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The results of an energy decomposition analysis of ortho-, meta-, and para-substituted benzylic cations
and para-substituted benzylic aniongdHCsH;RY (R = H, F, CN, Me, OH, NH, NO,, CHO, CQH; q

= +, —) are presented and discussed. The calculated values farlibading between Cjdand GH4R

show for substituents which haweorbitals a linear correlation with the Hammett o5, andom constants.

o Hammett |

In 1935, Hammettpostulated that the effect of substituents Despite much work being undertaken to find a theoretical
on the ionization of benzoic acids could be used as a model basis for the Hammett equation, it remains an empirical
system to estimate the electronic effects of substituents onrelationship. Numerous attempts have been made to theoretically
similar reaction systems. This fact has turned out to be an estimatec constants. Most studies focused on recognizing
enormous contribution to elucidate organic and biochemical appropriate theoretical quantities which can be successfully
reaction mechanisms. Hammet}, and o, values reflect the  correlated with experimental constants. It can reasonably be
extent to which substituents in a meta or para position at a assumed that the effect of substituents in ortho- and para-
phenyl ring interact with a reaction site through a combination substituted benzyl cations is significantly influenced by the
of resonance and field/inductive effects. Although much effort strength of theirr conjugation while substituents in the meta
has been made to develop more sophisticated multiparameteposition should have a much smaller influence. This becomes
approaches for the correlation between substituent effects andobvious by drawing resonance structures for phenyl compounds.
molecular properties of aromatic compounds which are aimed |t would be helpful if a direct estimate of the conjugation
at separating resonance and field effédte original Hammett  could be made for the purpose of establishing such a correlation.
o values are still widely used in textbooks of organic chemistry we recently reportédhn energy decomposition analysis (E[BA)
for discussing substituent effecétit.has become clear that steric  of the C-C interactions in 1,3-butadiene, 1,3-butadiyne, and
and field effects have to be considered besides the directrelated systems which allows a direct estimate of the intrinsic
electronic effect of the substituents to obtain a good correlation conjugative and hyperconjugative stabilization that arises from
between theoretical quantities and experimentally derived valuesthe mixing between the occupied and vacant orbitals of the
such as the Hammett constants. Another issue is the fact  conjugating fragments. It had been suggested that the strength

that experimentally derived reaction rates are influenced by of 7 conjugation in 1,3-butadiyne is zero because the traditional
solvent effects and it can rightfully be questioned if a single

electronic property of isolated molecules can lead to a useful -
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TABLE 1. EDA Results of the Benzyl Cations at BP86/TZ2P (Energy Values in kcal/mol)

R H Me OH NH, F CHO COH CN NO,

AEi 2197 7290 2370 2317 7356 21138 2146 2093 20438

ABpyyii 2933 293.1 288.5 290.4 286.2 289.1 290.1 2855 2842

AEiga® -172.0 -174.4 -174.0 -181.2 -166.5 -161.5 -164.7 -155.7 -154.6
(335%)  (334%)  (33.1%)  (334%)  (327%)  (322%)  (326%)  (314%)  (31.6%)

HS—Q—R AEq4? -341.0 -347.7 3515 -360.1 3433 -339.4 -331.9 -339.3 3345
(66.5%)  (66.6%)  (669%)  (66.6%)  (67.3%)  (678%)  (674%)  (68.6%)  (68.4%)

AES 219.8 2287 2269 2269 2272 2276 2280 226.6 22638
(644%)  (658%)  (64.5%)  (629%)  (662%)  (67.1%)  (671%)  (668%)  (67.8%)

AE? -119.4 -119.0 -124.6 -133.9 -116.1 -111.8 -112.0 -112.7 -107.8
(35.6%)  (342%)  (354%)  (37.1%)  (33.8%)  (329%)  (32.9%)  (332%)  (322%)

AEm 2197 2749 2331 A4 T 2210 2108 2152 2102 2051

ABpaui 2933 299.4 291.0 300.1 286.1 306.4 291.1 286.5 290.9

AEsia® -172.0 -1743 -174.0 -175.1 -164.1 -167.5 1712 -157.8 -160.0
N (335%)  (332%)  (332%)  (322%)  (324%)  (324%) (338%)  (318%)  (32.3%)

® AEg? -341.0 -350.1 -350.1 -369.0 -343.0 3497 -335.1 -339.0 -336.0
H,C (66.5%)  (66.8%)  (668%)  (67.8%)  (67.6%)  (67.6%)  (662%)  (682%)  (67.1%)
AES 219.8 2327 2303 233.1 229.0 2348 2308 2293 232.1
(64.4%)  (66.5%)  (658%)  (632%)  (66.8%)  (672%)  (689%)  (67.6%)  (69.1%)

AE.? -119.4 1173 -119.8 -135.9 -114.0 -114.9 -104.2 -109.6 -103.9
(35.6%)  (335%)  (342%)  (368%)  (332%)  (328%) (L1%)  (323%)  (30.9%)

AEm 2197 2729 7703 2773 2143 2123 2157 2070 2066

ABpyyi 2933 295.6 290.3 291.4 289.4 304.9 2935 287.0 291.0

AE s -172.0 -174.8 1714 -176.0 -165.1 -173.1 -168.8 1573 -159.6
o (335%)  (337%)  (33.6%)  (339%)  (32.8%)  (33.5%) (331%)  (31.8%)  (32.1%)

® AB o -341.0 -343.6 -339.4 3427 -338.8 -344.1 -340.4 -336.7 -338.1
HC (66.5%)  (663%)  (664%)  (66.1%)  (672%)  (66.5%)  (66.9%)  (682%)  (67.9%)
AES 219.8 2299 228.1 2279 2287 2335 2298 2284 2296
(64.4%)  (669%)  (672%)  (66.5%)  (67.5%)  (678%)  (67.5%)  (678%)  (67.9%)

AE.? -119.4 1137 1113 -114.8 -110.1 -110.7 -110.6 1083 -108.5

(35.6%) (33.1%) (32.8%) (33.5%) (32.5%) (32.2%) (32.5%) (32.2%) (32.1%)

aThe percentages in parentheses give the contribution to the total attrA&ixg:+ AEon. ° The percentages in parentheses give the contribution to the
orbital interactionsAEq,.

estimate using the hydrogenation energies of the two triple bonds Y r - r T T T T
showed no difference, unlike the hydrogenation of 1,3-butadiene 14 @ R
where the second step needs more energy than thé Titss. N H2CO
EDA showed that ther conjugation in 1,3-butadiyne is twice T —e—para
as strong as that in 1,3-butadiénghis result comes only to 130 —a—ortho
the fore whens hyperconjugatioh is considered, which is - v— meta
quantitatively estimated by the EDA. g
The EDA has proven to give important information about 7§ 120 AER(R=H)= 19,4
the nature of the bonding in main-grdugnd transition-metal = -\.
compoundg? Since the method has been described in detail -E v A\a__
previously*1%we shall outline the concept only briefly. In the \V/v\v *—o
EDA, bond formation between the interacting fragments is 104 *”"VN'
divided into three steps, which can be interpreted in a plausible " ;
—A
(7) (@) Rogers, D. W.; Matsunaga, N.; Zavitsas, A. A.; McLafferty, F. AT T T T T T
J.; Liebman, J. FOrg. Lett 2003 5, 2373. (b) Rogers, D. W.; Matsunaga, NHz  OH Me FCHO ON  COZH NO2
N.; McLafferty, F. J.; Zavitsas, A. A.; Liebman, J. F. Org. Chem2004
69, 7143. FIGURE 1. Plot of the values ofAE, for ortho, meta, and para

(8) The importance of hyperconjugation for estimating the strength of ~ Substituents.
conjugation in 1,3-butadiene and 1,3-butadiyne was also pointed out by:
Jarowski, P. D.; Wodrich, M. D.; Wannere, C. S.; Schleyer, P.v. R.; Houk, way. In the first step the fragments, which are calculated with

K. N. J. Am. Chem. SoQ004 126, 15036. : :
(9) (2) Esterhuysen, C.: Frenking, Bheor. Chem. Ac004 111, 81. the frozen geometry of the entire molecule, are superimposed

(b) Kovacs, A.; Esterhuysen, C.; Frenking, Ghem. Eur. J2005 11, 1813. without electronic relaxation; this yields the quasiclassical
(10) (a) Frenking, G.; Wichmann, K.; Huich, N.; Loschen, C.; Lein, electrostatic attractiolEgsto; In the second step the product

M.; Frunzke, J.; Rajy, V. M. Coord. Chem. Re 2003 238-239, 55. (b) ~ \yave function becomes antisymmetrized and renormalized,
Lein, M.; Frenking, G. InTheory and Applications of Computational

Chemistry: The First 40 YearsDykstra, C. E., Frenking, G., Kim, K. 5., Which giyes the repulsive termEPaL_Jli, termed Pauli 'fep_U|Si0n-
Scuseria, G. E., Eds.; Elsevier: Amsterdam, The Netherlands, 2005; p 718.In the third step the molecular orbitals relax to their final form
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FIGURE 2. Resonance forms of benzylic cations with para EDG

substituents. 125

to yield the stabilizing orbital interactioAE,,. The latter term -120
can be divided into contributions of orbitals having different
symmetry which is crucial for this study. The sum of the three
termsAEeistar+ AEpaui + AEor gives the total interaction energy

AEint-

AEx / keal mol™

-115

-110
AE,, = AE

elstat

+ AEp,,+ AE,,,

Pauli

-105 — T - T T T T T T T T T
-0.8 -06 -04 -0,2 0,0 0.2 04 06 08

o, Hammett

Note that the latter is not the same as the bond dissociation
energy, because the relaxation of the fragments is not considered
in AEint-

We wish to clarify the goal of this work to avoid misunder- 1354 ' ' ' ' ]
standings. In this paper, we want to show that the intrinsic 1
conjugation of the free molecules in the gas phase which is 1304
estimated through the EDA correlates well with the experimen- ;
tally derived Hammett constantsas well as with thes™ and 125
o ~ scales introduced by Brown and co-work&rsThe cor-
relation is surprising because the theoretical data consider only
a minor part of the electronic effects, i.e., the mixing and the
relaxation of ther ands* orbitals of the interacting fragments.
Other electronic factors such as Pauli repulsion, quasiclassical
electrostatic interaction, and influence @felectrons are not
considered. Steric and inductive effects are completely ignored
and also solvent effects are not considered. Our work does not
intend to engage in the development of more sophisticated — -105 : T : T : T T T T
multiparameter approaches for the correlation between substitu- 18 -10 e 00 05 1.0
ent effects and molecular properties of aromatic compounds. o, Hammett
The focus of this StUdy.IS to show that the calcu_lqm Va.lues FIGURE 3. Plot of theAE, values versus Hammett constants for para
of the EDA are physically meaningful quantities which are q,pciitients: top, Hammet}, constants; bottom, HammetBrown o,
useful for the interpretation of experimental resifs. substituent constants.

Table 1 summarizes the EDA restftsf ortho-, meta-, and

para-substituted benzylic cations. In all cases-@&ingle bond attraction comes from the orbital tertEoq, (ca. 67%). The
connects the interacting fragments (€Hand GH4R), which partitioning of the orbital interactions imandsr bonding shows
are calculated in the electronic doublet state with the unpaired that o bonding is stronger than bonding, which contributes
electron in a formally sphybridizedo orbital. The EDA results  about one-third of the attractive orbital interactions. The most
suggest that the €C bonds of benzylic cations with ortho or  important results of our analysis are the calculated values for
parar electron-donating groups (EDGs) have larger interaction AE, (bold in Table 1), which are a direct predicition of the

energies than benzylic cations with electron-withdrawing  conjugation in the studied benzylic cations. Figure 1 shows the
groups (EWGSs). The largest overall contribution to the@ AE, values for the different substituents.

: It becomes obvious that EDGs placed in the ortho or para
(11) (a) Okamoto, Y.; Brown, H. CJ. Org. Chem1957 22, 485. (b) positions have higher values ofE, than EWG while in the
Stock, L. M.; Brown, H. CAdv. Phys. Org. Cheml1963 1, 35. .. .
(12) An alternative method for estimating the strength of orbital Meta position EDGs and EWGs have simifeE, values. The
interactions for conjugation and hyperconjugation is the natural bond orbital predicted trends are reasonable because of the direct resonance
(NBO) model (Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 interaction of the positively charged methylene fragment with

88, 899). In a forthcoming paper we will report about a comparison of the . . . .
EDA and NBO for the calculation of conjugation and hyperconjugation. the para EDG, via quinonoidal resonance forms II (Figure 2),

(13) The EDA calculations were performed with the program package Or with the ortho groups. Since these interactions are not possible
ADF: (a) ref 6a and (b) ref 6b. Geometry optimizations were carried out when the substituent is an EWD or when the EDG is in the

with use of Cs symmetry constraint followed by frequency calculations. e :
All structures reported here are minima on the potential energy surface. meta position, thé\E, values are much lower in the latter cases.

The calculations were carried out at the BP86 level: (c) Becke, AHYs. The data in Table 1 show that the substituents OH and
Rev. A 1988 38, 3098. (d) Perdew, J. Phys. Re. B 1986 33, 8822. The particularly NH significantly enhance the conjugation when

basis sets used have TZ2P quality and uncontracted Slater-type orbital i it ;
(STOs) served as basis functions: (e) Snijders, J. G.; Baerends, E. thhey are in the ortho and para position but not in the meta

Vernooijs, P.At. Data Nucl. Data Table4982 26, 483. An auxiliary set ‘position.
of s, p, d, f, and g STOs was used to fit the molecular densities and to  Figures 3 and 4 show the correlation between the calculated

represent the Coulomb and exchange potentials accurately in each SCF, i i i _ _ ;
cycle: (f) Krijn, J.; Baerends, E. Fit Functions in the HFS-Method/rije strength of ther conjugation in the meta- and para-substituted

Universiteit Amsterdam: Vrije, The Netherlands, 1984; Internal Report (in P€nzylic cations with the Hammett constants. e, values
Dutch). for para substituents correlate quite well (linear correlation

-120 1

AEx / keal mol™

-115 1

-110
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TABLE 2. EDA Results of the Benzyl Anions at BP86/TZ2P (Energy Values in kcal/mol)

e
H2C—©—R

R H Me OH NH, F CHO  COH CN NO,
AE,. 1763 -1747  -171.9  -1645  -1780  -2054  -2024 2020 2144
AF, 3108 309.6 3027 3009 3044 3209 3194 3166  318.1

Pauli

AE,'  -197.1  -1947  -1928  -187.0  -1977 2116  -2092  -2102  -214.4
(405%)  (402%) (40.6%) (402%) (41.0%) (40.2%) (40.1%) (40.5%)  (40.3%)

AE,,’ 290.1  -289.6  -281.8  -2784  -2846  -3147 3126  -3085  -318.0
(59.5%) (59.8%) (59.4%) (59.8%) (59.0%) (59.8%) (59.9%) (59.5%) (59.7%)

AE, -220.2 -220.0 -216.2 -214.9 -216.5 -224.4 -223.4 -222.1 -221.5
(76.0%)  (7159%) (716.7%) (17.2%) (16.1%) (711.3%) (71.5%) (72.0%)  (69.7%)

AE,? -69.9 -69.7 -65.7 -63.5 -68.2 -90.3 -89.2 -86.4 -96.5
(24.0%) (241%) (233%) (22.8%) (239%) (287%) (28.5%) (28.0%) (30.3%)

aThe percentages in parentheses give the contribution to the total attrA&ing:+ AEqrm. ° The percentages in parentheses give the contribution to the
orbital interactionsAEqm,.

-120 T T T T T
a
] 0 ]
-118 < R . .
4 @ J
-116 - HZC ] -
| NH 4
2 -
E’ 14 0 CHOE) T g
w g n
2 1124 0 CoH@) . )
y °”°‘.12:02H(1) ] -
-110 4 L <
F
-108 4
-106012'0I0'OI2'0I4'0I6'08 AL
5 ’ ' ! ’ ’ -04 -02 0,0 0,2 04 0,6 0,8 1,0 1,2 1.4
o_Hammett o Hammett
m P
FIGURE 4. Plot of the AE, values versus Hammett, substituent FIGURE 5. Plot of the AE, values versus HammetBrown o
constants. constants for para substituents.
coefficient of 0.95 and a standard error of 2.60) wif{{Figure range of only 7 kcal/mol is much smaller than that for the para
3a)!* An even better correlation is found between thE, substituted systems which have a range of 30 kcal/mol. An
values andb™ (correlation coefficient 0.97 and standard error interesting observation was made for the substituents CHO and
2.15; Figure 3b). Thes" scale, by Brown and co-workets,  COOH. There are two conformations for the molecules. One

modifies and improves the original values considering that  has the &0 group of the substituents in a syn position (1) to
somezr-substituents could resonate directly with a positively CH, while the other has it in the anti position (2). The two
charged reactive center linked to the aromatic ring. This conformations are energetically very close (energy difference
effect is known ashrough resonancéconjugation of the para <02 kcal/mol) but the\E;, values differ by>1 kcal/mol. Figure
group and the positively charged methylene via structures Il, 4 shows that theAE, values of the syn conformation (filled
Figure 2). _ _ squares) have a much better correlation with the oferdata.

For the meta-substituted system a good correlation between, correlation coefficient of 0.97 and a standard error of 0.66
theom values of Hammett andE, should not be expected since 4 gptained when th&E, values of the syn conformation are
the resonance forms suggest thatonjugation should play a = seq. The latter values have been calculated without considering
minor role compared with the ortho and para systems. Figure 1 parent system R H from the correlation analysis. Figure
indeed exhibits a different shape for the curve of Aig(meta) 4 shows that the Evalue for the reference system=RH is
values. However, the correlation that is shown in Figure 4 is ~7 keal/mol too iarge compared with the expectation value
surprisingly good (correlation coefficient 0.97 and standard error predicted by the smoothing function. This means that
0.61). Note that the energy scale of the latter extending over aconjugating substituents including groups such as @Hich

- interact through hyperconjugation correlat ite well with th
(14) o values taken from: Hansch, C.; Leo, Axploring QSAR. erac oug ypg COhIUQﬁ 0 .CO ehaf:(;r:lt e|/ el ith €
Fundamentals and Applications in Chemistry and Biojdy®S Professional Hammett constants but that t ereis ashi cal/mol wit
Reference Book; American Chemical Society: Washington, DC, 1995.  respect to the parent system. This is discussed below.
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FIGURE 6. Plot of the energy termAEiy;, AEeistas AEom, andAE, versus Hammett constants.

Table 2 gives the EDA results for the conjugation in the
benzyl anions between GH and para-substituted fragments
CeH4R. The absolutd\E; values are smaller than in the benzyl
cations (Table 1). As expected, the strongesionjugation in
the anions is calculated for R NO,, which exhibits the weakest
ot conjugation in the cations. The opposite trend is found for R
= NH,, which weakens ther conjugation in the anions most
while it strengthens the conjugation in the cations. Figure 5
shows that the calculatelE,; values for the anions also have
a very good correlation with the Hamme®rown o,~ con-
stantst* The correlation coefficient has the value 0.98 and the
standard deviation is 2.92.

What about the correlation of the other energy terms of the
EDA, i.e., the electrostatic interactiomsEgsia; and the total
orbital interactionsAE,,, with the Hammett constants? Figure
6a—d shows the smoothing functions of the total interaction
energiesAE;,; and the energy term4Eestas AEom, and AE,
versus the Hammett constants 0", 0 p, andom. Note that
the meta systems include the parent systers=Rd in the
correlation coefficients. For the benzyl cations the best correla-
tion of the o, values is calculated for the electrostatic term
AEeistat (f = 0.97, SD= 2.18) but the correlation with the
conjugation is only slightly worser (= 0.95, SD= 2.69). Of
the four energy terms th&E,; values exhibit the best correlation,
however, with the HammettBrown coefficientso™, (Figure

6b). The same holds true for the correlation betwA&h and
the Hammett coefficients for the para-substituted benzyl anions
(Figure 6d).

For the meta-substituted systems the correlation coefficient
betweero, andAE, (r = 0.77, SD= 2.39), which includes R
= H, is significantly worse than that without the parent system
(see above). However, the correlation between the other energy
terms which contribute to\E;,; and oy, is still poorer. We
analyzed the EDA data to explain the peculiar shift-af kcal/
mol of the m-substituted systems with regard to the parent
compound. One referee pointed out that At&, values (kcal/
mol) of the systems witlhr substituents are very similar (para
—227.3+ 0.7, ortho—231.94+ 1.9, meta—230.7+ 2.8) while
the compound with R= H hasAE, = 219.8 kcal/mol. It is
obvious that the change from the-& to the C-R ¢ bond
where R has a $thybridized atom bonded to the phenyl ring
has a uniformly strong influence on the-® o bond in all
compounds. This effect is clouded by the stranipteractions
in the para-substituted systems (see Figure 2) but not in the
meta-substituted compounds which exhibit much weaker
conjugation.

In summary, the linear correlation between thE, values
for meta and para-substituted benzylic cations and anions with
the Hammetto constants which exhibits a surprisingly high
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correlation coefficient suggests thatonjugation may be used Acknowledgment. We thank the reviewers who contributed
to explain the influence of substituents which hawerbitals with their helpful comments to the present paper. This research
on the relative reaction rate. It also shows that the calculated Was supported by the Deutsche Forschungsgemeinschaft.
values for the intrinsict conjugation given by the EDA are Supporting Information Available: Cartesian coordinates (in

reasonable for interpreting the chemical properties of the A) of all compounds discussed in the text. This material is available
molecule. They may even be used to semiquantitatively predict free of charge via the Internet at http://pubs.acs.org.
Hammett constants for hitherto unknown substituents. JO052012E
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