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Abstract: Computational studies at the HF/3-21G and B3LYP/6-31G(d) levels suggest that 5t6r&4riyl)-
1,2,3,4-tetraphenylnaphthaler) (s perhaps the most crowded naphthalene derivative that will show normal
stability; more highly congested naphthalenes will prefer to exist as the corresponding Dewar isomers. Initial
attempts to prepar2 by reacting 3,4,5,6-tetraphenylbenzyne with 2,3,3dr{butyl)cyclopentadienone at 83

°C gave instead a stable norbornadienone, 1,2 #itrutyl)-5,6,7,8-tetraphenyl-9-oxo-1,4-dihydro-1,4-
methanonaphthalen8)( which was characterized by X-ray crystallography. The experimental and calculated
(HF/3-21G) activation energie€y) for the decarbonylation o8 were quite high: 39 and 46 kcal/mol,
respectively, a manifestation of the substantially increased strain in the transition statéeastibyl groups

are forced together. The naphthaléhe/as obtained in good yield by heati8gn refluxing toluene, and its
X-ray structure showed exceptional distortions from a normal naphthalene geometry. Ho@eésempt
completely stable, and it decomposes upon prolonged heating in xylenes.

Introduction interest in highly distorted, polyphenyl polycyclic aromatic

.9
Many octasubstituted naphthalenes have been prepared angompoqndé, hand lwe Iwondergd to IW ha(tj gxtent thbeugif;enyl
structurally characterized, including a variety of octaatyl-, groups In such molecules can beé replaced by even '

octahalo? octakis(arylthio)? and octakis(aryloxy)naphtha- butyl groups without loss of stability under normal conditidts.

lenes as well as octamethylnaphthaléhectapyrrolylnaph- In the prt_—;sept paper, we report the synthesis and st_ructural
thalené® and a few others with mixed substituents. The characterization of the extremely crowded naphthal2nis

naphthalene cores of these molecules are significantly distortegUnusually stable norbornadiene precurpand the results of
from a normal, planar geometry, usually in the form of an end- computational studies on these and related petybutyl)arenes.
to-end twist of 26-30°. However, tertiary butyl groups have . .

much greater steric demands than any of the substituents listedResults and Discussion

above, and perhaps for this reason, only two crystal structures . .
exist of naphthalene derivatives having more thantevtbutyl Computational Studies of Polyfert-butyl)arenes. At the

roups’8 Of these, only 1,3,6,8-tetrtaft-butynaphthalerfe(1 outset of this project, we decided to use modern computational
group y f@ftbutyhnap D methods to judge which of several attractive, highly crowded

naphthalenes might be reasonable synthetic targets. To assess

B o ph o the accuracy of such methods, the structures and energies of
OO @O various isomers and conformers of fdurownpoly(tert-butyl)-
OO oh Ph arenes and related compounds were calculated: 1,2,3,4-tetra-
Ph Ph (tert-butyl)benzene4, Table 1), hexakis(trimethylsilyl)benzene
1 2 3 (5) Sim, G. A.Acta Crystallogr., Sect. R982 38, 623-625.

(6) Biemans, H. A. M.; Zhang, C.; Smith, P.; Kooijman, H.; Smeets,
possesses significant steric crowding. We have a long-standingW. J. J.; Spek, A. L.; Meijer, E. WJ. Org. Chem1996 61, 9012-9015.
(7) Handal, J.; White, J. G.; Franck, R. W.; Yuh, Y. H.; Allinger, N. L.
(1) (a) Qiao, X.; Padula, M. A.; Ho, D. M.; Vogelaar, N. J.; Schutt, C. J. Am. Chem. S0d.977, 99, 3345-3349.

E.; Pascal, R. A., Jd. Am. Chem. Spn1996 118 741-745. (b) Tong, L.; (8) Greenfield, S.; Mackenzie, K.; Muir, K. Wletrahedron Lett1984

Ho, D. M.; Vogelaar, N. J.; Schutt, C. E.; Pascal, R. A.,Ttrahedron 25, 3133-3136.

Lett. 1997 38, 7—10. (c) Tong, L.; Ho, D. M.; Vogelaar, N. J.; Schutt, C. (9) (a) Pascal, R. A., Jr.; McMillan, W. D.; Van Engen, D Am. Chem.

E.; Pascal, R. A., Jd. Am. Chem. S0d.997, 119, 7291-7302. (d) Qiao, Soc.1986 108 5652-5653. (b) Pascal, R. A., Jr.; McMillan, W. D.; Van

X.; Pelczer, |.; Pascal, R. A., JChirality 1998 10, 154-158. (e) Pascal, Engen, D.; Eason, R. Gl. Am. Chem. Sod. 987, 109 4660-4665. (c)

R. A., Jr.; Barnett, L.; Qiao, X.; Ho, D. Ml. Org. Chem200Q 65, 7711 Smyth, N.; Van Engen, D.; Pascal, R. A.,JrOrg. Chem199Q 55, 1937~

7717. 1940. (d) Qiao, X.; Ho, D. M.; Pascal, R. A., Xkngew. Chem., Int. Ed.
(2) (@) Akhmed, N. A.Zh. Strukt. Khim.1973 14, 573-574. (b) Engl. 1997 36, 1531-1532.

Herbstein, F. HActa Crystallogr., Sect. B979 35, 1661-1670. (c) Brady, (10) An additional motivation for this work was the finding that

J. H.; Redhouse, A. D.; Wakefield, B. J. Chem. Resl982 1541-1554. decaphenylanthracene displays exceptionally stable electrogenerated chemi-
(3) (a) Barbour, R. H.; Freer, A. A.; MacNicol, D. 0. Chem. Soc., luminescence (ECL) (Debad, J. D.; Lee, S. K.; Qiao, X.; Pascal, R. A., Jr.;

Chem. Commuril983 362-363. (b) MacNicol, D. D.; Mallinson, P. R.; Bard, A. J. Acta Chem. Scandl998 52, 45-50). Unfortunately, the

Robertson, C. DJ. Chem. Soc., Chem. Commu985 1649-1651. (c) synthesis of decaphenylanthracene proceeds in very low yield. Octaphe-

MacNicol, D. D.; McGregor, W. M.; Mallinson, P. R.; Robertson, C.D. nylnaphthalene is much more easily prepared, and it shows strong, but less

Chem. Soc., Perkin Trans.1991, 3380-3382. persistent ECL. We hope that, by increasing the steric bulk of the
(4) Freer, A. A.; MacNicol, D. D.; Mallinson, P. R.; Robertson, C. D.  substituents, it may be possible to improve the ECL performance of

Tetrahedron Lett1989 30, 57875790. naphthalene derivatives while retaining easy synthetic access.
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Table 1. Calculated Energies for Conformations and Isomers of Ralybutyl)arenes

3%&%5

COsMe

COsMe

C

12
E (au) [AE (kcal/mol)]{ no. of imaginary fre§
cmpd symm HF/STO-3G HF/3-21G(*) B3LYP/6-31G(d)
4 C —845.008 595 [0.0{0} —850.382 754 [0.0] —861.140 182 [0.0{C}
4 Dewar C2 —844.979 472 [18.3]0} —850.323 377 [37.3] —861.078 573 [38.7]
4 Dewar C —845.035 496 +16.91{0} —850.376 020 [4.2] —861.127 078 [8.2]
5 C: —999.267 931 [0.0{ 0} —1005.607 370 [0.0] —1018.349 486 [0.0]
5 Dewar C2 —999.283 976 +10.1]1{0} —1005.589 882 [11.0] —1018.323 592 [16.2]
5 Dewar C —999.338 542 t44.31{0} —1005.637 644 +19.0] —1018.369 458 +12.5]
6 D3 —1153.457 177 [0.0]0} —1160.772 516 [0.0] —1175.504 814 [0.0]0}
6 C —1153.432 593 [15.4]1} —1160.744 474 [17.6]  —1175.485 363 [12.2]0}
6 D3y —1153.398 537 [36.8]6} —1160.721 415 [32.1] —1175.460 225 [28.0]6}
6 S —1153.404 370 [33.1Y5} —1160.722 750 [31.2] —1175.462126 [26.8]5}
6 Dewar C —1153.546 009 +55.71{ 0} —1160.808 338 +22.5] —1175.527 495 +14.2]{0}
7 D3 —2643.127 268 [0.0]0} —2660.260 435 [0.0] —2684.167 102 [0.0]
7 Dewar C —2643.164 818 +23.6]{0} —2660.239 622 [13.1] —2684.145 892 [13.3]
8 C —1292.311 704 [0.0]0} —1301.096 612 [0.0] —1316.855 868 [0.0]0}
8 Dewar C2 —1292.321 500 +6.1]{0} —1301.082 677 [8.7] —1316.834 258 [13.6]
8 Dewar C —1292.368 342 +35.5]{0} 1301.135534 +24.4] —1316.872 282 +10.3]
9 twist C —995.765 739 [0.0{ 0} —1002.146 536 [0.0] —1014.753 158 [0.0] 0}
9 boat C nme —1002.115 579 [19.4] —1014.727 347 [16.2]
9 Dewar C: —995.791 570 +16.2]{0} —1002.140 944 [3.5] —1014.736 363 [10.5]
2 twist C —1748.514 192 [0.0]0} —1759.978 434 [0.0]  —1781.746 944 [0.0]
2 boat C: —1748.511 672 [1.6]0} —1759.975 974 [1.5] —1781.745 322 [1.0]
2 Dewar C: —1748.519 536 +3.4]{0} —1759.956 088 [14.0] —1781.712 637 [21.5]
10twist C —1902.708 083 [0.0]0} —1915.143 378 [0.0]
10boat C: —1902.706 855 [0.8] 0} —1915.142 014 [0.9]
10 Dewar Cy —1902.783 073 +47.11{0} —1915.182 650 124.6]
11 twist C —1304.359 034 [0.0]0} —1312.658 940 [0.0] —1329.224 398 [0.6]
11 Ci —1304.351 314 [4.8]0} —1312.654 075 [3.1] —1329.225 396 [0.0]
11 Dewar C: —1304.363 255 +2.6]{0} —1312.633 590 [15.9] —1329.193 492 [20.0]
12 twist D, —1612.690 776 [14.9]0} —1622.935 775 [12.3] —1643.493 857 [14.0]
12 G —1612.709 106 [3.41} —1622.955 411 [0.0] —1643.516128 [0.0]0}
12 C: —1612.714 510 [0.0]0} —1622.955 076 [0.2] —1643.514 742 [0.9]
12 Dewar Cy —1612.776 938 +39.2]{0} —1622.979 634 $15.2] —1643.524 583 $5.3]

aTwo tert-butyl groups on bridgehead carboA©netert-butyl group on bridgehead Not a minimum.

(7), dimethyl 3,4,5,6-tetra¢rt-butyl)phthalate §), and 1,2,3,4-
tetratert-butyl)naphthalene9). Compounds4,* 7,12 and 913
preferentially exist as ordinary arenes, but benZunedergoes
thermal isomerization to one of its Dewar isom&$he Dewar
isomers of7 and9 are also known but revert thermally to the
arene, as expecté@é!®To be useful, a computational method
must reproduce the known relative stabilities of the valence
isomers of these crowded arenes.

(11) Krebs, A.; Franken, E.; Mier, S. Tetrahedron Lett1981, 22, 1675~
1678.

(12) Sakurai, H.; Ebata, K.; Kabuto, C.; Sekiguchi, A.Am. Chem.
Soc 199Q 112 1799-1803.

(13) Miki, S.; Ema, T.; Shimizu, R.; Nakatsuji,
Tetrahedron Lett1992 33, 1619-1620.

(14) Maier, G.; Schneider, K.-AAngew. Chem., Int. Ed. En§98Q 19,
1022-1023.

H.; Yoshida, Z.

The results of computational studies at the HF/STO-3G, HF/
3-21G(*) 1516 and B3LYP/6-31G(dY~1° levels are given in
Table 1. Analytical frequency calculations were performed for
all structures at the HF/STO-3G level, as well as for selected
structures (generally those optimized under symmetry con-
straints) at the B3LYP/6-31G(d) level. The HF/STO-3G calcula-
tions found that the Dewar isomers are more stable than the

(15) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JABInitio
Molecular Orbital Theory John Wiley & Sons: New York, 1986; pp 63
100.

(16) The “(*)” designation applies only to the calculations fagrthe
3-21G and 3-21G(*) basis sets are identical for compounds containing only
first-row elementg?

(17) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(18) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789.

(19) Miehlich, B.; Savin, A.; Stoll, H.; Preuss, Bhem. Phys. Letf.989
157, 200-206.
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normal arenes every casetherefore, this method is not reliable  Scheme 1
when dealing with this class of compounds. Fortunately, both

OH 0
the HF/3-21G(*) and B3LYP/6-31G(d) methods correctly .
predict the relative stabilities of the valence isomerd,df, 8, KOBu'/ O, »
and9, and in addition, they give qualitatively identical rankings 5%
of the energies of the various benzene conformations and 15
14

valence isomers examined. All three methods were then used 0

to examine other, unknown, crowded benzenes and naphtha- 1) Br Ph

lenes. | o HO,C Ph
The Dewar isomers of penta(t-butyl)benzene) and hexa- isoamyl

(tert-butyl)benzene®) are calculated to be substantially more 2 nitrite HoN Ph

. Yurea/A
stable than the normal arenes. The arenes are strongly distorted Ph
from planarity due to nonbonded conflicts between the periph- 16

eraltert-butyl groups, and much of this strain is relieved in the

Y
Dewar isomers. A previous computational study afy Mislow
and co-workerd? which employed the MM2 force field, found O e oh
two minimums for the arene: Bz-symmetric ground state and
anSs conformation 18.4 kcal/mol higher in energy. The present X @O
calculations also find thB; conformation to be the arene ground 0 Ph
state, but theS conformation is not a potential minimum. Ph

Interestingly, at the B3LYP/6-31G(d) level, there is a second

e d . 17 X=0 (58%) 3 (11%)
minimum with C, symmetry, but at the (less reliable) HF/STO- 18 X=NH (47%)
3G level, this conformation is a transition state. xylenes / A

The most appealing of the crowded naphthalenes that we had
considered as targets for synthesis were 5,6,7,8-tetr(tyl)-
1,2,3,4-tetraphenylnaphthalen&0( and octatert-butyl)naph- Ph Ph
thalene 12). However, the Dewar isomers of boil® and 12 Ph Ph
are calculated to be more stable than the normal arenes, as might
be expected in light of the computational results %oand 6. OO Ph + QO Ph
We are more interested in the properties of distorted naphtha- '

Ph

lenes than Dewar naphthaleri€sp the removal of one or more O
of the substituents orl0 and 12 was indicated. Several 20 (50%) 2 (37%)

possibilities were examined, but we judged 5,6,8«ri(butyl)-

1,2,3,4-tetraphenylnaphthaleng) (and 1,2,4,5,6,8-hexa(t: reaction or Hoffman degradation, under the conditions used to

butyl)naphthalenel(l) to be synthetically most accessible. Both make 1612 as well as under more stringent conditions, were
compounds are calculated to have naphthalene ground states,

and interestingly, both have two minimums that are very close unsuccessful. Given thdfs is readily available, we put aside
. gly, bot . Y the synthesis oll1 and concentrated on preparation of naph-
in energy. Fog, the trigert-butyl)benzene ring may adopt either
. . . thalene2.
a twisted or a boat conformation, and the calculated difference

. - Diazotization of16 in refluxing 1,2-dichloroethane (83C)
in energy is 1.0 kcal/mol at the B3LYP/6-31G(d) level. Ady . : 0 .
there exist dramatically differei@, andC; conformations with in the presence df5 gave a low yield (11%) of an adduct having

G ;
a calculated difference in energy of only 0.6 kcal/mol. If these plausible’H NMR and mass spectran(z 600) for the desired

- naphthalene2. However, thel3C NMR spectrum showed a
compounds could be prepared and structurally characterized, . .
- carbonyl resonance)(192.6), two extra aliphatic resonances,
they would provide a strong test of the accuracy of these

computational methods, and a deficiency of aromatic resonances. Careful crystallization

Svnthesis. Structure. and Decarbonvlation of Norborna- of this material followed by X-ray analysis confirmed our

Y ’ ' : Y . suspicion that the adduct was in fact the norbornadier®ne
diene 3.Naphthalene€ and 11 might be synthesized by the The molecular structure &is shown in Figure 1. Many of the
reactions of 3,4,5,6-tetraphenylbenzyne and 3,4, &ttibutyl)- 9 ) y

benzyne, respectively, with 2,3,5-ts¢t-butyl)cyclopentadi- C—C bond lengths in the norbornadienone core are unusually
enone 15). The former aryne is easily formed from known long, though not exceptionally so [CE2E(2), 1.583 (2) A;

) - C(1)-C(8A), 1.570 (3) A; C(1¥C(9), 1.567 (2) A; C(4y
3,4,5,6 tetraph_enylanthranlllc aé?c(;G), and the Iattgr WOl_JId C(4A), 1.560 (3) A: C(4)-C(9), 1.540 (2) A], and the bonds to
be generated similarly from 3,4,6-te¢t-butyl)anthranilic acid, the bridaeheadert-butyl 150 | d b
which itself might prepared frori5 in a few steps. © rtl gecef griou { SQggugSA§r8 asc(:) 108ng,1 ngWguA €

Scheme 1 illustrates the approaches in both syntheses expected [C(1y C(10), 1. (2) A ClyC(18), 1. (2) Al

Compoundi5 is easily prepared by oxygenation of 2,4,6-tri- It is clear that3 contains substantial strain, yet it is completely

. S stable at room temperature.
tert-butyl)phenol in basé! In our hands, the yield is very low . . -
E5%) bljlt)fhe starting materials are inexper¥sive. Diélh)d/er Very few norbornadienones with even moderate stability are

reaction of15 with bromomaleic anhydride smoothly gives known, and a search of the Cambridge Structural Database found

- 22
3.4,6-tritertbutyl)phthalic anhydride 17), and heating the 271y ONé X-ray structure of such a molectire polycyclelo.

product with urea yields the imidE8. Unfortunately, all attempts The enhanced stability of both and 19 can be attributed to

: IR .. two factors. First, both norbornadienones are surrounded by
to convertl8to the corresponding anthranilic acid, by Schmidt . ' : . ;
sterically demanding groups, and in the decarbonylation transi-

(20) Weissensteiner, W.; Schuster, 1. I.; Blount, J. F.; MislowJ KAm. tion state (as well as in the product), these groups must be forced
Chem. Soc1986 108 6664-6668.
(21) Nishinaga, A.; Shimizu, T.; Matsuura, J. Org. Chem1979 44, (22) Plummer, B. F.; Currey, J. A; Russell, S. J.; Steffen, L. K.; Watson,

2983-2988. W. H.; Bourne, S. AStruct. Chem1995 6, 167-173.
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Table 2. Computational Data (HF/3-21G) for Norbornadienones and

o 0
| | Bt
Bu'
Z/ZA 7 [/}A V4
21 Bt B
22

Zhang et al.

Their Decarbonylation Transition States (dts)

(o] (o] 0
Bu' Bu' by
t t t
Bu Bu Bu
/ 7 /4 -
Bt BU Bu' Bu!
23 24 3 Ph Ph

imag A AEa(exp)
cmpd symm E (auy ZPE (au} E+ ZPE freq (kcal/mol) (kcal/mol)
21 Ca —341.443 966 0.118 673 —341.325 293 0
22 C —962.533 990 0.603 882 —961.930 108 0
23 C, —1272.882 585 0.852 389 —1272.030 196 0
24 Cs —493.265 565 0.170 269 —493.095 297 0
3 C —1872.094 393 0.881 841 —1871.212 552 0
21dts Cy, —341.410 383 0.115 414 —341.294 970 1 19.0 16 2.5
22dts C —962.464 908 0.600 269 —961.864 640 1 41.1 1F 2¢
23dts C —1272.751 563 0.848 516 —1271.903 047 1 79.8
24dts G —493.220 179 0.166 459 —493.053 721 1 26.1
3dts C: —1872.016 213 0.877 381 —1871.138 832 1 46.3 394 1.9

a1 au= 627.503 kcal/molP Reference 24° Reference 25¢ This work.

Figure 1. Molecular structure of norbornadienoeThermal ellipsoids

The kinetics of decarbonylation were determined by monitor-
ing the'H NMR spectra of3 in sealed tubes held at various
temperatures. Relative concentration8 aihd2 were followed
by integration of their characteristtert-butyl resonances. The
reaction was first order, with rate constantskegfsx = 3.7 x
1076571 kagak = 5.8 x 1075571, andkapsk = 1.9 x 1074 s7L
From these data, we calculdg= 39.4+ 1.5 kcal/mol AH¥373
= 38.6 + 1.5 kcal/mol,ASf373 = 23 £ 2 cal/(motK), and
AG*373 = 30.1+ 1.5 kcal/mol.

How do these data compare with the results of computational
studies of decarbonylation? Birney et 2al.examined the
decarbonylation of norbornadienone its&fl( Table 2) by a
variety of computational methods. HF/3-21G calculations of the
energies o1 and its decarbonylation transition state yielded
results Ea = 19.0 kcal/mol) in reasonable agreement with the

have been drawn at the 50% probability level, and hydrogens have existing experimental measuremerig£ 16 + 2.5 kcal/mol?*

been omitted for clarity.

even more closely together. Second, fusion of the norborna-

dienone to aromatic rings lessens the thermodynamic driving
force for the reaction (which is also felt in the transition state),

since the product does not gain a full benzene ring’s resonance

stabilization upon expulsion of CO.

e
&

19

Both experimental and computational studies of the decar-
bonylation of 3 were performed. Our primary goal was the
preparation of naphthaleng, so 3 was simply heated in
refluxing xylenes (138C) for 12 h. This gave a 50% yield of
2 as well as a 37% yield of an unexpected product, the
fluoranthene20, in which one of thetert-butyl groups of the

Ea= 17 & 2 kcal/moP®). Fortunately, calculations at this level
of theory are inexpensive enough to employ even on molecules
as large as.

We reproduced the result of Birney et al., and in addition,
we located the decarbonylation transition states for 1,2,4,5-tetra-
(tert-butyl)norbornadienone 2@), hexatert-butyl)norbnorna-
dienone 23), benzonorbornadienone?4), and 3 (the last
requiring a great deal of time due to its large size and low
symmetry). These results are summarized in Table 2. The
calculated barrier for decarbonylation ®fs 46.3 kcal/mol, in
fair agreement with experiment. Comparison of the dat24or
and 3 suggests that fusion of a benzene ring to the norborna-
dienone contributes no more than 7 kcal/mol of kinetic
stabilization, but that steric crowding in the transition state raises
the barrier to decarbonylation by as much as 20 kcal/m@l in

The calculated decarbonylation transition state3fiarshown
in Figure 2. A comparison of Figures 1 and 2 shows that the
C(1) and C(2}ert-butyl groups are forced more closely together
as the reaction proceeds. Compouid asymmetric and so is
the transition state structure; the C£(9) and C(4)-C(9) bond
distances are 2.168 and 2.085 A, respectively. The average of

(23) Birney, D. M.; Wiberg, K. B.; Berson, J. Al. Am. Chem. Soc.

starting material has been lost. Subsequently, it was found that1988 110, 6631-6642.

heating3 in refluxing toluene (110C) for 2 days gave almost
exclusively naphthaleri2z The formation o20will be discussed
later in the context of the structure &f

(24) Birney, D. M.; Berson, J. AJ. Am. Chem. S0d.985 107, 4553~

(25) LeBlanc, B. F.; Sheridan, R. $.Am. Chem. So&985 107, 4554~
4556.
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o1 2 rather than one in which the rings adopt boat conformations
(Table 1); the experimental structures confirm this prediction.
Specific distortions foR6 are discussed below, and the B3LYP/
6-31G(d) values for the same parameters are in brackets. (The
X-ray structures o and26 are very similar, but the quality of
the determination for26 is much superior, so its metrical
parameters will be used for most of this discussion.)
Compound26 displays an overall 29?%5end-to-end twist of
the naphthalene core, but it is the conflict of the C(4) phenyl
and the C(5) and C(@prt-butyl groups that is most acute. This
results in a significant pyramidalization of C(5), which is 0.128
A [0.132 A] above the plane defined by C(4A), C(6), and C(33).
The torsion angle C(4)C(4A)—C(5)—C(33) is 53.9 [54.87],
much greater than the value of 4fbr the same angle id.”
Furthermore, all three naphthalengert-butyl) bonds are
stretched in26: C(5)—C(33), 1.578 (4) A [1.585 A]; C(6Y
C(37), 1.563 (4) A [1.572 A]; C(8YC(41), 1.563 (4) A [1.565
A]. For comparison, the naphthaleng@ert-butyl) bonds inl
these distances, 2.126 A, suggests that this transition state i@t C(1) and C(8) are 1.557 A and at C(3) and C(6) average
somewhat later than those calculatedZd (1.985 A),24 (2.025 1.524 A.
R), and22(2.092 A) but earlier than fa23 (2.291 A) (all have The large distortions i@ and26 are suggest that they might
symmetric transition states). As might be expected, the calcu-not be thermally stable. We were intrigued by the fact that
lated activation energies increase with the increasing bond decarbonylation of the precursgat 110°C gave predominantly
distances in the transition state. Finally, we note that both tetra- 2, but that decarbonylation at 138 gave both2 and the
and hexatert-butyl)norbornadienone2@ and 23, respectively)  fluoranthene20, and we hypothesized th20is a decomposition
should be stable at room temperature. Indeed, the calculatedProduct of2. Figure 4 has been drawn to facilitate comparison
barrier for decarbonylation &3is so high (79.8 kcal/mol) that ~ of 26 with the structure oR0 (Figure 5). It is clear that C(32)
one suspects that some other reaction would occur instead. 0f the C(4) phenyl group is poised to interact with the already-
Structure and Stability of Naphthalene 2. Naphthalene? pyramidalized C(5) carbon. The observed C(32]5) distances
was prepared as described above. However, it proved veryare 3.122, 3.153,2( molecules A and B), and 3.581 Rf);
difficult to grow satisfactory single crystals for X-ray diffraction. ~ the B3LYP/6-31G(d) calculated distance is 3.186 A. A frag-
Our prior calculations had suggested tBanight possess two ~ mentation of the C(5)C(33) bond might be expected to lead
low-energy conformations (Table 1), a situation that sometimes to C(5)-C(32) bond formation followed bg0 itself, which is
confounds crystallization experiments because the sample isnearly flat and essentially unstrained in compariso@.to
effectively “impure”, but thé3C NMR spectrum o indicated In fact, 2 is not a precursor fo0. Although naphthaleng
that if this is the case, then the conformers are in relatively rapid is not stable in refluxing xylenes (13&), decomposing with
equilibrium. We therefore decided to prepare a simple derivative a half-life of roughly 1 day at this temperature, repeated
of 2, in the hope that it would crystallize more easily. A sample thermolyses failed to show any @0 in the rather complex
of the brominated anthranilic aci2b was availabl&® so this mixture of decomposition products. These products contain new
tert-butyl and olefinic resonances, as well as complex aromatic
Br Br signals, but they have not been individually purified and
Ph O 115 ph O characterized.
HO,C |§o§myl i X . L.
O nitrite OO The fluoranthen®0 appears only in reactions in whichis
HoN 2) toluene / A present as starting material and must be formed by a second
O 1% Ph Q decomposition pathway & which becomes competitive with
Br ordinary decarbonylation at higher temperatures. The same sorts
of intramolecular interactions observeddrare also seen i8,

was converted to the corresponding naphthaie and homolysis of either C(1)C(9) or C(l)jC(10) (see Figure
Compound26 gave excellent crystals from ethanol, and its 1), rather than a concerted dec_arbon_ylatmn, followed by attack
X-ray structure was determined. As so often seems to be the©f the nearby phenyl group, might yie2D.
case, once this structure was in hahdrystallized, and its X-ray
structure was also determined. (The structures are not relate
so this is not likely to be a case of inadvertent seeding.) The Compound3 is only the second norbornadienone derivative
molecular structures of the two crystallographically independent to have been crystallographically characterized, and it is one
molecules of2 are shown in Figure 3, and the molecular of only a handful of relatively stable norbornadienones that have
structure of26 is shown in Figure 4. In addition, the X-ray  been reporte27No stable norbornadienone has been reported
structure of the byproduct fluorantheB@was also determined,  that lacks groups conjugated to one or both of the double bonds,
and this is illustrated in Figure 5. but HF/3-21G calculations indicate that pdés-butyl)norbor-
The tritert-butyl)tetraphenylnaphthalene® and 26 are nadienones with at least fotert-butyl groups should be stable
severely distorted from planarity, and these distortions are for - —
the most part well-reproduced by the HF/3-21G and B3LYP/ (b)(lzri7e),($.); '\T":r'ﬂ;v;'ﬁ .]J.'b“rfj!'%rhfmfgférﬂ?fé%?féﬁ %)va’,?;ésn%r’
6-31G(d) calculations. Earlier we noted that both calculations R, N.: Russell, R. A.: Pitt, I. GJ. Chem. Soc., Chem. Commui284

showel a 1 kcal/mol preference for a twisted conformation of 1675-1676. (d) Plater, M. J.; Rees, C. \dl. Chem. Soc., Perkin Trans. 1
1991, 317-321. (e) Miki, S.; Kagawa, H.; Matsuo, K.; Kobayashi, O.;
(26) Tong, L., Ph.D. Dissertation, Princeton University, 1998. Yoshida, M.; Yoshida, ZTetrahedron1992 48, 1567-1572.

Figure 2. Transition state for the decarbonylation of norbornadienone
3 calculated at the HF/3-21G level. The crystallographic numbering
scheme for3 has been used to facilitate comparison with Figure 1.

Br
25 26

O|Conclusion
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Figure 3. Molecular structure of naphthaler® Both of the two crystallographically independent molecules are illustrated. Thermal ellipsoids
have been drawn at the 50% probability level, and hydrogens have been omitted for clarity.

Figure 4. Molecular structure of naphthale2®. Thermal ellipsoids
have been drawn at the 50% probability level, and hydrogens have
been omitted for clarity. The molecule has been oriented to emphasizeFigure 5. Molecular structure of fluoranther0. Thermal ellipsoids

its relationship t20 (Figure 5), and the carbon atoms that correspond have been drawn at the 50% probability level, and hydrogens have
to the fluoranthene nucleus @D have been shaded. been omitted for clarity.

at room temperature (Table 2). It is important to note that such Experimental Section

calculations give good models for the structure3oand the 3,4,5,6-Tetraphenylanthranilic acitid) was prepared as previously

energetics of its decarbonylation reaction, the structure of the described?4,5-Bisp-bromophenyl)-3,6-diphenylanthranilic aci2s
product naphthaleng, and the relative stabilities of known a5 a gift from Dr. Ling Tong®

crowded benzenes and their Dewar isomers (Tables 1 and 2). 2,3 5-Tri(tert-butyl)cyclopentadienone (15)Potassium (48 g, 1.2
Both HF/3-21G and B3LYP/6-31G(d) calculations indicate that mol) was dissolved irtert-butyl alcohol (3 L). 2,4,6-Triert-butyl)-

2 must be among the most crowded naphthalenes that can bephenol (62.4 g, 0.238 mol) was then added, and after the phenol had
made and remain stable under normal conditions. However, thecompletely dissolved, a gentle stream of oxygen was bubbled into the
distortions from a “normal” geometry il are not as great as ~ Solution and it was heated at 8Q for 6 h. The resulting red solution
those observed in several of our most highly twisted polyphenyl Was poured into ice water, and the mixture was adjusted to pH 7 with
polycyclic aromatic compounds, all of which have high thermal 1 N HCI. The mixture was extracted twice with ether, and the combined

i extracts were washed with water and dried oves3@. The solvent
1,9
stability® The fact that2 does decompose upon moderate was removed to leave a dark brown residue (65.7 g). This material

heating suggests that the presence of tirt-butyl groups was redissolved in hexanes, and upon standing overnight, large, clear
facilitates some thermal decomposition pathway(s) and that poly- crystals were deposited (51.6 g). The deep orange mother liquor was
(tert-butyl)arenes, unlike polyphenylarenes, are not be the bestfractionated on a silica gel column (hexanes). The first bright orange
choice for applications where high stability is requitéd. band to elute proved to k5, and this was set aside. Potassium (11.7
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g, 0.30 mol) was dissolved iert-butyl alcohol (1 L). The clear crystals  (br s, 1 H), 6.62 (tJ = 7.5 Hz, 1 H), 6.727.08 (m, 16 H), 7.42 (s,
collected previously were added, and the reaction mixture was heatedl H); *3C NMR (CDCk) ¢ 33.1, 33.8, 34.4, 36.8, 39.7, 40.8, 125.0,
under argon at 46C until its color turned dark red. Workup and column  125.1, 126.0, 126.1, 126.3, 126.4, 126.6, 126.8, 127.3 (br), 130.5 (br),
chromatography as before yielded a second fractionl®f The 130.7, 131.6, 132.0, 132.8, 133.0, 133.4 (br), 134.0 (br), 134.2, 135.6,
combined fractions containing5 were concentrated to dryness, and 135.7,136.2, 137.5, 139.5, 141.37, 141.42, 141.8, 144.7, 144.8, 145.0,

the bright red-orange oil soon crystallized to give pLb€2.76 g, 11.1 150.2 (36 resonances observed; 32 resonances are expected in the fast
mmol, 4.7%): mp 53.554 °C (lit.2* 53—53.5°C); 'H NMR (CDCly) exchange limit, but 40 are possible if there is restricted phenyl rotation,

0 1.13 (s, 9 H), 1.307 (s, 9 H), 1.311 (s, 9 H), 6.66 (s, 1 A NMR as is evident from the broadened aryl resonances); MSn(#&)500
(CDCls) 6 29.4, 31.6, 31.8, 32.6, 33.2, 33.9, 132.5, 138.8, 140.6, 156.9, (M+, 7), 543 (M— C4Hq, 13), 487 (M— C4Hg — C4Hq, 26), 431 (M

205.5 (11 of 11 expected resonances); MS (&b 248 (M, 27), 192 — 2CHg — C4Ho, 100); exact mass 600.3774, calcd fores

(M — C4Hg, 46), 177 (M— CHs — C4Hg, 100). 600.3758. Single crystals @fwere obtained upon solidification of the

3,4,6-Tri(tert-butyl)phthalic Anhydride (17). A mixture of15(1.00 neat oil after the final step of the purification.

g, 40 mmol), bromomaleic anhydride (1.07 g, 6.0 mmol), and  The material withR; 0.32 proved to be the fluoranthe@é (8 mg,
bromobenzene (3 mL) was heated to reflux under argon for 2 h. After g 915 mmol, 37%): mp 246:5247.5°C: *H NMR (CDCly) 6 1.04 (s,
cooling, most of the bromobenzene was removed by vacuum distillation, g H), 1.76 (s, 9 H), 6.45 (] = 7 Hz, 1 H), 6.66 (m, 2 H), 6.86 (m,
and the residue was fractionated on a silica gel column (16:1 hexanes H), 6.92 (m, 3 H), 7.02 (m, 3 H), 7.11 (M, 2 H), 7.21 (m, 2 H), 7.94
ethyl acetate) to give cruder as a yellow oil (0.91 g). Crystallization (s, 1 H), 8.19 (dJ = 8 Hz, 1 H);13C NMR (CDCk) 6 31.2, 33.6,
from hexanes EtOAc gave colorles$7(0.73 g, 2.3 mmol, 58%): mp 351 377 123.6, 125.4, 126.0, 126.42, 126.47, 126.6, 126.7, 126.9
111.5-113°C;*H NMR (CDCl) 6 1.49 (s, 9 H), 1.52 (s, 9 H), 1.61 157571559 128.8, 129.1, 130.1, 131.3, 131.6, 133.2, 133.7, 135.7,

1

(358' 3 22)’ 87 226(55 11;3)'930122"5 S?(z:h)lgngﬁéiséo'lgg'gl' fgézé 14136.0, 138.2, 1385, 140.0, 140.1, 1404, 1416, 1440, 147.2, 150.2
flléyl e ; d. ’ RS 8 I\}IS .~ 316 ‘M+ 4‘..1’ 30'1 ’M—. ( (32 of 32 expected resonances); MS (Bfg 542 (M, 37), 471 (23),

of 14 expected resonances); MS (Bjz 316 (M, 41), 301 ( 429 (20), 105 (100); exact mass 542.2969, calcd foHg; 542.2975.

Cha, 100), 259 (M= CiHs, 39); exact mass 316.2027, caled for Single crystals 020 were obtained from dichloromethanmethanol.
CaoH2805 316.2038.

3,4,6-Tri(tert-butyl)phthalimide (18). Compound17 (0.73 g, 2.3 When rgfluxing toluene was employed. as the solvent for the
mmol) and finely groud urea (10 g) were placed in a 250-mL round- decomposition of th_e norbornadleno&ahe yield of the naphthalene
bottom flask fitted with an air condenser. The mixture was heated to 2 Was nearly quantitative.
170°C for 36 h; periodically, sublimed urea was returned to the flask. ~ 5,6,8-Tri(tert-butyl)-2,3-bis(4-bromophenyl)-1,4-diphenylnaph-
After cooling, water (100 mL) was added to dissolve the unreacted thalene (26).The synthesis 026 was essentially the same as that of
urea, and the resulting mixture was extracted three times with 2. Compoundl5(0.40 g, 1.6 mmol) was dissolved in 1,2-dichloroethane
chloroform. The combined extracts were washed with water and dried (24 mL), and the solution was heated to reflux. Isoamyl nitrite (1.00
over NaSQ, The solvent was evaporated, and the residue was mL, 7.5 mmol) was added, followed by the slow addition of a solution

recrystallized from chloroformethanol to give colorles$8 (343 mg, of 4,5-bis-bromophenyl)-3,6-diphenylanthranilic ac#25 0.97 g, 1.6
1.09 mmol, 47%): mp 137139 °C; 'H NMR (CDCls) ¢ 1.48 (s, 9 mmol) in 1,2-dichloroethane (80 mL) over 30 min. After heating for
H), 1.50 (s, 9 H), 1.60 (s, 9 H), 7.70 (s, 1 H}C NMR (CDCk) ¢ another hour, ethanol (18 mL) and 1% NaOH (54 mL) were added to

29.8, 33.5, 34.0, 34.8, 38.5, 40.2, 127.4, 133.1, 135.2, 145.5, 151.3,quench the reaction. The reaction mixture was extracted with chloro-
159.4, 168.0, 169.7 (14 of 14 expected resonances); MSEI15 form, the extract was washed with saturated NakHG&@@d it was dried
(M*, 14), 300 (M— CHgs, 43), 258 (M— C4Ho, 41), 244 (100); exact over NaSO,. The solvent was removed, and the residue was fraction-
mass 315.2200, calcd for§H290NO, 315.2198. ated by silica gel column chromatography (8:1 hexariEnzene) to
1,2,4-Tri(tert-butyl)-5,6,7,8-tetraphenyl-9-oxo-1,4-dihydro-1,4- yield the norbornadienone intermedia® .26, 8:1 hexanesbenzene),
methanonaphthalene (3).Compound15 (0.25 g, 1.0 mmol) was which was not characterized. This material was dissolved in toluene
dissolved in 1,2-dichloroethane (15 mL), and the solution was heated (10 mL), and the solution was heated at reflux for 24 h. Removal of
to reflux. Isoamyl nitrite (0.67 mL, 5.0 mmol) was added, followed by the solvent left pur&6 (134 mg, 0.177 mmol, 11%): mp 264205
the slow addition of a solution of 3,4,5,6-tetraphenylanthranilic acid °C;*H NMR (CDCls) 6 0.78 (s, 9 H), 0.88 (s, 9 H), 1.48 (s, 9 H), 5.98
(0.28 g, 0.63 mmol) in 1,2-dichloroethane (50 mL) over 30 min. After (brs, 1 H), 6.14 (ddJ = 8 Hz, 2 Hz, 1 H), 6.76 (dd] = 8 Hz, 2 Hz,
heating for another hour, ethanol (12 mL) and 1% NaOH (36 mL) were 1 H), 6.77 (br dJ = 8 Hz, 1 H), 6.78-7.18 (m, 14 H), 7.50 (s, 1 H);
added to quench the reaction. The reaction mixture was extracted with3C NMR (CDCk) ¢ 33.0, 33.8, 34.3, 36.9, 39.8, 40.8, 119.5, 119.6,
chloroform, the extract was washed with saturated Nakl@ad it was 126.4, 126.5, 126.8, 127.0 (br), 127.1, 127.6 (br), 129.7, 129.8 (br),
dried over NaSQ,. Removal of the solvent left 0.64 g of material, and  130.1, 130.2 (br), 131.1, 132.2 (br), 132.9, 133.0, 133.1, 133.3 (br),
this was fractionated by silica gel column chromatography (4:1 133.5, 133.9 (br), 134.1, 134.5 (br), 135.8, 135.9, 136.5, 139.6, 140.2,

hexanes-benzene). The first component to elute was unreatiethe 140.3, 141.9, 144.1, 144.3, 145.2, 150.6 (39 resonances observed; 32
second was 1,2,3,4-tetraphenylbenzéi®(40, 4:1 hexaneshbenzene), resonances are expected in the fast exchange limit, but 40 are possible
and the third was3 (71 mg, 0.113 mmol, 11%& 0.32): *H NMR if there is restricted aryl group rotation, as is evident from the broadened
(CDCl) 6 1.15 (s, 9 H), 1.20 (s, 9 H), 1.31 (s, 9 H), 5.23 (s, L H), aryl resonances); MS (Efz 758 (M*, 37), 701 (M— C4Hs, 35), 645
6.78-6.92 (m, 10 H), 7.087.17 (m, 10 H)}*C NMR (CDCk) 6 26.6, (M — C4Hg — C4Hg, 100), 589 (M— 2C4Hg — CsHg, 96), 510 (78);

28.3,30.0,32.0,36.2,37.8,40.1,53.7,125.9, 126.5, 127.0, 127.2, 127 3exact mass 758.1922, calcd fossB4Br. 758.1948. Single crystals of

1277, 1278, 1280, 1297, 1300, 1302, 1303, 1307, 1313, 1316,26 were obtained from ethanol.

131.8,133.7, 140.2, 140.6, 141.2, 142.1, 158.7, 192.6 (31 of 33 expected

resonances); MS (Epvz 600 (M — CO, 4), 544 (M— CO — Cy4Hs,

13), 487 (M— CO — C4Hg - C4Hg, 19), 431 (M— CO — 2C4Hg —

C4Hq, 100). Single crystals 08 were obtained from chloroform

methanot-ethylene glycol.
5,6,8-Tri(tert-butyl)-1,2,3,4-tetraphenylnaphthalene (2) and 4,6-

Di(tert-butyl)-1,2,3-triphenylfluoranthene (20). Freshly purified3 (25

mg, 0.040 mmol) was dissolved in xylenes (5 mL), and the solution

was heated at reflux for 12 h. The solvent was evaporated to leave a

yellow residue which was fractionated by preparative silica gel TLC

(8:1 hexanesbenzene) to give two major components. The material - — —

with R 0.41 proved to be the naphthaleBg12 mg, 0.020 mmol, 32((5?8) Otwinowski, Z.; Minor, W.Methods Enzymoll997, 276, 307

50%): mp 155.6-155.5°C; *H NMR (CDCl) ¢ 0.80 (s, 9 H), 0.90 (29) Sheldrick, G. MSHELXTL Version 5. Siemens Analytical X-ray

(s, 9H),1.49 (s, 9 H), 6.06 (brs, 1H),6.21 (d= 7.5 Hz, 1 H), 6.60 Instruments, Madison, WI, 1996.

General X-ray Crystallographic Procedures. X-ray data were
collected by using graphite-monochromated Ma #adiation (0.710 73

A) on a Nonius KappaCCD diffractometer. The diffraction data were
processed by using the program DENZIl structures were solved

by direct methods using Siemens SHELX3%Land all were refined

by full-matrix least squares df? using SHELXTL. All non-hydrogen
atoms were refined anisotropically, and hydrogens were included with
a riding model. The structure 020 contain a highly disordered
dichloromethane of crystallization; for this reason, the SQUEEZE/
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Table 3. Crystallographic Data for Compoun@s 3, 20, and26

Zhang et al.

3 20 2 26
chemical formula G7H4go C42H33'CH2C|2 C46H43 C45H4eBr2
formula weight 628.85 627.65 600.84 758.65
crystal size (mm) 0.2% 0.16x 0.12 0.30x 0.10x 0.08 0.19x 0.19x 0.07 0.25x 0.24x 0.16
space group C2/c (No. 15) P2:/n (No. 14) P1 (No. 2) P2,/c (No. 14)
a, 22.8785 (5) 13.3467 (9) 10.1358 (9) 13.7798 (4)
b, A 12.4546 (3) 9.3553 (5) 16.575 (1) 10.6379 (3)
c, A 25.6155 (5) 27.408 (2) 22.172 (2) 27.2058 (9)
o, deg 90 90 76.860 (4) 90
S, deg 93.510 (1) 102.452 (2) 82.762 (4) 104.034 (1)
y, deg 90 90 75.525 (4) 90
vV, A3 7285.3 (3) 3341.7 (4) 3502.7 (5) 3869.0 (2)
z 8 4 4 4
Pealcs Q/CNP 1.147 1.248 1.139 1.302
u, mm? 0.066 0.22 0.064 2.125
F(000) 2704 1328 1296 1568
T,K 200 (2) 200 (2) 200 (2) 200 (2)

Omax deg 25.0 22.5 22.5 27.5
reflections

total 23848 20880 16721 35580

unique 6408 4325 9033 8853

obsd | > 20(1)] 4347 2594 4215 3869
parameters 442 385 847 442
R(F) (obs datéd 0.050 0.058 0.094 0.049
WR(F?) (obs data) 0.112 0.137 0.133 0.100
S(obs dat&) 111 1.14 1.26 1.08
R(F) (all data} 0.086 0.106 0.217 0.079
wR(F?) (all data} 0.128 0.154 0.171 0.113
S(all data} 1.03 0.97 1.05 1.02

aR(F) = S||Fol — IFc|l/3|Fol; WR(F?) = [SW(Fo? — FASW(Fs?)3 Y% S= goodness of fit orF2 = [SW(F.? — FA(n — p)]*2 where n is the
number of reflections and p is the number of parameters refined.

BYPASS procedu@ implemented in PLATON-98 was employed

default thresholds for wave function and gradient convergence were

to account for the disordered solvent electron density. Specific crystal, employed. When experimental and calculated structures were compared,
reflection, and refinement data are contained in Table 3, and full details the function OFIT in Siemens SHELXTL was used to determine the
best fit of the experimental and calculated geometries and the deviations

are provided in the Supporting Information.

Computational Studies.All ab initio (HF/STO-3G, HF/3-21®),

and hybrid density functional [B3LYP/6-31G{d)'’] calculations were

performed by using GAUSSIAN 94 or GAUSSIAN 98the built-in

(30) Van der Sluis, P.; Spek, A. |Acta Crystallogr., Sect. A99Q 46,

194-201.

(31) Spek, A. L.Acta Crystallogr., Sect. A99Q 46, C34.

(32) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
Laham, M. A,; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe,
M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.;

Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, J. A.; Gaussian,

Inc., Pittsburgh, PA, 1998.

of the atomic positions.

Supporting Information Available:
spectra for2, 3, 15, 17, 18, 20, and 26. A crystallographic
information file (CIF), containing the full X-ray structural data
for 2, 3, 20, and26, and an ASCII text file, containing the atomic
coordinates of the calculated structures of the arenes, norbor-
nadienones, and transition states in Tables 1 and 2. This material
is available free of charge at http://pubs.acs.org. See any current
masthead page for ordering information and Web access
instructions.
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