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A8("*Co="Cp): anisotropy effect but steric hindrance
negligible relevant

Variously substituted tolanes were employed to show thaptis-pull effectis also active in &C

triple bonds by the successful correlation of the occupation quatitnt of the iz orbital in resonance

with the substituted phenyl moieties of tolanes versus the bond length o&letiiple bond. In addition,

the influences of the ortho phenyl ring substituents on'#iechemical shifts of the triple bond carbon
atoms, which were estimated by Rubin et &.be “inapplicable for describing triple bond polarization”,
were re-evaluated, leading to the conclusion that, while anisotropic effects of ortho substituents are
negligible, the steriortho-substituent effectdo in fact dominate the deviations obtained. A detailed
theoretical NBO/NCS study has been employed to illuminate the facts of this case.

Introduction authorg also employed th&C chemical-shift difference of the
ethyne carbon atoms for an assessment of the electronic
In push-pull alkenes, thepush-pull effectthat is present  polarization of the &C triple bond, as we had done previously
can be readily quantified by ab initio calculations of the for characterizing pushpull alkenes:® Though they found this
OCCUpation qUOtiem*/ﬂ' of the central &C double bond.This parameterAa(FC, to be very useful for the pa.mjbsntuted
theoretical quantifiable parameter was proven to be generally tolanes, it did not appear, however, to be applicable to the
useful in substituted alkenes by the examination of a compre- corresponding orthsubstituted analogues. The reason proffered
hensive set of Compounadf, in asymmetrica”y substituted by the authors for this anoma‘fyﬂ]agnetic anisotropies stem-
alkynes R—C=C—R?the substituents Rand R are of electron-  ming from the ortho substituents, is questioned in the present
donating and electron-withdrawing character and are conjugatedstydy, and thertho-substituent effectse carefully reevaluated
to thex orbitals of the G=C triple bond, then the corresponding  py a detailed theoretical NBO/NCS study.
compounds are analogously termed “pughll alkynes”s
However, to the best of our knowledge, attempts to quantify Results and Discussion
the correspondingush—pull effectin alkynes have not yet been
published. Quantification of the Push—Pull Effect in Tolanes. The
For this purpose and to check for similar dependencies as polarization of the central partial<€C double bond of push
obtained for puskpull alkenes, a series of substituted tolanes,

recently published by Rubin et dl.were examined. These (4) Rubin, M.; Trofimov, A.; Gevorgyan, VJ. Am. Chem. SoQ005
127, 10243.
(5) Fischer, G.; Rudorf, W.-D.; Kleinpeter, Brg. Magn. Resoril991,
(1) Kleinpeter, E.; Klod, S.; Rudorf, W.-0J. Org. Chem2004 69, 4317. 29, 212.
(2) Kleinpeter, E.; Schulenburg, Aletrahedron Lett2005 46, 5995. (6) Kleinpeter, E.J. Serb. Chem. SoQ006 71, 1 and review and
(3) Neuenschwander, M.; Stefli, U. Chimia 1979 33, 439. references therein.
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Compound R' R’ Compound R R
1a H H
1b p-Me H 2b o-Me H
1c p-OMe H 2c 0-OMe H
1d p-NMe H 2d 0-NMe, H
le p-F H 2e o-F H
1f p-CF; H 2f 0-CF; H
1g p-CN H 2g 0-CN H
1h p-COMe H 2h 0-COMe H
3b m-Me H 4b 0-OMe p-OMe
3¢ m-OMe H 4c 0-OMe p-CN
3d m-NMe, H 4d 0-OMe  p-COMe
3e m-F H 4e 0-OMe  p-COOMe
3f m-CF; H 4f 0-OMe p-CF;
3g m-CN H 4g 0-OMe p-Me
3h m-COMe H 4h 0-OMe p-F

4i 0-OMe p-NMe,

5b 0-CN p-F 6b o0-Me p-F
Se 0-CN p-Me 6c o-Me p-Me
5d 0-CN p-CF; 6d o-Me p-CF;
Se 0-CN p-NMe, Ge o-Me p-NMe,
5f 0-CN p-COMe 6f o-Me p-COMe
5g 0-CN p-OMe 6g o-Me p-OMe
Sh 0-CN p-CN 6h o-Me p-CN

pull alkenes, as a result of the presence ofpthgh—pull effect

has, in the past, been quantified by a number of experimenta

parameters: (i) the barrier to rotation about the partial double
bond, AG*7 (ii) the 13C chemical-shift differenceAdc—c, of

the two carbon atomfsand (iii) the corresponding bond length,
pc=c.? However, all of them have significant limitations. For
(i), the push—pull effectmust be extremely high to reduce the
partial double-bond character sufficiently; for (ii), substitution
at C=C must be identical, and to observe explicitly only
electronic effects, the substitutions must be sufficiently distant;
and for (iii), exact bond lengths are only available from X-ray

studies. Thus, a general, easy-to-implement experimental pa

rameter to quantify the pustpull effect is not available for all

cases. To alleviate this shortcoming, theoretical calculations have
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FIGURE 1. Correlation ofpc=c and occupation quotient2*c=c/
72c=c in monosubstituted tolanels-3.

polarization? This parameterAdc=c, was also employed to
guantify the effect of the coordination of alkynes to coBalt.
However, to the best of our knowledge, employing the orbital
occupation coefficientt* c=c/mc=c for the evaluation of the
push-pull effectin alkynes has not yet been attempted.
Three series of monosubstituted tolanes (paragrtho, 2,
and meta3) and three series of pusipull tolanes 4—6, cf.
Chart 1) were theoretically calculated by DFT at the B3LYP/
6-31G*3 level of theory, and the occupations of the relevant
orbitals and their interactions were studied by a detailed NBO
analysist* the results are presented in Tables S1 (compounds

I1—3) and S2 (compounds and®6) in the Supporting Informa-

tion. The corresponding bond lengths of the centrlCtriple
bond pc=c) are also included in Tables S1 and S2 in the
Supporting Information. Neither the bond lengths nor the
occupations of ther orbitals of the triple bond change strongly,
but significantly, this is not unexpected, because the site of
substitution is quite removed from the ethyne bond. Even for
ortho substitution, this modification is still three bonds distal.
Additionally, only one of the twor orbitals is included in the
orbital interactions, thus limiting the effect.

If the monosubstituted tolanes are considered first, the trend
is clear-cut (cf. Figure 1): increasing polarization of the triple
bond, evident by rising occupation quotient®* c=c/2c=c,

been employed and from which the orbital occupation coefficient INcréases the bond length of the triple bond concomitant with

7* c=clme—c was found to be satisfactory for this purpdsie.

the case of asymmetrically disubstituted alkynes, the barrier to

rotation is not assessable due to the cylindrigaglectron
distribution of the ethyne moiety, but tHéC chemical-shift
difference of the sp carbon atom&gdc=c, has been used to
estimate ther-bond polarizatiort? Deviations from the corre-
sponding linear correlationd\dc=c versusAdc=c (electron

lower triple-bond character. Obviously, this behavior reflects
the behavior expressed by pusbull alkenes,? where the
occupation number of the bondimgorbital of the central &

(12) Happ, B.; Bartik, T.; Zucchi, C.; Rossi, M. C.; Ghelfi, F.; Palyi,
G.; Varadi, G.; Szalontai, G.; Horvath, I. T.; Ciesi-Villa, A.; Guastini, C.
Organometallics1995 14, 809.

(13) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

density difference surrounding the probe nuclei), in the case of M- A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.

ortho-substituted tolanes were interpreted initially as an inverse |,

polarization of the &C triple bond! and later as magnetic
anisotropy influences of the ortho substituents, which should
make'3C NMR data inapplicable for ascribing the triple-bond

(7) Sandstfm, J. Top. Stereocheni983 14, 83.

(8) Fischer, G.; Rudorf, W.-D.; Kleinpeter, Elagn. Reson. Chert991,
29, 212.

(9) Adhikesavalu, D.; Kamath, N. U.; VenkatesanRfoc. Indian Acad.
Sci., Chem. Scil983 93, 449.

(10) (a) Sardella, D. J. Am. Chem. Sod973 95, 3809. (b) Lin, S.-T.;
Lee, C.-C,; Liang, D. WTetrahedron200Q 56, 9619. (c) Wiberg, K. B.;
Hammer, J. D.; Zilm, K. W.; Keith, T. A.; Cheeseman, J. R.; Duchamp, J.
C.J. Org. Chem2004 69, 1086.

(11) Alami, M.; Liron, R.; Gervais, M.; Peyrat, J.-F.; Brion, J.-/fngew.
Chem., Int. Ed2002 41, 1578.
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N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
ennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J,;
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Bohmann, J. A.; Morales, C. M.; Weinhold, INBO 5.0 Theoretical
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1219 4 The poor correlation obtained in the case of the ortho
v=0-12515><+1-2052 A substituted tolane® infers the presence of an additional
12181 R” =08525 substituent effect. For this reason, another two sets of-push
1218 | { pull tolanes5 and 6 were studied (results in Table S2 in
ady the Supporting Information and the correlations aif* c=c/
< A A CN g
£ 1217 & AMe T2c=c VS Pc=c portrayed in Figure 2). As a result of the push

pull effect, the triple-bond polarization increases and two

1.217 . dependencies of approximately the same gradient are obtained.
1216 | y=0.;l253:f=;+8;.32052 This result is in complete agreement with our suggestion of
e different steric situations in the two different series of com-
1216 | . . . : pounds5 and6 (vide infra); in the case 05, steric hindrance
0.085 0.070 0.075 0.080 0.085 is the smaller one, and thpush-pull effect of the para
T2 substituent in the other phenyl ring proved to be larger in the
variety of both occupation quotient and bond length compared

FIGURE 2. Correlation ofpc=c and occupation quotient2*c= . . . .
22%ec in disubstituted olanne Sas. paion o= with the correspondingush-pull effectin the second serie

with a methyl substituent in the ortho position. The steric effect
C triple bond, in resonance with the substituents, quantitatively ©f methylis higher, thereby reducing the two parameters which
describes the acceptor power of the substituents and theduantify thepush-pull effect These results unambiguously
corresponding occupation number of the antibondihgrbital, prove that thepush-pull effectin SUbe"t“t‘id tolanes can be
also in resonance, and the donor power of the substituents. Theéduantified by both the occupation quotient*c=c/72c=c, and

correlation for compounds—3 grouped together, however, is the bond lengthpc=c, of the triple bond. These parameters are
rather poor R2 = 0.4872), but if the different groups are also applicable to ortheubstituted tolanes if the different steric

examined separately, then the correlations improve (cf. Figure €ffects of the ortho substituents are handled appropriately.

1). In the cases of metand parasubstituted tolanes, the within- Ab initio MO Calculation of the Anisotropic Effect of
series correlations are fine, and the only unacceptable correlationortho Substituents in Tolanes 2.Recently, Klod and Klein-
is for the orthesubstituted series (compoungs Obviously, petet® reported the ab initio MO calculations of the anisotropic

there is an additional effect (amtho-substituent effectisually effects of a number of functional groups and the ring current
of steric influence, vide infra), which prevents similar successful effect of aromatic/heteroaromatic moieties. The magnetic anisotro-
dependencies, as obtained for the meta and para analogues. Qfies of substituents can be visualized as isochemical shielding
worthy note, the occupation quotient of the secandrbital, surfaces (ICSS), and examples are depicted in Figure 3. Only
w1*c=c/lmlc=c, perpendicular to the former one, does not change minor influences from the anisotropic effects of the ortho
at all because it is not in resonance with the two phenyl rings. substituents on the triple-bond carbons could be found: 0.2 to

2g

2h

FIGURE 3. Preferred conformers &b,f—h and calculated anisotropic effects@Me, o-CF;, 0-CN, ando-COMe substituents, respectively, on
the carbons of the triple bond. The orange ICSS represent shielding8.bfppm.

J. Org. ChemVol. 71, No. 10, 2006 3871
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TABLE 1. NCS Analysis of Tolanes 1a and 2g with Consideration to the Partitions o6-CN on the Triple-Bond Carbon Atoms

(L+NL) (L+NL) (L+NL) (L+NL) Ao Ao
1a, 1a, 29, 20, Ao, Ao, 1a, 1a, 20, 29, la—2g, 1la—2g
bond C-a C- C-a C- C-a C- C-a C- C-a Cp C-a C-
C2-Hg8(C8) L -117 -023 074 017 191 040 -0.80 0.27 0.85 041 -165 —0.14
NL 037 050 011  0.24 —0.26 —0.26
C8-N10 L —-0.28 -0.10 -0.28 —0.10 —-0.02 0.06 0.02 —0.06
NL 026 016 026  0.16
C8-N10 L -0.74 -0.37 -0.74 -0.37 —-0.32 -0.23 0.32 0.23
NL 042 014 042 014
C8-N10 L 0.14 008 014  0.08 0.38 0.05 —-0.38 —0.05
NL 0.24 -0.03  0.24 -0.03
N10(Ip) L 0.00 000 -1.16 -1.09 -116 -—1.09 0.00 0.00 —0.46 -0.35 0.46 0.35
NL 000 000 07 074 070 074
S(NCS) —-1.23 0.33
Ocalc. —3.99 7.55
Oexp. 382 —6.52
—0.15 ppm on Ga and—0.05 to—0.09 ppm on G5. Without carbon atoms in their respective structures, only a few bonds

doubt, these values are far too small to serve as an explanatiorare of significance (cf. Tables S3 and S4 in the Supporting
for the inapplicability ofAdc=c to describe bond polarization  Information), especially in consideration of those partitions that
in ortho-substituted tolanes, as has been recently suggésted.result in the chemical-shift differences betwekh 2g, andla

Steric Hindrance in ortho-Substituted Tolanes 2.Follow- Careful examination of these crucial bonds that contribute to
ing the gage invariant atomic orbital (GIAO) calculation of the the chemical-shift differences revealed some interesting features.
13C chemical shifts of the triple-bond carbon atom<ih 2g, For the contributions to the NCS of €-and C#, only the

and, for comparison to an unsubstituted toldrzethe theoretical bonds directly associated with thg=€C;s system (G—C1, C1—
NMR shieldings of Ce. and C# in these three compounds were  C,, and G-ortho-substituent) are significant. Quite a large
partitioned into magnetic contributions from the various bonds contribution comes from the ortho substituents, for example,
and lone pairs present in the structures by employing NCS C—q, —1.23 ppm ¢-CN) and 0.74 ppmd-NMe,) and C#,
analysi$® based on the NBO methddBoth localized (Lewis) 0.33 0-CN) and 1.29 ppmd-NMey), see for comparison Tables
and nonlocalized (non-Lewis) contributions to the shieldings 1 and 2. The corresponding partitions to the NCS a& @nd
of C-a and Cf in 2d, 2g, and 1a were calculated and are  C-3 for the corresponding para substituents were also calculated
presented in Tables S3 and S4 in the Supporting Information. and found to be negligible (see the Supporting Information for
However, for the purposes of this discussion only the net a full listing for all compounds). Thus, both the contributions
magnetic partitions of each particular bond to the NCS @t C- to NCS of bonds/lone pairs directly associated with the triple
and C# need actually be considered, that is, not only are the bond and the different partitions of the ortho substituents are
Lewis and non-Lewis components summed, but also the total unequivocal indicatior?8 for steric hindrance arising from the
contributions of multiple bonds. ylo-fragments that are present and, in addition, that the extent
An excellent reproduction of the experimental chemical-shift of steric hindrance for the/d-fragments was subject to the
differences between @-and C# in 2d and2g compared with particular ortho substituent that was present.

those oflawas obtained by these GIAO calculations:CN, The inference of steric interaction with théd-fragments in
C-0 [Adexp = —3.82 ppm Accaic = 3.99 ppm (deshieldingd 2d and 2g in comparison tala is conveyed by the chemical
scale, positive signy scale, negative sign)] and £¢Adexp = shifts of the corresponding carbon atoms and which is further

6.52,A0cac= —7.55 ppm)0-NMe;, C-0t (Adexp= —0.49 ppm,  supported by the structural distortions present in the geometry-
Aodcac = 0.10 ppm) and @ (Adexp = 5.32, Adcac = —5.29  optimized structures of the ortho-substituted tolahésf. Table
ppm). Thus, Ce is shifted to higher and @-to lower field, 3). For example, the £-C, and G=C; bonds are significantly
and both results are consistent witlandd effects in13C NMR shortened, while the adjacent-€C, and G—C; bonds are
that result in resonances being shifted to different direCtionS, |engthened in agreement with considerable steric Compression
even though steric strain is the underlying source in both ddses. being experienced within thg/d moieties of2. Furthermore,
It is notable that while the mechanism responsible for the the pond angles £-C,—R! and G—C;—C, are all increased
shielding of they effect is well-understoo#,*°the mechanism  (up to 3.3, cf. Table 3), again in line with the greater strain
responsible for the deshielding arising from theffect is still experienced by2, and the bond angle £Cs—Hs is cor-
under discussiof: _ respondingly reduced to compensate for the steric hindrance in
Although to some degree all of the bonds in the ortho- the ortho fragments ir2. Thus, overall structures o are
substituted tolanes contribute to the NCS of the triple-bond widened and opened up in comparison to the structurkaof
In the case oRd, the steric hindrance is so great that, in addition,

(15) Klod, S.; Kleinpeter, EJ. Chem. Soc., Perkin Trans2P01, 1893. ven the dihedral angle!'RC,—C—C,, is twi n
(16) Bohmann, J. A.; Weinhold, F.; Farrar, T. £.Chem. Phys1997, even the d Qd al angle _CZ .Cl Cy is twisted by 3, al .d.
107, 1173. this contrast is visualized in Figure 4, where global minima

(17) Pihlaja, K.; Kleinpeter, E. I€arbon-13 NMR Chemical Shifts in  Structures ofla and 2d are compared.

Structural and Stereochemical Analysis, Methods in Stereochemical Analy-  Two items remain to be mentioned. First. in the cas@ef

is VCH: New York, 1994, :
5'5(180) L e Yok 99 osta V. E. U Stapelbroek-Molimann, (0-F), Opposite structural effects were observed to those expected

M. E. Magn. Reson. Cheni998 36, 261. (cf. Table 3) given that fluorine is larger than hydrogen, and
(19) Seidman, K.; Maciel, G. El. Am. Chem. S0d.977, 99, 659. thus the indication of less steric strain compels one to conclude
(20) Mann, G.; Kleinpeter, E.; Werner, Hlagn. Reson. Cheni97§

11, 561.

(21) Kleinpeter, E.; Seidl, P. Rl. Phys. Org. Chen005 18, 272. (22) Kleinpeter, E.; Klod, SJ. Am. Chem. SoQ004 126, 2231.
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TABLE 2. NCS Analysis of Tolanes 1a and 2d with Consideration to the Partitions 06-NMe, on the Triple-Bond Carbon Atoms

(L+NL) (L+NL) (L+NL) (L+NL) Ao Ao
1a, 1a, 2d, 2d, Ao, Ao, 1a, 1a, 2d, 2d, la—2d, 1la—2d,
bond Ca C C-a CB C-a Cp C-a C-f C-a C- C-a C-
N10(Ip) L 0.00 0.00 -0.96 —-059 -0.96 —0.59 0.00 0.00 —0.50 —0.57 0.50 0.57
NL 0.00 0.00 0.46 0.02 0.46 0.02
N8—-C10 L 0.00 0.00 0.27 0.14 0.27 0.14 0.21 0.08 —0.21 —0.08
NL 0.00 0.00 -0.06 -0.06 -0.06 —0.06
N8—C26 L 0.00 000 -0.16 -0.10 -0.16 —0.10 —0.17 -0.11 0.17 0.11
NL 000 000 -001 -0.01 -0.01 -0.01
C10-H27 L 0.00 0.00 0.09 0.04 0.09 0.04 0.05 0.00 —0.05 0.00
NL 0.00 0.00 -0.04 -0.04 -0.04 -0.04
Cl0-H28 L 0.00 0.00 -0.66 —0.49 -0.66 —0.49 —0.37 —0.63 0.37 0.63
NL 0.00 0.00 0.29 -0.14 029 -0.14
Cl10-H29 L 0.00 0.00 0.08 —0.05 0.08 —0.05 0.04 —0.06 —0.04 0.06
NL 0.00 0.00 -0.04 -0.01 -0.04 -0.01
Z(NCS) 0.74 1.29
Ocalc. 0.10 5.29
exp. 0.49 —5.32
TABLE 3. Geometry Parameters of Tolanes la and 2 Subjected to the orth®ubstituent Effect
first atom of R, H, Me, OMe, NMe,, F, CFRs, CN, COMe,
substituent la 2b 2c 2d 2e 2f 29 2h
R-C—C; 119.18 120.65 115.70 120.32 118.64 120.18 120.09 121.21
C,—C1—Cq 120.54 120.60 120.73 122.36 120.91 121.95 120.66 124.08
R1-C,—C3 120.48 121.02 124.36 121.77 118.85 119.68 119.58 120.20
Co—Cz—Hg 119.63 118.83 120.45 119.48 119.03 119.19 119.05 119.35
R—~C,—C1—Cq 0.00 0.00 0.00 —3.00 0.00 0.00 0.00 0.00
R1—C,—Cs—Hy 0.00 0.00 0.00 —2.40 0.00 0.00 0.00 0.00
C—Cy 1.409 1.419 1.420 1.428 1.406 1.417 1.422 1.425
C—Cs 1.393 1.397 1.398 1.405 1.387 1.394 1.402 1.404
Cs—Hog 1.087 1.087 1.084 1.084 1.085 1.084 1.085 1.085
C1—Ca 1.426 1.425 1.422 1.424 1421 1.422 1.419 1.421
C=Cs 1.217 1.217 1.216 1.217 1.216 1.215 1.216 1.217

FIGURE 4. Overlaid geometry-optimized structures a&f (red

framework) and2d.

that attractive interactions within thjsfragment are preseft.

Second, it is abundantly clear that none of these effects are

evident in the meta- and para-substituted analodueasd 3.

This structural evidence for the presence of considerable strai

in 2 extends to distortions that are also apparent imt®g.cs
orbital and thesc_n orbitals of the ortho substituent and which
are depicted in Figure 5 for the example compo@bd These

structural perturbations clearly indicate the presence of great
steric strain, which undoubtedly must have an influence on the

chemical shifts of the ethyne carbon atoms from the&e

fragments and which must, therefore, be accounted for. Distor-

tions of thesr cloud have already been reported previously by
Martin et al2*25together with short distances to one methine
proton positioned above thesystems in supermolecules, thus

supporting the suggestion of van der Waals orbital compression

effects.

Polarization of the C,=Cjy Triple Bond, Natural Charges,
and 13C Chemical Shifts of G, and Cs. The charge densities
at the triple-bond carbons in tolants6 were closely examined
because the corresponditi§ chemical shifts were previously
found* not to be useful for deducing the electronic polarization
of the triple bond. Table S5 in the Supporting Information
collects the natural charges and charge differences between C-
and C$ and, in addition, theé3C chemical-shift differences
between Ca and C#; the latter two parameters are correlated
to each other, and the dependencies are visualized in Figure 6.
While para and metesubstituted tolanesand3 show excellent
linear dependencies, this is not the case for the ortho s2ries
these results having already been obtained by Rubin‘gta.
the push-pull tolanes4—6 (calculated results are presented in
Table S6 in the Supporting Information and correlations are
presented in Figure 7), excellent correlationsAdic,—cs versus
Agco=cp are obtained. Three different dependencies are obtained
for the three different types of pustpull alkynes 6-OMe, 4,
0-CN, 5, ando-Me, 6), but all have approximately the same
ngradient and are, thus, only vertically shifted. The conclusion
from this result is clear: identical dependenciesA@fca=cp
versusAdcq-—cp subject to the variation of the para substituents
in 4—6 remain in place, but the steric conditions (vide supra)
are different in the three groups of pugbull tolanes. The steric
differences can actually be quantified by the valuebdfom
the relationshipAQce=cs = @ x Adce-cg + b and which
provides values of about 1 ppm in the caseelN, 5, about

(23) Perrin, C. L. Acc. Chem. Re002 35, 28.

(24) Martin, N. H.; Brown, J. D.; Nance, K. H.; Scharfer, H. F., lll; v.
R. Schleyer, P.; Wang, Z.-X.; Woodcock, H. Org. Lett.2001, 3, 3823.

(25) Martin, N. H.; Nance, K. HJ. Mol. Graphics Modell2002 21,
51.
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A3(Co-Cp)

-0.08

n2 (Ca-CB) 0.005

Kleinpeter and Schulenburg

nl (Ca-CB) 0.004

c (C-H) 0.0009

FIGURE 5. Depiction of ther2c.=cs and oc—n orbitals of 2b, clearly showing the evident distortion of the orbitals as a result of steric inter-
action.
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FIGURE 6. Correlation of charge polarization afC chemical-shift
difference in tolaned—3.
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FIGURE 7. Correlation of charge polarization a®C chemical-shift
difference in tolaned—6.

5 ppm in the case aj-Me, 6, and about 7.5 ppm in the case of
0-OMe analogued}. (For meta and parasubstituted tolane$
and 3, the value ofb is near to zero;#0.25, and—0.37 ppm,
respectively, cf. Figure 6.) Thus is quantitatively the steric
ortho-substituent effecin terms of the3C chemical-shift
difference in the corresponding ortsobstituted tolanes.
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Conclusions

The polarization of the €C triple bond of tolanes is de-
scribed well by thé=C chemical-shift differenceddca—cs, of
carbon atoms constituting the triple bohdeviations from
linearity in the case of ortheubstituted tolanes are not a result
of the magnetic anisotropic effects of the ortho substituénts,
but rather, a result of steric hindrance arising from jHé
fragments of the compounds incorporating the ortho substituents.
Aside from the steric peculiarities of the ortlsabstituted
tolanes,Adcq=cs also proved to be an excellent parameter to
quantify thepush—pull effectin tolanes. Both the bond length
of the G=C triple bond and ther electron occupation quotient
7* c=c/mc=c of the r orbital in resonance with the substituted
tolane phenyl moieties were also found to be equivalent param-
eters in this respect. These parameters for describinguble-
pull effectwill probably not be limited to tolanes, but will likely
be applicable to the evaluation of all asymmetrically disubsti-
tuted alkynes. Corresponding studies are underway in this
regard.

Experimental Section

Quantum chemical calculations were performed on workstations
using the Gaussian 03 software pack&geFT calculations were
made at the B3LYP/6-31G* level of theory. The population of the
atoms and lone pairs of tolands-6 were calculated by NBO
analysig* and refer to the B3LYP/6-31G* molecular geometries.
Chemical shieldings were calculated at the same level of theory
using the GIAO methd§?”and referenced to TMS shielding values,
also calculated at the same level of theory, to obtain chemical shifts.
The NBO 5.0 population analysfsvas used linked to the Gaussian
98 program packadéwith the keywordsPOP=NBO READfor
the NBO/NLMO analysis anglott for graphical evaluation. NCS
analysis was performed within the NBO 5.0 population analysis

(26) Ditchfield, R. J.J. Mol. Phys.1974 27, 789.
(27) Cheeseman, J. P.; Trucks, G. W.; Keith, T. A.; Frisch, M. Chem.
Phys.1996 104, 5497.
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with nrt andnrtthr = 10. The results were graphically illustrated were visualized as ICSS, enabling appreciation of the spatial
using the program SYBYE8 The NCS/NBO analyses partitioned  extension of the anisotropy effect to particular nuclei.
quantitatively the shielding of a particular nucleus into magnetic
contributions from all bonds and lone pairs in the structures, with
the shielding and deshielding contributions being divided into Lewis
and non-Lewis components. . Supporting Information Available: Natural chemical shield-
The anisotropic effects of€N, Me, COMe, and Cg(chemical ings, coordinates, absolute energies, and natural charges for

shieldings as NICS in the surroundings of the molecules) were the nuclei of tolaned—6 at the B3LYP/6-31G* level of theory.
calculated as described in ref 15. Within the SYBYL contour ﬁle, This material is available free of Charge via the Internet at

the anisotropic effects of the functional groups under investigation htp://pubs.acs.org.
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