents a lopsided view of the
dipolar cycloadditions to ethylene and acetylene (see SchemeDFT-MPW1K method that gives reasonable results only for
1) and a small selection of other pericyclic reactions. They forward barriers. These aspects and the increased importance
compared MP2,DFT-B3-LYP® and DFT-MPW1K results with  of the 1,3-dipolar cycloaddition, particularly the so-called “click”
theoretical reference data at the multicomponent CBS-QB3 reaction!® prompted us to reinvestigate the systems of EH. To
level & which is in essence an accurate coupled-cluster methodallow a direct comparison, we employed their B3-LYP opti-
extrapolated to the one-particle basis set limit. Comparison with mized geometries and corrected the energies likewise to
experimental data for the addition of @b to 1-phenylbuta-  enthalpies 80 K for evaluation against their CBS-QB3 reference
diene and norbornene gave confidence in the accuracy of thevalues. To investigate the basis set dependence more systemati-
CBS-QB3 method. Although the work of EH goes into the right cally, we used Dunnings correlation consistent cc-pVXZ AO
basis sets (cardinal numbexXs= 2—4).11 For the often used a
* Corresponding author: E-mail: grimmes@uni-muenster.de. double£ type treatment (e.gX = 2 or 6-31G*) significant basis
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set superposition errors can be expected, especially for transitionTABLE 1. Comparison of SCS-MP2, MP2, B2-PLYP and
states as well as an unbalanced description of the polar characte@%"S-YPBéCftlvaﬂonlE3”'gl_a|plleS CAHl(O*é)dREfersnced agalr;st
of the various dipolar molecules. Therefore, to eliminate error -QBS3 for the 1,3-Dipolar Cycloaddition Reactions o

. Scheme 1 (in kcaimol™1t)
compensation, we suggest to use at I&ast3 and thus present

detailed results only for the cc-pVTZ basis set. Because of the deviatior?
importance to improve quantum chemical methods systemati- reaction AH *(0K) CBS-QB3 SCS-MP2 MP2 B2-PLYP B3-LYP
cally with the quality of the AO basis, a statistical error-analysis Ethylene
will be also given forX = 2 andX = 4. 1 27.9 50 —-09 13 2.5
In ref 9 we showed the spin-component-scaled MP2 method 2 20.3 31 -34 18 4.0
(SCS-MP2?), which is a logical and physically well-founded 3 14.6 —-07 —67 25 5.7
correction to MP2, to yield much better reaction energies than g 1?_‘2 _(?77 :g:g (1)2 ig
MP2. Particularly, the SCS-MP2 and QCISD(T) reaction barriers g 59 12 -68 17 5.4
compare well. As desired for an acceptable quantum chemical 7 13.8 1.1 —46 1.4 3.9
method, the SCS-MP2 errors decrease on increasing the basis 8 6.6 -06 —-68 16 5.0
9 0.9 09 —-43 2.7 5.6

set, which is not the case for MP2 or B3-LYP. Therefore, SCS-
MP2 is preferred over MP2 for main group thermochemistry, Acetylene

also because it is computationally not more demanding. The 1 28.8 50 -09 09 16
superior performance of SCS-MP2 is underlined in the present 2 21.5 3.7 —24 14 3.0
K he 1 3-dinol loadditi f hich EH dth 3 17.3 -05 -6.1 2.1 4.5
work on the 1,3-dipolar cycloadditions for whic noted that 4 146 03 -48 05 30
“the MP2 method gives the expected systematic underestimation g 9.7 —-04 -56 1.2 3.6
of barriers”. 6 8.9 -0.8 —6.0 15 4.5
For additional examination of appropriate DFT methods to 7 15.2 16 -39 12 3.0
describe the cycloadditions, we apply a recently developed g g'g 2? :g'g %g i;

“fifth-rung” hybrid density functionaf® that includes virtual-
orbital dependent terms by second-order type correlation in the ?Calculated— reference.

spirit c_>f the Guoling—Levy Kohn—_Sham perturbation theof. _ TABLE 2: Comparison of SCS-MP2, MP2, B2-PLYP and
For this so-called B2-PLYP functional, the exchange correlation g3.| yp Reaction Enthalpies AH(OK) Referenced against

energy is given by CBS-QB3 for the 1,3-Dipolar Cycloaddition Reactions of
Scheme 1 (in kcalmol™2)
E.=(1-a)E®+aEN +@1—cEl™+cES™ deviatior?
reaction AH(OK) CBS-QB3 SCS-MP2 MP2 B2-PLYP B3-LYP
where the second-order perturbational te&ﬁ{ % replaces part Ethylene
of the static and dynamic correlation contributions in the GGA 1 —4.4 7.7 7.5 6.8 6.2
functionals for which the popular B88and LYP forms are 2 —-19.7 6.1 48 73 8.6
used, respectively. The functional contains two global param- 2 :gé; %}1 g% g'g lg'g
eters that describe the mixture of HF and GGA exchaage=( 5 —57.4 11 -08 6.7 101
0.53) and the PT2 and GGA correlatiare 0.73), respectively. 6 —68.0 32 —64 55 11.6
According to many realistic tests, B2-PLYP can be regarded 7 —28.8 -12 =29 4.5 8.5
as the best general purpose density functional currently avail- 8 —42.8 -02 -25 52 10.2
9 —62.7 -01 -24 62 12.1

able”® with a mean absolute deviation for the enthalpies of
formation in the G2/97 test Sétof only 1.8 kcaimol~1, which Acetylene

is smaller than with any other current density functional. Thus, 1 —37.1 81 48 44 3.3
a further aim of our study is to test this “next generation” g :gs'g g; 12 gé ?g
functional on a well-defined but “hard” problem for the standard 4 —74.0 3.9 12 42 5.0
methods MP2 and B3-LYP. 5 —100.3 21 -32 5.0 7.4

The calculated activatiom\H *(0K)) and reaction enthalpies 6 —86.7 -12 -50 45 8.8
(AH(OK)) for the addition of nine 1,3-dipoles (Scheme 1) to g :gg-g gg _0681 3329 5600
ethylene and acetylene are given in Tables 1 and 2, respectively, 9 ~76.9 51 0.6 53 8.6

as deviations from the CBS-QB3 values of ref 4. Table 3 gives

a statistical summary of the performance of all four methods *Calculated— reference.

including EH’s data for the MPW1K functional. In addition to

mean deviations and mean absolute deviations (MAD), we alsoMAD (1.5 kcakmol™) but an even smaller error range (only

suggest the difference of the largest and smallest deviation (error2-2 kcatmol™?). Both approaches, SCS-MP2 and B2-PLYP,

range) as a measure of quality. All calculations were performed outperform B3-LYP (MAD= 3.9 kcatmol™*) and the MPW1K

with the GO3 suite of prograrisusing the cc-pVTZ AO basis  functional (MAD = 3.2 kcatmol™) that has been specially

set! except for the data of Table%. designed for the description of reaction barriers. All DFT
The data listed in Table 1 and the statistical analysis in Table @PProaches tend to overestimate the barriers. A comparison of

3 convincingly show that SCS-MP2 greatly reduces the MP2 the errors for the cycloaddition of the same 1,3-dipolar

errors for the pericyclic reaction barriers. The systematic component to ethylene and acetylene shows only minor differ-

underestimation of the barrier heights by MP2 (mean deviation €nces but the description is more consistent for SCS-MP2 and

(MD) of —4.5 kcatmol™, MAD = 4.5 kcatmol™) is almost ~ B2-PLYP than for MP2 and B3-LYP.

completely corrected at SCS-MP2 (MB 0.7, MAD = 1.3, All methods show larger errors for the reaction enthalpies

error range= 6.2 kcatmol™1). Even slightly more accurate is  than for the barriers as the electronic (polar) nature of the

the new second-order hybrid functional B2-PLYP with a similar transition states for the 1,3-dipolar cycloadditions resemble much
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TABLE 3: Comparison of Statistical Measures (Mean TABLE 5: Comparison of Statistical Measures (Mean
Deviation, Mean Absolute Deviation, and Error Range) for Deviation, Mean Absolute Deviation} for the Performance
the Performance of Different Quantum Chemical Methods of Different Quantum Chemical Methods (in kcal-mol~?) for
(in kcal-mol~1) for All 18 Reactions Considered Different Pericyclic Reactions
1,3-Dipol. , X
men __MAD___ erorang ot o+ | — () renmo
Reaction Barriera\H *(OK) - ' —
SCS-MP2 0.7 1.3 6.2 reaction barriers AH* (0K)® reaction enthalpies A;H(0K)"
l\B/IZPZPYLP —‘]1-2 4155 52% Mean MAD Mean MAD
. : : : SCS-MP2 0.7 13 2.0 27
BILYP 3 33 41 W as
o o ' B2-PLYP 15 15 5.1 5.1
P2 Reactl02nOEnthaIp|eAr2H§0K) 113 B3-LYP 39 39 76 76
) - . 2+4
MP2 -0.4 2.3 11.2 (Diels Alder) Ny
B2—-PLYP 5.1 5.1 4.1 Cycloadditions X= {gr_lz ';: g'
B3-LYP 7.6 7.6 8.8 o
MPW1KP —12.3 12.3 32.4 reaction barriers AH* (0K) reaction enthalpies A;H(0K)
2 Max(deviation)— min(deviation).” 6-311+G(2d,p) AO basis from Mean MAD Mean MAD
ref 4. SCS-MP2 0.2 04 0.0 0.6
MP2 =17 7.7 -3.7 3.7
TABLE 4: Mean Absolute Deviations (in kcal-mol~1) for B2-PLYP 27 27 638 638
Treatments Employing Correlation Consistent AO Basis Sets B3-LYP 78 738 13.6 13.6
CC-pVXZ (X = 2_4) Cope and XX Z
AH *(OK) A'H(OK) rear(l;:l::li;::le?ntsc v - Q X=CHz, O,
MAD error rangé MAD error rangé reaction barriers AH* (0K) reaction enthalpies AH(OK)
MP2 Mean MAD Mean MAD
cc-pvDZ 4.4 7.0 4.0 17.6 SCS-MP2 02 1.0 23 338
cc-pvTZ 4.5 5.9 2.3 11.2 MP2 -6.4 6.4 2.8 42
cc-pvQZ 4.7 5.7 2.6 13.2 B2-PLYP 04 1.0 -0.9 0.9
SCS-MP2 B3-LYP 23 2.6 32 38
cc-pvDz 1.5 6.5 3.0 14.4 Electro - X
cc-pvVTZ 1.3 6.2 2.7 11.3 cyclisations® S == (@) X=CHaNH,
cc-pvQz 1.6 5.9 3.0 11.2 v
B3-LYP reaction barriers AH* (0K) reaction enthalpies A;H(0K)
cc-pvDzZ 1.7 6.5 2.7 9.9 Mean MAD Mean MAD
CC-pVTZ 3.9 4.1 7.6 8.8 SCS-MP2 0.1 0.6 -0.1 0.8
cc-pvQz 43 4.3 8.0 8.9 MP2 34 36 18 18
B2-PLYP B2-PLYP 1.4 1.9 34 34
CC-pVDZ 1.1 4.0 1.6 6.5 B3-LYP 3.1 34 6.1 6.1
cc-pVTZ 15 2.2 5.1 4.1 a Calculated— reference, cc-pVTZ AO basis sétwith respect to
cc-pvVQZ 15 2.4 5.8 2.7 the CBS-QB3 level of theory. For the 1,3-dipolar molecules see

Scheme 1¢With respect to G3 level of theory; see ref 9 for the

a Max(deviation)— min(deviation). complete set of reactions

more the reactants than the products. This is evident from the

reference enthalpies that range from oni¢.4 kcatmol~? for outperform B3-LYP (MAD= 7.6, error range= 8.6 kcaimol™).

the addition of NO to ethylene to-100.3 kcaimol~! for the The MPW1K functional perform.s poorest of all with an
addition of formonitrile to acetylene. In such difficult situations Unacceptable error range exceeding 30 %ual ™!

differences with respect to the basis set limit are abot 1 The basis set dependency of MP2, SCS-MP2, B3-LYP and
kcalmol-1 with the cc-pVTZ basis set (see below) and the error B2-PLYP is shown in Table 4 by listing MAD values and error
for the CBS-QB3 reference may be also about 1 %nal=1.19 ranges as a measure of quality for all 18 instead of individual
The data listed in Table 3 show that SCS-MP2 reaction reactions. The correlation consistent basis sets ranging from
enthalpies do not improve upon those at MP2 as both havedouble to quadruplé-quality (X = 2—4) are used. For the
almost the same MAD (2.3 and 2.7 keabl~Y) and error ranges ~ barriers, both SCS-MP2 and B2-PLYP behave better with

(11.2 and 11.3 kcaiol™1). This quite untypical finding is increasing size of the basis set as the MAD is almost constant
related to the electronic structure of the 1,3-dipoles and was (i.e., within the error bar of the reference data) and the error
recognized when SCS-MP2 was developed, e.g., fgd Nr range decreases frok—= 2 to X = 3. The changes when using

HN3 (reactions 1 and 2¢ Still, as already noted, on comparing X = 4 instead are generally smaller and within the accuracy of
the cycloaddition to ethylene versus those to acetylene SCS-the reference data. MP2 and especially B3-LYP perform clearly
MP2 gives a more consistent description. The B2-PLYP worse as the MAD increases monotonically frofw= 2 to X =
functional yields very systematic deviations from the reference 4. This confirms previous findings for the barriers of other
values that are all positive (3-2.3 kcatmol™?), indicating that pericyclic reaction8.The description of the reaction enthalpies
there is an almost constant shift of the relative energy of multiple improves for both MP methods with larger basis sets. The
versus single bonds. Despite the better MAD values for SCS- significantly smaller error ranges fot = 3 compared tX =
MP2 and MP2, the more consistent description of the new B2- 2 shows once more that doubleguality AO basis sets should
PLYP functional is of more chemical value because it follows be avoided for accurate descriptions especially when trends in
trends better (error range of only 4.1 keabl™!, MAD = 5.1 a series of molecules are of interest. The two DFT methods
kcakmol™). Like for the barriers, both second-order approaches behave a bit different as the MAD increases with the size of
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the basis set. However, for B2-PLYP the error level is very Westmoreland, P. R.; Zabel, F.]Bes, T.J. Phys. Chem. Ref. Dag005

small and related to a shift in the enthalpies as can be seen3% 573 _ . . .
P (3) A Chemist’'s Guide to Density Functional Theptgoch, W.,

from the monotonic decrease of the error range fm 2 to Holthausen, M. C., Eds.; Wiley-VCH: New York, 2001.
X = 4. Again, B3-LYP performs worst as the MAD increases (4) Ess, D. H.; Houk, K. NJ. Phys. Chem. 2005 109, 9542.
by about 5 kcalmol~ when going fromX = 2 to X = 3 with (5) Mgller, C.; Plesset, M. Phys. Re. 1934 46, 618.

the error range remaining almost constant. The advantage of (_G)Cﬁeglk& Ak-_Dé- Chem. Pﬂyﬂg% 9% 56408r-13te%h98n38|3-J-(:SzDgevlin,
the expensive cc-pVQ2X(= 4) calculation is in general small T J;; Chablowski, €. F.; Frisch, M. J. Phys. Chemi994 98, 11623.
D - (7) Lynch, B. J.; Fast, P. L.; Harris, M.; Truhlar, D. G.Phys. Chem.
(an(_j significant only for B2-PLYP) so that c_c-pVTZ or similar A 200q 104 4811.
basis sets appears to be the best compromise between accuracy (8) Montgomery, J. A.; Frisch, M. J.; Ochterski, J. W.; Petersson, G.
and computational speed for these methods. A. J(-gghgm- Phy51$9% 1|\1/|Q E?NZZ AL ) e
H H : H oumans, I. P. M.; ers, A. ., Lammertsma, K.; Nawein,
.The main resg!t of the present relnvestlgatlo'n of the 1,3- E.-U.. Grimme, SChem. Edr. J2004 10, 6468.
dipolar cycloadditions to ethylene and acetylene is that second- (10 Kolb, H. C.; Finn, M. G.; Sharpless, K. B\ngew. Chem2001,
order perturbation treatments of electron correlation seem to 113 2056;Angew. Chem., Int. Ed. Engl001, 40, 2004. Himo, F.; Lovell,
be the most accurate quantum chemical methods for calculatingT-;\'/""glfaAf' Réﬁosmé/tsgc\)/bgi\z/? ';"1’8‘1:_?”.‘3”' L-?RSAharp'eséhKﬁﬁa 6':30'“”’
. . . A . . VooJdo Am. em. S0 f . Auisgen, RAngew. e
activation and reaction enthalp|e_s of larger systems. This holds75’ 604: Angew. Chem., Int. Ed. Engl963 2, 565. Huisgen, RANgew.
both for perturbation theory that is based on HartrEeck, but Chem.1963 75, 742; Angew. Chem., Int. Ed. Engl963 2, 633.
only in the form of the SCS-MP2 method, and for approaches  (11) Dunning, T. H.J. Chem. Phys1989 90, 1007.
that have their roots in KS-DFT, namely the new B2-PLYP  (12) Grimme, SJ. Chem. Phys2003 118 9095.
functional. These two methods clearly outperform their popular ~ (+3) Grimme, SJ. Chem. Phys2006 124, 034108. - _
. o (14) Galing, A.; Levy, M. Phys. Re. B 1993 47, 105. Guling, A.;
precursors MP2 and B3-LYP with respect to most statistical | eyy, M.; Phys. Re. A 1994 50, 196.
performance measures. Our conclusion is underlined by con- (15) Becke, A. D.Phys. Re. A 1988 38, 3098.
sidering also the data for other pericyclic reactions as shown in ~ (16) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.
summary in Table 5 (for details see ref 9) that includes also _, (17) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Pople, JJ.A.
B2-PLYP data. The results also demonstrate that s eciaIChem' Phys1997 108 1063. ;
new . : . p (18) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
purpose functionals such as MPW1K should be avoided as theym. A.. Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
are highly unreliable in depicting larger parts of energy surfaces N.; Burant, J. C.; Millam, J. M., lyengar, S. S.; Tomasi, J.; Barone, V.;
such as product formation in the present study. The nearly Mennucci, B.; Cossi, M., Scalmani, G.; Rega, N.; Petersson, G. A
o Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
n_o_nemplrlcal SCS-MP2 and B2-PLYP methods h_aV(_? the aQ' Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
ditional advantage that the errors mostly decrease with increasingX.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
quality of the one-particle space, as is desired for a good Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J,;

. . “ . Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
guantum chemical method that should give “the right answer Voth, G. A.- Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,

for the right reason”. S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.

G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A,;
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