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ABSTRACT

Relative energies in kcal mol™!

g, 9o

DFT -10.0to +35.6 -11.510 +50.6
MP2 +21.6t0 +26.6 +28.6t0 +35.4

'e"es CCSD(T) +14.410 +15.3 +24.5t0 +25.5

Several DFT methods were found to be unreliable for computing hydrocarbon isomer energy differences. The errors grow with system size

up to 20 kcal mol 1 for the relative energies of the (CH) 1, isomers; octahedrane is the most stable (CH) 1, hydrocarbon. While DFT geometries
generally are good, problems arise for structures with single bonds only, especially for small rings. We recommend the use of higher level,
non-DFT energy single points computed at DFT-optimized structures.

Strange as it may appedbgoctahedrane (1) is the most important question because the potentially huge number of
stable (CH); hydrocarbon (Figure 1), despite considerable isomers will usually force chemists to use DFT methods.
strain (83.7 kcal mol', B3LYP/6-311-G(d))! This conclu- These have proven quite accurate, for instance, for the G2
sion was reached by comparithido a large number of other  structural test séthat contains 148 different small molecules
(CH),2isomers at different levels of theory. This is a tedious having well-established enthalpies of formation. Among the
exercise, and “chemical intuition” can only go so far as to many DFT methods tested, B3LYP showed the best overall
exclude some of the obvious high energy structures. The performance with the smallest average absolute deviation at
problem is thatl would probably be one of them, and 3.1 kcal motl.# Undoubtedly, this has led to the use of
conjugated structures such 28—38seem far better candi- B3LYP as the “jack of all trades” when DFT is used for or-
dates for the lowest energy structure. On the other hand,ganic molecules. The G3 test set, which contains 75 addi-
o-bonds are more stable thanbonds so that the-strain tional heats of formation of larger molecules, however, re-
energy must be considerable to make up for this energyvealed that DFT methods tend to have significantly larger
difference. This brings the polycyclic derivatives without errors for larger structures. Hence, the errors with B3LYP
unsaturation (1—3and 3%) back into play. Hence, a safe for the G3 set are double those for the G2 set, and this error
conclusion cannot be drawn on the basis of empirical can be traced back to the additional larger molecules and
structural arguments alone. (1) de Meijere, A.; Lee, C. H.; Kuznetsov, M. A.; Gusev, D. V,
The logical next step is to utilize theory to evaluate the Kozhushkov, S. I.; Fokin, A. A.: Schreiner, P. Bhem. Eur. J2005,11,

isomer energy differences—an exercise that seems almosf175—6184.

(2) Dodziuk, H.Bull. Chem. Soc. Jpri987,60, 3775—3779. Dodziuk,
trivial. But what level of theory is appropriate? This is an  -'Nowinski, K. Bull. Pol. Acad. Sci. Cheni987,35, 195—198.
(3) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, JJAChem.

I Justus-Liebig University Giessen. Phys.1991,94, 7221—-7230.
* Princeton University. (4) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Pople, J.&£hem.
§ Georg-August University Gottingen. Phys.1997,106, 1063—1079.
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Table 1. Energies of (CHy), Isomers22 and 31 Relative to

@ ® @ @ L@ Octahedrane (1) (kcal mdl) (AE)
level of theory 22 31

HF/6-31G(d) 69 138

HF/6-311+G(d) 0.1 6.1

ﬁ@ & @ @ HF/6-311+G(d,p) 25 9.4
BLYP/6-31+G(d) -9.0 -10.9

BLYP/6-311+G(d,p) -100 -115

BLYP/aug-cc-pVDZ -84 -9.2

; ; G96LYP/6-31+G(d) -53 —65

/ ; L G96LYP/aug-cc-pVDZ —4.8 —4.9
G96LYP/6-311+G(d,p) -64 —68

14 15 16 17 18 KMLYP/6-31G(d) 35.6  50.6
KMLYP/6-311+G(d,p) 284 417

x ' ' @ B3LYP/6-31G(d) 45 7.2
B3LYP/6-31G(d,p) 4.3 7.2

B3LYP/6-31+G(d) 0.6 25

B3LYP/6-311+G(d,p) -0.2 1.9

B3LYP/6-311++G(2d,p)//B3LYP/6-311+G(d,p) —21 —0.2

E@ @ “ “ . B3LYP/aug-cc-pVDZ 04 31
B3LYP/cc-pVTZ/B3LYP/6-311+G(d,p) -1.7 -04

B3PW91/6-31+G(d) 173 232

B3PW91/6-311+G(d,p) 144 1938

“ B3PW91/6-311+G(d,p)//B3LYP/6-311+G(d,p) 17.3 237

O B3PW91/aug-cc-pVDZ 168 235
BHandH/6-31+G(d) 33.0 46.8

BHandH/6-311+G(d,p) 326 473

BHandHLYP/6-31+G(d) 82 142

<;=\__\=Z> @ BHandHLYP/6-311+G(d,p) 74 140

- MP2(fc)/6-31G(d) 23.0 300
MP2(full)/6-31G(d) 251 325

Figure 1. MP2(fc)/6-31G(d,p) 266 354
MP2(fc)/6-311+G(d,p)/B3LYP/6-311+G(d,p) 232 312

MP2(fc)/cc-pVDZ 21.9 28.6

L MP2(fc)/aug-cc-pVDZ 21.6 29.1

the fact that the DFT errors seem to be cumulati@milar CCSD(T)/ce-pVDZ/BLYP/6-31+G(d) 14.4 245
trends have been observed recently for B3LYP reaction cCSD(T)cc-pVDZ/BLYP/6-311+G(d,p) 146 247
energie$. CCSD(T)/cc-pVDZ/B3LYP/6-31+G(d) 149 250
Computing isomer energy differences is an easier task than CCSD(T)/cc-pVDZ/B3LYP/6-311+G(d,p) 153 255
estimating the heats of formation. If one considers unimo- CCSD(T/ee-pVDZ/KMLYP/6-31+G(d) 145 246
CCSD(T)/cc-pVDZ/MP2(fc)/aug-cc-pVDZ 14.3 25.0

lecular rearrangement transition structures as isomers of
ground-state molecules, then the ability of a computational
method to reproduce isomer energy differences also has
implications for determining activation barriers of chemical
reactions. As the number of reliable experimental activation
barriers for larger molecules is rather limited, we concentrate
here on hydrocarbon isomer energy differences.

For the (CH), isomers, onlyl, 22, and31 are close in
energy at the highest levels of theory that we had employed
recently! Table 1 presents the data for these (Glifomers
utilizing different levels of theory (relative energies of all
other species depicted in Figure 1 can be found in the Sup-
porting Information). B3LYP® performs very poorly and
shows a strong basis set dependence. It was noted earlier in gy woodcock, H. L.; Schaefer, H. F.; Schreiner, P.JRPhys. Chem.
the relative energy comparison of propyne and allene (pro- A 2002,106, 11923—11931. Kang, J. K.; Musgrave, C.JBChem. Phys.

i 1 2001,115, 11040—11051.
pyne is 1.4 kcal mol' more stable but most popular DFT (10) Adamo. C.: Barone, VJ. Comput. Chem1998, 19, 418—429.

Becke, A. D.J. Chem. Phys1996,104, 1040—1046. Gill, P. M. WMol.

methods place allene energetically lower) that the HF ex-
change and associated problems with the self-interaction are
responsible for the poor performance of B3LYHowever,

as BLYP and G96LYP° perform even more poorly, this
cannot be the only reason for the inferior performance of
B3LYP. B3PW91!is best relative to the highest level cou-
pled cluster{ CCSD(T)}*? energy single points. The latter
theoretical level also indicates that the quality of the
molecular geometriesis acceptable and rather similar at
B3LYP, BLYP, and MP2, even with different basis sets.

(5) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Pople, J.&hem. Phys.1996,89, 433.

Phys.2000,112, 7374—7383. (11) Perdew, J. P.; Wang, Yhys. Rev. BL992,45, 13244—13249.
(6) Check, C. E.; Gilbert, T. MJ. Org. Chem2005,70, 9828—9834. (12) Purvis, G. D.; Bartlett, R. J. Chem. Physl981,75, 1284—1292.
(7) Becke, A. D.Phys. Rev. AL988,38, 3098—3100. Lee, C.; Yang, Urban, M.; Noga, J.; Cole, S. J.; Bartlett, R.JJ.Chem. Phys1985,83,

W.; Parr, R. GPhys. Rev. BL988,37, 785—789. 4041-4046. Bartlett, R. J.; Watts, J. D.; Kucharski, S. A.; Nog&hkm.
(8) Becke, A. D.J. Chem. Phys1993,98, 5648—5652. Phys. Lett.1990,165, 513—522.
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Nevertheless, it is highly discomfiting to see that the various noticeably larger than for other species. This pattern and the

DFT flavors give such different isomer energy differences. finding that bicyclic structures are not described as well
But how reliable is this assessment? As there are noapplies to the gHyo structures (Figure 4) as well. Here, the

experimental heats of formation available for the species

under consideration, we systematically examined the isomer_

of CeHs, C7Hs, CgHio, CoHiz, CioHio, CioHis, and GaoHue.

We compare two levels of theory (MP2 and B3LYP) with a

moderate basis s€6-31G(d,p)}commonly used for larger

hydrocarbons to the experimental isomer energy differences

derived from the experimental heats of formatidaH,9g)*3

and compare these with tiieH,qs data at the respective level

of theory.
The (CH) isomer energy differences carry no surprises.

B3LYP outperforms MP2 slightly, but the agreement of both

with experiment is generally quite good (Figure 2, with

Figure 4. Computed @H;o isomer energy differences at B3LYP
and MP2 versus experiment.

maximum deviations at B3LYP (10.0 kcal mé&) and MP2

(8.6 kcal mot?) begin to be significantly different.
These findings recur for the isomers ofHG,, CioHio,

CioH14, and GoHj6 (Figures 5-8), for which the B3LYP

Figure 2. Computed GHs isomer energy differences at B3LYP
and MP2 versus experiment.

correlation coefficients in parentheses). However, this test
set only contains structures with conjugated multiple bonds.
The GHg structures also offer more structural diversity, and

AtHa9g's are also available for compounds with single bonds

only (Figure 3). Here, MP2 begins to perform slightly better

than B3LYP, and this can mainly be traced back to structures
with single bonds only, for which the B3LYP errors are

Figure 5. Computed @H;, isomer energy differences at B3LYP

I VP2 versus experiment.

errorsaccumulateas the molecules become larger. While
this is also true for MP2, the effect is much smaller. B3LYP
clearly has difficulties in describing structures with single
bonds only and with bicyclic hydrocarbons. This is not the
case for B3PW91; it outperforms B3LYP for the (GH)
structures (Table 1). The B3PW91 errors forhi, and
Ci2Hi6 are considerably smaller and more evenly spread than
for B3LYP with the same basis set (Figures 7 and 8).
We now return to the question @fhy octahedrane (1) is
the most stable (CH)hydrocarbon, despite its considerable
strain. A straightforward explanation is that the strain

Figure 3. Computed GHg isomer energy differences at B3LYP originates mostly from the three-membered rings because

and MP2 versus experiment.

(13) Data taken from http://webbook.nist.gov.
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Figure 6. Computed GoC,0 isomer energy differences at B3LYP
and MP2 versus experiment.

the five-membered rings are fixed in their preferred confor-
mation, as is the central cyclohexane moiety. An MO analy-
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Figure 7. Computed GoH14isomer energy differences at B3LYP,
B3PW91, and MP2 versus experiment.

sis (Scheme 1) shows that the cyclopropaie-orbitals
that comprise the HOMO df significantly overlap with the

Scheme 1. Stabilizing MO Interactions in the High-Lying
Orbitals (Only One of Each Degenerate MO is Shown}in

e, " k ¥

b J Y
"a o b : ‘—‘ _.-"i”

HOMO HOMO-2 M

occ-MOs of both the five- and the six-membered rings. The
cyclopropylp-type orbitals overlap with the MOs of corre-
sponding size and symmetry in HOMO-2.

Our analysis allows the prediction of isomer energy
differences for larger hydrocarbons. An intriguing example

3638
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Figure 8. CioHig isomer energy differences at B3LYP, BLYP,
B3PW91, and MP2 with a 6-31G(d,p) basis set relative to

experiment.

is the (CH)g family of which [18]annulene40) is the most
popular; the symmetry of its ground-state equilibrium
geometry is still under discussidhBased on the stabilizing
effect of three-membered rings aslinwe predict that the
experimentally unknown analoguk (D3) (Scheme 1) is
considerably more stable (62.8 kcal mbht B3PW91/cc-
pVDZ) thanC,-40 and most if not all other (CHj isomers.
Regarding the structure @0, CCSD(T)/cc-pVDZ energy
single points for the MP2/cc-pvDZC, D, and
Deh geometries are the same within"2Cau (—694.63277
au). The CCSD(T)/cc-pVDZ single point energies for the
C, and Dg,, geometries optimized at KMLYP/cc-pVDZ are
—694.61467 au. Hence, the MP2 geometries are likely to
be of higher quality.

DFT methods have to be applied with caution. B3LYP
and several other popular functionals shoereasingenergy
errors withincreasingsystem size. We find that these errors
are connected to the inferior DFT description of structures
with single bonds only and those containing small rings.
Someof these errors can systematically be traced back to
the neglect of dispersion interactions in DFT, which are key
for the energy evaluations of, e.g., alkanes. This is the topic
of the accompanying paper by Schleyer efalhe reason-
ably good performance of B3PW91, however, indicates that
neglect of dispersion cannot be the only source of éfror.
Our recommendation is to use higher level, non-DFT energy
single points on DFT- or MP2-optimized structures.
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