@ ) TETRAHEDRON

e Tetrahedron 55 (1999) 10013-10026

v

2248

=)
L]
o)
]
(-]
-
(=]
=
-]
ol
[-"
S
o
o
o
-
o]
=]
=
>
oy
-
-
=
ate
s
a
/)

Ronald R. Sauers¥*

Department of Chemistry, Rutgers, The State University of New Jersey

New Brunswick, NJ 08903
Received 20 January 1999; accepted 22 June 1999

Ahctracrt Proton and electran affinitiec were calenlated for a geries of 28 carbanions and radicals
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using MP2/6-31 and B3LYP methods. Structural and electronic factors that control anion and
radical stabilization were examined by natural bond orbital analyses. New examples of
hyperconjugation were found for lone pairs and radical centers and adjacent C-H* and C-C*
orbitals. Correlations between %-s-character of C-H bonds and anions with proton affinity were
poor. © 1999 Elsevier Science Ltd. All rights reserved.
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As quantum methods for the calculation of thermochemical data have made significant strides in recent

ars, experimental measurements have become more problematic due to the gmwmg size of molecules of
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s.! Although the importance o
and radicals in both synthetic chemistry and mechanistic studies is unquestioned, fundamental data on their
structure and properties are obtained with difficulty. Experimental measurements of electron affinities have
produced much useful information on the stability of carbanions in the gas phase, but the scope of this
methodology is limited, infer alia, by the intrinsic stability of carbanions relative to electron detachment and/or

fragmenlation. Carbanions with lifetimes of < 25 psec cannot be detected in conventional flowing afterglow

pig studies have vmlded much
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coupled with measurements of redox properties of carbanion/radical couples in solution can be used to evaluate
homolytic bond dissociation energies and pK,'s of hydrocarbons, but these calculations require knowledge of

gas phase electron affinities to estimate solvation energies of carbanions.4
The present state of the art of computational chemistry can provide an accurate basis for comparison of
the structure and properties of reactive intermediates. Although scattered reports of quantum calculations have
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communication, we apply ab initio and density functional quantum methodology to the computation of proton>
and clectron® affinities of an extended series of 28 aliphatic and alicyclic systems. The results provide a
comprehensive compilation of the structure, relative stability, proton affinity (PA), and electron affinity (EA) of
these systems. Detailed analysis of the orbital structure of these intermediates provides insight into the electronic

factors that govern their stability and structure. Of especial interest was a study of the relationship between
calculated percent s-character of C-H bonds and proton affinity.
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Computational Methodelogy. All structures were tully optimized by analytical gradient methods at
the R(U)HF/6-31+G(d) level using the Gaussian94 suite of programs.’ Energies for all systems were obtained

via full geometry optimization at the R(U)YMP2(FC)/6-31+G(d,p) and R(U)B3LYP/6-311++G(2d,p) levels’b.
addition, a subset of renreﬁentanve systems was examined at the R(U)B3LYP/6-31+G( dAn\
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Kelvin and for zero-point energy differences computed at the R(U)YHF/6-31+G(d) level (scaling factor= 0.9153
8). Select natural bond orbital analyses (NBO) and natural population analyses (NPA) were carried out using
keywords: NLMO (natural localized molecular orbitals), BNDIDX (bond index), and RESONANCE.® The

latter term lowers the occupancy threshold for acceptable Lewis structures in the search for delocalized
structures. Results discussed below were obtained via density functional methodology unless otherwise noted.

The following systems were investigated as radicals, carbanions, and related hydrocarbons: Primary
methyl, ethyl, neopentyl, Gs,Ci-cyclopropylcarbinyl, 3-butenyl. Secondary: 2-propyl, cyclopropyl, a.e-H-

cyclobutyl, a,e-H-cyclopentyl, a,e-H-cyclohexyl, 2-exo,endo-H-norbornyl, 5-exo.,endo-H-norbornenyl, 7-
norbornanyl, 7-anti, syn-H-norbornenyl, 3-portricyclyl. Tertiary: t-butyl, 1-bicyclo[l1.1.1]pentyl, cubyl, I-
norbornyl, 4-nortricyclyl, 1-bicyclo[2.2.2]octyl.

Proton Affinity. Proton affinities have been used to compare "stabilities" of anions relative to the
related hydrocarbons. Anions more stable than methyl anion are less basic and the corresponding hydrocarbons
will have smaller PA values. For example, propene gives rise to the allyl anion with PA=391 kcal/mol
compared to methane with PA=~417 kcal/mol. The energy difference between these two, -26 kcal/mol,

renresents the enerov chanoe for the eguation shown (R = CH»=CH)
~r i VEER ReARRs J TORESRAALR AL RAART AT RS \ N RRLT AR
CH3;~ + R-CHj3--—----- > CHy + R-CHy (eq. 1)

The data in Table 1 illustrate the effect of methodology and basis set on the calculation of proton
affinities for a select set of molecules. The differences between MP2 and B3LYP methods (columns 2 and 3)
varies from 2.7 kcal/mol to 3.7 kcal/mo! and the range increases with more extended B3LYP basis sets
Although the amount of experimental data is limited, MP2 methodology gives slightly better agreement.

Table 1. Proton Affinity (kcal/mol): 298.15 K
MP2/ B3LYP/ B3LYP/ B3LYP/6-

System 6-31+G(d,p) | 6-31+G(d,p) | 6-311++G(2d,p} | 311++G(3df,2dp) Literature Values®
Methy! 419.0 415.4 414.5 414.5 416.6+1.6, 418+3.5

Ethyl 421.8 418.6 417.0 417.0 420.1
2-Propyi 419.6 415.9 413.3 413.4 419.4

1-Buty! 4121 409.4 406.8 406.9 413.1

Cyclopropyl 415.5 412.7 411.1 411.3 410%1, 411.5,409+4.5

“ See Table 2 for references.

Table 2 lists the calculated values of PA for the complete series of carbanions. In the primary series: R-
CHj(-), ethyl anion (R=CHj3) was the only system that showed a significantly higher calculated PA than
methane 417.0 vs 414.5. For example, the neopentyl system (eq.1, R = t-butyl-, PA = 406.8) gave rise to ca.
7.7 kcal/mole stability over the methyl anion. Each of the two minimum energy conformers of

and 40K
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representing "stabilization energies” of 5.3-6.4 kcal/mol relative to the methyl system. The allyl substituent
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confers 7.3 kcal/mol stabilization energy over the methyl system (eq.1, R = CH,=CH-CH,-, PA= 407.2), but
the stabilizing interactions are less clear in this case. All secondary anions had lower or equal PA values to the
isopropyl anion and all tertiary systems were within % 2 kcal/mol of the value for t-butyl anion.

In general, the agreement between the calculated and experimental values of PA is fair. The a
pro affinity data for several of the anions is li ikely

be a conse

electron detachment or fragmentation reactions.? Flowing afterglow experiments did not give rise to detectable
anions for the foliowing systems: ethyi, 2-propyi, cyciobutyi, 2-norbornyl, and cyclopentyl, but anions were
detected for: methyl, 3-butenyl, cyclopropyl, 1-bicyclo[1.1.1]pentyl, 5-norbornenyl, and cyclopropylcarbinyl.2
Carbanion Structure/Energy. Structural information is summarized in Figures 1 and 2 which list
calculated bond distances and improper dihedral angles for radicals and carbanions. Whereas tetrahedral

geometry leads to an improper dihedral angle of 120°, the anions examined assume geometries with values

ranging from 132.8° for cyclohexyl anion (axial-H) to 123° for t-butyl anion to 835° for the 1-

110121 QL0 AL L YLIDILAY? A% RgAQ=IL) W L0 Yty @aalnn o

bicyclo[1.1.1]pentyl system. Several systems show extended lengths for C-H bonds oriented anti-parallel to
lone pair orbitals of the anions: ethyl (A=0.032 }\), 2-propyt (a=0.037 18\), t-butyl (A=0.041 .z\), Cs-
cyciopropyicarbinyl vs Ci-cyclopropyicarbinyi (A=0.016 A), and cyclohexyl anion with equatorial H (A=0.015
A). Anti-parallel C-C lengthening is seen in the Ci-cyclopropylcarbinyl system (A=0.061 A), and neopentyl
(=0.023 A), 1-norbomnyl (C2-C3=1.589A vs C2-C3=1.564A in norbornane), and the 7-norbornyl systems
described in an earlier report.1> These bond length changes can be attributed to bond weakening caused by

perturbation interactions between the lone pair HOMO and LUMO's from anti-parallel neighboring C-H or C-C

AUULILS 11 Ul

o* bonds, i.e., negative ion hyperconjugation.1¢ Natural bond order (NBO) analysis showed significant 2nd-

order perturbation stabilization energies associated with these lengthened bonds: ethyl (1 X 13.3 kcal/mol), 2-
propyl (2 X 15.7 kcal/mol), t-butyl (3 X 15.3 kcal/mol), neopentyl (1 X 11.7 kcal/mol), 1-norbornyl (2 X 13.2
kcal/mol). NBO analyses of the two cyclopropylcarbinyl anions revealed significant stabilizing interactions

between the lone pair and the anti-parallel C-C ring antibonding orbital in the conformer with C1 symmetry (1 X
18.0 kcal/mol) and with the antibnndmg cyclopr H orbital in th ructure: {1 X 13 kcal/mol)

filled p—hke orbltals with the C-H* orbital of the adjacent anti-parallel C-H bonds, by 2 X 13.4 and 2 X 18.1
kcal/mole, values comparable to 2-propyl anion (see above). The H-axial form of cyclohexyl anion shows
strong perturbation interactions with the anti-parallel C-C* orbitals (2 X 16.6 kcal/mol) giving rise to lengthened
C-C bonds: 1.548 A vs 1.535 A. Cyclopentyl anion shows a similar pattern: 2 X 16.8 kcal/mol (H-equatorial)
and 2 X 12.8 kcal/mol (H-axial).

The effects of sequential substitution of methyl groups for hydrogen is complex and involves competing

per l}nga ion.1b The calculated PA values
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olarizability effects and neg

-

1ductiv
1,

ethyl, isopropyl, and t-butyl anions were 414.5, 417.0, 413.3, 406.8 kcal/mol, respectively. Examination of
the struciures, charge disiributions, and natural localized molecular orbital analysis of these three systems
provides some insight into the differences in stability of these anions relative to methyl anion. The NPA
calculated charges at the anionic centers: methyl (-1.394), ethyl (-0.997), isopropy!l (-0.633), t-butyl (-0.411)
are consistent with the PA results. Although the charge dispersal per methyl group decreases in the series ethyl

(-0.243), 2-propyl (-0.233), t-butyl (-0.196), the combined effect of three methyl groups in the t-butyl system



R. R. Sauers / Tetrahedron 55 (1999) i10013-10026

2

—
&
—

Figure 1a: Carbanions at RB3LYP/6-311++G(2d,p)
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Figure 1b
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Figure 2a: Radicals at UB3LYP/6-311++G(2d,p)
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Figure 2b
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results in greater total charge dispersal than that of the methyl groups of the isopropyl or ethyl systems: -0.588
vs —0.466 vs —0.243. Differences in hybridization between the attached methyl groups and the anionic carbon
may also contribute to the dispersal of negative charge, but no clear trend can be seen.

More important is the finding that the bond between the methyl carbon and the anionic center varies

from sp'""-sp>* to sp™* -sp'*® concurrent with shortened bond lengths. This finding of increasing double

bond character between the methyl groups and the anionic carbon is consistent with intervention of negative ion
hyperconjugation.i® Consistent with this idea, C-H bonds anti-paraliel to the axis of the hybrid orbital at the
anionic center are lengthened and have diminished Wiberg bond indices!” (WBI) and increased p-character
relative to C-H bonds in other orientations. These effects combine to increase the stability of the t-butyl anions

relative to ethyl and isopropyl anions and, presumably, are important factors in other systems studied.

an36.
sp

E
<:> o

Bl: 0.95

- pza‘sp :\j) F b j ;;;;afs\) WB: 095 l T l’\

~37

(]
o »

RI-
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The four norbornenyl anionic systems display significantly different responses to the presence of the pi-
systems. Whereas the syn- and anti-7-norbornenyl anionic systems have about the same calculated PA's (410.0
0-H) vs 405.6 (endo-H). The

analysis. For example, the Wiberg bond index!7 between carbons 3 and 5 was found to be 0.114 compared to
0.030 for the exo-H isomer. In addition, the C=C double bond distances were 1.339 (exo-H); 1.359 (endo-H)
an indication of increased single bond character of the latter. More surprising was the high degree of non-
planarity of the double bonds of the exo-H and endo-H systems. In both cases the alkene hydrogens were bent
below (endo) the normal plane of the pi-system. The H;-C,=C3-C4 dihedral angles illustrates this point: endo-

H: 160.2°; exo-H: 167.8 °; norbornene: 172.5°. Even more pronounced is the puckering about C; as measured
\..1 c A’.\q
cs T Ng s~ NG
Ca 2
04\ // “H C4\ 4 “Hy

Ca

) |

N 1
Ha

endo-SH-norbornenyl anion exo-SH-norbornenyl anion

by dihedral angle H;-C;-C,-C3: endo-H: 157.5°; exo-H: 167.3° norbornene: 172.7°. This distortion is
attributed to electron:pi-repulsion with consequent re-hybridization of carbon atoms of the pi-bond leading to

more s-character and concomitant pyramidalization.!® These carbanions have been linked experimentally with
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the 3-nortricyclyl anion either as a set of rapidly equilibrating structures or a symmetrical non-classical
intermediate. Reaction of either exo-2-chloronorbornene or 3-nortricyclyl chloride with sodium resulted in a

mixture of norbornene and nortricyclene.!? The results of our calculations support the concept of equilibrating

H H_ HH

anionic structures at least in the gas phase since we found discrete minimum energy structures for both the
tricyclic and bicyclic forms. Since the energy difference between the two anions is small, the 3-nortricyclyl
anion is more stable by 3.3 kcal/mol, it likely that the interconversion barrier between these intermediates is also
small. By the same token it should be noted that both conformers of the cyclopropylcarbinyl anion are slightly
less stable than the 3-butenyl anion 1.9 and 0.90 kcal/mol. These results are consistent with the known behavior

of organometallic derivatives of cyclopropylcarbinyl and 3-butenyl systems, 20
DA M Inés s¢h O N ¢+ A rs [E v | -t A Tnés 1 T
rA LoIrelatlion wiln ve-s-unaracwer A recent stuay repoits a gooa reiationsmip oetween

calculated AH,;, and % C-H s-character for six compounds: ethane, cubane, cyclopropane, ethene,

aci
cyclopropene and ethyne.5»:21 NBO analysis affords a convenient opportunity to evaluate the dependency of
proton affinity on calculated % s-character (cf. Supplementary Table) for an extended series of molecules. The

mlAr T
P10t 610

% C-H s-Character vs Proton Affinity
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The absence of a clear correlation likely is a reflection of the dependency of proton affinity on the both the % s-
character of the C-H bonds as well as the carbanionic centers. It is likely that long range effects are also
important (see below).
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Electron Affinity. Evaluation of electron affinities as a function of structure involves comparisons
between the relative energy of carbanions and the related radicals. This was accomplished by computing the
energy changes for the isodesmic relationships described by equations 2 and 3.  Combining these equations

CH; + R-H e > CH; + R- (eq- 2)
CH;» + R-H ——- > CHy + R- (eq. 3)

defines electron affinity as normalized by the experimental EA valuel! (1.840.7 kcal/mol) for methyi radical
(equation 4). Positive values of EA denote electron bound systems.

R— + CHz -—-- > R- + CHj  + 1.8 kcal/mol (eq- 4)

A comparison of several methods and basis sets is given in Table 3. Serious discrepancies are seen for
MP?2 results with methyl and t-butyl radicals. More extensive data on these reactions is given in Table 2 for

Table 3. Electron Affinity (kcal/mol): 298.15 K

MP2/ B3LYP/ B3LYP/ B3LYP/6-
Sysiem 6-31+G(d,p) | 6-31+G(d,p) | 6-311++G(2d,p) | 311++G(3df,2dp) Literature Vaiues®
Methyl -8.75 0.66 1.58 1.79 1.8
Ethyl -3.41 -5.75 -5.11 -5.21 -6.4
2-Propyl -3.03 -6.51 -4.84 -5.10 -9.5
t-Butyl 3.03 -2.71 -1.05 -1.28 -5.9
Cyclopropyl 11.63 7.24 8.18 7.89 6.9, 8.4

# See Table 2 for references.

e 2 Tae thaca na shaniang that
.7 1'UL tuse bd.lUl:\.luUuB ulat

calculations at the MP2/6-31+G(d,p) and B3LYP/6-311++G(2d,p) levels. In general, there is a good qualitative
£1

b N2 VD LA 1 ith
agreement of B3LYP EA values with results from

lowing afterglow experiment
have not been detected experimentally, e.g. ethyl, propyl, cyclobutyl, cyclopentyl, cyclohexyl, we find negative
electron affinities. Seven systems for which we calculate positive values of EA have been detected (B3LYP,
MP2): cyclopropyl (8.2, 11.6), neopentyl (3.1, 6.8), bicyclo[1.1.1]pentyl (9.2, 14.4), cyclopropylcarbinyl
(0.7, 4.7), S-norbornenyl (3.3, 11.3), cubyl (9.1, 15.8), and 3-butenyl (5.2, 6.8). In those cases where
B3LYP density functional methods and MP2 methods led to opposite conclusions, e-H-cyclobutyl (-1.7 vs
3.6), e-H-cyclopentyl (-3.0 vs 0.26), a-H-cyclohexyl (-1.6 vs 2.0), 2-endo-H-norbornyl (-2.9 vs 1.8), 5-exo-
H-2-norbornenyl (-2.3 vs 5.6), and t-butyl (-1.1 vs 3.0), the experimental evidence is in better agreement with

density functional results.®23 For example, the 2-norbornany! anion has not been detected in the gas phase.?

Both epimers were found to h:

At PR PO s+ Ll L macitizia

Ve neg-‘tive electron affinities Dy the B3LYP method, but both had pUblllVC EAs
using MP2 methods. In the case of the t-butyl anion, MP2 methodology gave a positive electron affinity in
opposition with experimental results.

Radical Structure/Energy. Planarity of the radicals varies from 180° for the methyl radical to 157.8°
for t-butyl radical to 90.0° for the 1-bicyclo[1.1.1]pentyl radical.3:24 Radical stability for simple alkyl systems

follows the expected order: methyl < ethyl < isopropyl < t-butyl (equation 3, Table 2).!2 Each of the

methyl < neopentyl < 3-butenyl < ethyl < cyclopropylcarbinyl (Cs).25 Although the cyclopropyl group confers
a significant stabilization (6.4 kcal/mol) on the primary center26 (ethyl vs cyclopropylcarbinyl), the cyclopropyl

-~ 1nANAn
26 10023
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ring in the 4-noriricyciyl radical is destabilizing relative to the I1-norbornyl radical. Evidence for
hyperconjugation can be deduced from a comparison of the equivalent C-C bond lengths in this structure with
those of the perpendicular Cs form of this radical (transition state for CH, rotation). Increases in bond length of

1 A were found. Similarly, t-butyl radical displays two different C-H bond lengths, for example: 1. 104A
and 1.095A (angled) and the n

Qs . . 18 2 Aaas A8 2

longer parallel one at 1.551 A (Figure 2).
the

Ina quaul.auvc way

ntvl radical shows two short angled C-Cbonds at 1.541 A and one

ity iqaltdal U alivit 4t il UL

~—~
3
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strain: t-outy: > 1-
bicyclo[2.2.2]octyl > cubyl > bicyclo[1.1.1]pentyl > 1-norbornyl > 4-nortricyclyl.2” The relative positions of
cubyl vs 1-norbornyl radicals was unexpected and may be the result of favorable interactions involving cross
ring hyperconjugative effects in the former.28 The EA’s for many of the secondary systems is clearly
influenced by hybridization changes induced by bond angle compression, but not in a simple fashion.

In summary, these results extend earlier compu iational studies and nrgvidg, a consistent basis

companson of the structural and energetic properties of a series of aliphatic and alicyclic systems. Structural
systems provided a detailed picture of the importance of C-H and C-C hyperconjugation
effects in both anions and radicals. With few exceptions, agreement between calculated PA and EA values and
experimental results was generally satisfactory. Some of the discrepancies may be caused by experimental
problems associated with PA and EA measurements as shown by the variations in published results (cf. Table
2).2.12 Use of larger basis sets may also narrow some of the differences. No correlation was found between %
s-character of ionizing C-H bonds and proton affinity. Several of the radicals investigated are predicted to have

posmve electron affinities and may be sufficiently stable to be observable species in conventional gas phase

ier transformion ¢
Cr ransiorm 1o

Acknowledgements. We wish to acknowledge helpful discussions with Profs. K. Krogh-Jespersen, J. K.
Lee, and S. T. Graul. This work was supported partially by the National Center for Supercomputing
Applications under grant number CHE980007N and utilized the SGI Power Challenge Array at National Center

for Supercomputing Applications, University of Illinois at Urbana-Champaign.

References and Notes

1. (a) For an introduction and references, see Carroll, F.A. Perspectives on Structure and Mechanism in
Organic Chemistry, Brooks/Cole, Pacific Grove, CA, 1998, Chapter 5. (b) Pellerite, M.J.; Brauman, J.
L. “Comprehensive Carbanion Chemistry”, Buncel, E.; Durst, T. Eds. Part A. Elsevier, Amsterdam,
1980, Chap. 2. (c) Streitwieser, A. Jr.; Juaristi, E.; Nebenzahl L.L. “Comprehensive Carbanion
Chemistry”, Buncel, E.; Durst, T. Eds Part A. Elsevner Amsterdam, 1980, Chap. 7.

. Squires, R. R. J. Am. Chem. Soc. 1990, 112, 2506-2516. (b) Gr

.y w 3 An. En. U Fre. Sorsilite.

[P

—~
~e

N

1. €Y7 n A1y AL TN T a4 1

Pacansky, J.; Koch, W.; Miller, M. D. J. Am. Chem. Soc. 1991, 113, 317-328.

(95}

Wayner, D. D. M.; Houman, A. Acta. Chim. Scand. 1998, 52,377-384.

wook

(a) Smith, B. J.; Radom, L. Chem. Phys. Lett. 1994, 231, 345-351. (b) Alkorta, I.; Elguero, J.
Tetrahedron, 1997 53, 9741 -9748. (c) Van Lier, G.; De Proft, F.; Geerlings, P, (”hpm Phys. Len

1997, 274, 396 404 (d) Dlxon D.A,; Llas S.G. In Molecular Structure and Energencs Lxebman, J.F.,



o

17.
18.

19.

Greenberg, A., Eds.; VCH Publishers: Deerfield Beach, FL, 1987; Vol. 2, Cnapter 7. (e) Merrill, G. N.;
Kass, S. R. J. Phys. Chem. 1996, 100, 17465-17471. (f) Schleyer, P. von R.; Spitznagel, G. W,
Chandrasekhar, J. Tetrahedron Lett., 1986, 27, 4411—4414 (g) Saunders, W H. Jr. J. Phys. Org.

Chem. 1994, 7, 268-271.

(a) Dixon, D. A.; Feller, D.; Peterson, K. A. J. Phys. Chem. A 1997, 101, 9405-9409. Baker, J.; Nobes
R. H.; Radom, L. J. Comp. Chem. 1986, 7, 349- 3 8. (b) Curtiss, L. A.; Redfern, P. C.; Raghavachari,
K.; Pople, J. J. Chem. Phys. 1998, 109, 42-55. (c) Baker, J.; Nobes, R. H.; Radom, L. A Comp. Chem
1986, 7, 349-358.

(a) All optimizations utilized Gaussian94 Revision B.1 using default convergence criteria. Frisch, M. J.;
Trucks, G. W Schlegel H. B.; Gill, P. M. W _; Johnson B. G.; Robb, M. A.; Cheeseman, J. R.; Keith,

AV o Y g SV,

T.; Petersson, G. A.; Montgomery, .| A.; Raghavachari, K. Al-Ldndm, M. A.; Zakrzewski, V. G.: Ortiz,
I V : Foresman, J. B Cioslowski, T Qteﬁmnv B.R:: Nanavakknra A (‘halla(‘nmhe M.; Peng, C. Y;

CIOSIOWARE, J., 214 fleyalhals, i, QLIVG, vl TS, Y

Ayala P. Y.; Chen, W Wong, M. W.; Andres, T, L; Replogle E. S.; Gomperts, R.; Martm, R. L.; Fox,
D. J; Bmkley, 1. S. Defrees D. J.; Baker, J; Stewan J. P Head- Gorden, M Gonzalez, C., and

Pople, J. A;; G‘nss:zm, Inc.; Pittsb ui‘“h PA; 1995. {b) Becke's n.hr“ parameter hy'l.‘)i‘id method using the
LYP correlation functional; Becke, A. D. J. Chem. Phys. 1993, 98, 5648-5652.

eiiviial Bes £y L. . LACHL. DIy 75 70 T

Scott, A. P.; Radon, L. J. J. Chem. Phys. 1996, 100, 16502-16513.

NPA utilized NBO 4. E. D. Glendening, J. K. Badenhoop, A. E. Reed, J. E. Carpenter, and F. Weinhold,
Theoretical Chemistry Institute, University of Wisconsin, Madison, (1996).

T4 C (- Rartmagg |

Lias, S. G.; Bartmess, J. E. 5 Liﬁbmaﬂ, I E; u(‘;lmes, I.L N Le‘v’iﬁ, R. D., l‘v{aﬂard, W. G. J. Phys. Chem
Ref. Data 1988, 17, Suppl. 1.

Ellison, G. B.; Engeiking, P. C.; Lineberger, W. C. J. Am. Chem. Soc. 1978, 100, 2556-2558.
DePuy, C. H.; Bierbaum, V. M.; Damrauer, R. J. Am. Chem. Soc. 1984, 106, 4051-4053. DePuy,

C. H.; Gronert, S.; Barlow, S. E.; Bierbaum, V. M.; Damrauer, R. J. Am. Chem. Soc. 1989, 111, 1968-
1973.

NIST Standard Reference Database 19B and NIST Negative lon Energetic Database, V. 2.06.

Hare, M.; Emrick, T.; Eaton, P. E.; Kass, 8. R. J. Am. Chem. Soc. 1997, 119, 237-238

Sauers, R. R. Tetrahedron 1998, 54 3-5150

{a) Hoffmann, R.; Radom, L.; Pople, J. A.; Schleyer, P. v. R.; Hehre, W. J.; Salem, L. J. Am. Chem
Soc. 1972, 94, 6221-6223. (b) DeF rees, D 1.; Bartmess, J. E.; Kim, J. K.; Mclver, Jr., R. T.; Hehre,
W. J. J. Am. Chem. Soc. 1977, 99, 6450-6452. (c) DeFrees, D. J.; Taagepera, M.; Levi, B. A.; Pollack,
S. K.; Summerhays, K. D.; Taft R. W.; Wolfsberg, M.; Hehre, W. 1. J. Am. Chem. Soc 1979, 101,
5532- 5536 (@) Kos, A. J.; Schleyer, P. v. R. Tetrghedron 1983, 39, 1141-1150. {e) Forsyth, D. A,;
Yang, J-R. J. Am. Chem. Soc. 1986, 108, 2157-2161. (f) Pross, A.; DeFrees, D. J.; Levi, B. A

Pollack S. K.; Radom, L.; Hehre, W. J. J. Org Chem. 1981, 46, 1693-1699.
Wiberg, K. B. Tetrahedron 1968, 24, 1083.

Nonplanarity of the pi-system of norbornene has been noted earlier. For references see: (a) Wipff, G.

Morokuma, K. Teirahedron Leit., 19806, 21, 4445-4448. (b) Houk, K. N. Stereochemisiry and reaciivity
nf systems containing ﬂplprt,rn,nc wgtenn W. H., Ed.; Verlag: Deerfield Beach, 1983; pp 1-40. (¢)

(AL AN Rl 40 Qs 2.y A CAIGE. ASVvaravae DTGLAL, 200

Borden W.T. Chem. Rev. 1989,89, 1095. (d) Williams, R V.; Edwards W.D.; Gadgil, V R Colvm
M. E,; Seidl, E. T.; van der Helrn, R.; Hossain, M. B. J. Org. Chem. 1998, 63, 5268-5271. (e)
Holihausen, M. C.; Koch, W. J. Phys. Chem. 1593, 97, 10021-1G027.

(a) Freeman, P. K.; George, D. E.; Rao, V. N. M. J. Org. Chem. 1964, 29,1682-1684. (b) Stille, J.K.;
Sannes, K. N. J. Am. Chem. Soc. 1972, 94, 8494-8496.



I~
I~

23.

25.

26.

b
o0

-~ M mn

R. R. Sauers / Tetrahedron 55 (1999) 10013-10026

Silver, M. S.; Shafer, P. R.; Nordlander, J. E.; Riichardt, C.; Roberts, J. D. J. Am. Chem. Soc. 1960,
82, 2646-2647.

A more general correlation of hydrocarbon strain energy with increase in hydrogen bond acidity has been
proposed: Alkorta, 1.; Campillo, N.; Rozas, L; Elguero, J. J. Org. Chem. 1998, 63, 7759-7763.

A fair correlation (R=0.87) was found betweee the MP2 PA values of the six tertiary systems and the % s-
character in the C-H bonds. A poorer correlation was found for B3LYP values and for secondary systems.
Likewise, attempted correlations of PA’s with % s-character of 3° anions were uniformly poor.

Goldstein, E.; Haught, M.; Tang, Y. J. Comp. Chem. 1998, 19, 154-167.
Paddon-Row, M. N.; Houk, K. N. J. Phys. Chem. 1985, 89, 3771-3774.

Calculated structural parameters and stabilization energies (+ 1 kcal/mol) for the cyclopropylcarbinyl and 3-
butenyl radicals in are in agreement with values computed for 298 K reported by Smith, D. M.; Nicolaides,

P Y e

A.; Goiding, B. T.; Radom, L. J. Am. Chem. Soc. 1998, 120, 10223-10233.

The stabilization energy of the cyclopropylmethyl radical is estimated to be 10+2.3 kj/mol from
measurements of the rotational barrier. Our calculated barrier is 11.9 kj/.mol. Walton, J. C. Mag. Res.
Chem.1987, 25, 998-1000.

[y
G —
(183
~J
[#8 ]
11
Q
[
s+
3
<
ot
@
£
[72]
(¢
[¢]
£
o
Q
B
ot
@]
Q
-
)
3
[ 75}
)
o
=
)
<
[V
A
&
N
[,
(=}
kR
—
P
[}S)

Supplementary Table: NBO Calculated %s-Character [MP2/6-31+G(d,p)]

System C-H | Anion System C-H | Anion
Mothyl 250 | 14.0 | 3-Norricyclyl 250 | 204
Ethyl 24.0 16.4 | x-H-2-Norbornanyl 24.2 19.3
2-Propyl 23.0 18.9 | n-H-2-Norbornany! 24.6 16.5
Cyclopropyl 284 | 34.1 | x-H-5-Norbornenyl 25.1 21.0
a-H- (‘yclgbl‘fyl 26.4 24.3 n-H-5- Ngrhomenyl 24.2 18.2
e-H-Cyclobutyl 24.5 21.6 | 7-Norbornyl 25.2 20.9
a-H-Cyclopentyl 23.2 16.7 | s-H-7-Norbornenyl 25.2 24.0
e-H-Cyclopentyl 24.9 18.3 | a-H-7-Norbornenyl 25.5 231
a-H-Cyclohexyl 22.7 12.0 | t-Butyl 21.8 19.9
e-H-Cyclohexyl 23.8 16.0 | 1-Bicyclo[1.1.1]pentyl 30.3 41.7
Neopenty] 2417 | 150 | 1-Norbornyl %2 | 22.6
3-Butenyl 24.3 13.4 | 4-Nortricyclyl 27.2 25.1
c-Propylcarbinyl (C1) 24.2 13.0 | Cubyl 31.6 36.9
c-Propylcarbinyl (Cs) 23.3 14.0 | 1-Bicyclo[2.2.2]octyl 24.0 16.7




