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Abstract: The synthesis of cycloheptatrienyl(dipropyl)boraBe)(was accomplished via the exchange reaction
of trimethyl(cycloheptatrienyl)tinG) and dipropylchloroborane. Compoudwas found by NMR spectroscopy

to equilibrate with its valence tautomerekeo (dipropylboryl)norcaradiene2p). The equilibrium betweeBa

and 2b was studied in detail experimentally by variable temperature NMR and theoreticakip byitio
calculations of size-reduced molecular syste@s gnd 2b, with methyl instead oh-propyl groups) at the
B3LYP/6-31HG*//B3LYP/6-31G* + ZPVE level. Experimentally determined thermodynamic parameters
of the equilibrium AH = 2.4 + 0.1 kcal mot!; AS= —5.5+ 0.3 cal mof't K—1) and the activation barriers

at 228 K AG*¢2a—2b) = 8.2 4 0.1 kcal mot?, AG¥¢2b—2a) = 9.4+ 0.1 kcal mot?) are in reasonable
agreement with the computed resultsH = 2.0 kcal mot?, AS= —3.7 cal mot! K=1; AG*¢2a—2b) =

3.2 kcal mot? and AG¥¢2b—2d) = 6.7 kcal mofl). The computations also indicate thatefdo
(dimethylboryl)norcaradiene2€) is 7.6 kcal mot? less stable than thexeisomer2b due to more favorable
overlap of the unoccupied boron 2p AO with the Walsh orbital of the three-membered ring moi&y in
Line shape analyses together with 2B EXSY data for the equilibrating system 2f and2b allowed the
detection of a [1,7] sigmatropic shift Baat temperatures above 293 K. This is confirmed by the computations
identifying the [1,7] B shift to have the lowest activation enthal@g, (AH* = 18.4 kcal mot?). In the
unsymmetrical deuteriopyridine compl8xthe empty boron 2p AO interacts strongly with the nitrogen lone
pair. This reduces the stabilization of tecnorcaradiene skeleton, yielding only the “pure” cycloheptatrienyl
form 9 in the NMR spectra. Both NMR data and the computations show that the rotation about-the B

bond in9 is hindered.

Introduction

(dipropyl)borane 1): a [1,3] B sigmatropic shift, a [1,7] B

Cycloheptatrienes display a large variety of dynamic pro- Sigmatropic shift accompanied by [1,2] migration of the iron
cesses which in most cases can be understood in terms officarbonyl group, and a[1,3] Fe haptotropic shifThe inherent

qualitative molecular orbital theory. The sigmatrdpimigra-
tions of 7#' derivatives of cycloheptatriene afford typical

symmetry ofl allowed us to exclude simultaneous [1,5] B
migrations. We concluded that [1,3] and [1,7] boron migrations

exampled. The nature of a particular rearrangement depends @€ allowed, whereas [1,5] B shifts are prohibitetHowever,

on the migrating atom: while [1,5] sigmatropic shifts are
observed for the protdf9 and groups containing tin as the
migrating centet® ¢ substituted R Reli and Sik atoms only
rearrange in a [1,7] fashion. Polyhaptmetal complexes of
cycloheptatriene are also known to undergo haptotropic shifts.

the question of whether the observed selectivity is only due to
the presence of the transition metallinemained unanswered.
The synthesis of an uncoordinated cycloheptatrienylboron
derivative was therefore of particular interest.

Another motivation for synthesizing and studying boron

Recently we have found that three independent processes tak&Ycloheptatrienyls is to elucidate further on the long-standing

place in the iron tricarbonyl complex of cycloheptatrienyl-
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discussion over the tautomerism between cycloheptatrienes
(CHT) and norcaradienes (NCB).Despite Willstéter's for-
mulation of the problem as early as 190it has been tackled
experimentally only after NMR techniques developed into a
powerful tool for physical organic chemistry in the 19688.
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tatrienes predominafeyut also where rapid equilibria between
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these two forms exist. This stimulated extensive studies of The present work describes the synthesis of cycloheptatrienyl-
steric and electronic substituent effects on CHNTD equi- (dipropyl)borane %) as well as its analysis by NMR and
libria.® The first explanation of the observed stability of 7,7- electronic structure methods.

dicyanonorcaradiene proposed by IngHld;iz. “quasi-conju-

gation of the cyclopropane ring with the cyano-group”, was

supported theoretically by Hoffma## and Gunther!® who BPr, @—Bprz

showed that NCD is stabilized by electron donation from the

cyclopropane Walsh orbital into an unoccupiedO. It was Fe(QO);

shown recently that CHFNCD equilibria can be controlled 1 2

differentially through substitutio®? For instance, NCD can be
stabilized by introducing weakr donors in 3,5-positions ) ) )
Nevertheless, it is still impossible to differentiate between the ~ Synthesis of Cycloheptatrienyl(dipropyl)borane. Synthe-
steric and electronic effects operative in CHNCD equilibria. ~ Sis of Trimethylcycloheptatrienyltin (6) and the Kinetics of

The study of related new systems allowing these effects to bethe [1,5] Sn Shift. Borylation of appropriate lithium or
analyzed more cleanly is desirable, especially in view of the Potassium precursors for the synthesis of allylic boranes was
fundamental importance of this problem for the syntHésiad accomplished previousfy:” Unfortunately, this approach failed
understanding of similar equilibria in larger molecules, such as for the preparation of the target compoudince the corre-
1,6-methano[10]annulenésas well as fullerenes and fulle-  SPonding antiaromatic cycloheptatrienyl anion is highly un-

Results and Discussion

roids16 stablel®1® Therefore, only covalent cycloheptatrienyl metals
could be considered as suitable synthetic precursors for the
(4) For reviews, see: (a) Maier, @ngew. Chem1967, 79, 446. (b) desired borane. Among those, the tin compounds are most
Vfogel, E-_Pucrﬁ Ap_plt- Cgekrﬂl%?\lm \2(37{( (01)9|;E4N0b£|1%2 W(-d fHL'_glelghtS ] readily accessible via reaction of #ithium derivatives with
[0) rganic emistrybekker: ew YOork, P . leoman, J. . . _ . :
F. Chem. Re. 1989 89, 1225. (¢) Okamura, W. H.. Delera, A. R. In tropylium salts. Thus, trlphenylcyclo heptatrlenyltla) (was
Comprehensie Organic SynthesisTrost, B. M., Fleming, I., Eds.; prepared by reacting BBnLi with tropylium tetrafluoroborate
Pergamon: Oxford, 1991; Vol. 5, p 699. (Scheme 1j&¢
(5) Willstétter, R. Liebigs Ann. Cheml901, 317, 204.
(6) (a) Darms, R.; Threlfall, T.; Pesaro, M.; EschenmoseH@y. Chim. Scheme 1
Acta1963 46, 1893. (b) Vogel, E.; Wiedemann, W.; Kiefer, H.; Harrison,
V. F. Tetrahedron Lett1963 673. (c) Ciganek, El. Am. Chem. S04967, PhaSnLi
89, 1454. (d) Mukai, T.; Kubota, H.; Toda, Tetrahedron Lett1967, 3581. = SnPhs
(e) Schmleber, D.Angew. Cheml969 81, 83. (f) Jones, M., Jibid. 1969 BF- - LiBF4
81, 87. 4
(7) (&) Knox, L. H.; Velarde, E.; Cross, A. D. Am. Chem. S0d963 3
85, 5, 2533. (b) Knox, L. H.; Velarde, E.; Cross, A. hid. 1965, 87, )
3727. (c) Lambert, J. B.; Durham, L. J.; Lepoutere, P.; Roberts, lhi@d. Although the yields are low and many byproducts form,
1965 87, 3896. (d) Vogel, E.; Maier, W.; Eimer, Jetrahedron Lett1966 stannane is stable and can be purified by column chromatog-

655. (e) Gale, D. M.; Middleton, W. J.; Krespan, C. 5 Am. Chem. Soc. . L .
1966( 8)8, 3617. (f) Bushweller, C. H.: Sh%rpe’ M.; Weininger, S. J. raphy. However, the triphenyl derivativ&is an unsuitable

Tetrahedron Lett197Q 453. starting compound for the synthesis of the boron analogue via

G__(fi) (aLCTi9?m;k,dEJr-]lAgrgg.i izggn.(s)oggltfc_??éllé%(bt) G';)Iité, XI-; transmetalation, since phenyl radicals in organotin compounds
unter, R. letranedro . (C all, G. E.; Roperts, J. L. Am. H

Chem. Socl971 93, 2203. (d) Ciganek, Bbid. 1971 93, 2207. are more labile than alkyl groug8and the expected product
(9) (a) Daub, J.: Betz, WTetrahedron Lett1972 3451. (b) Gather, of a reaction betweerB and a dialkylboron halide is a

H.; Peters, W.; Wehner, RChem. Ber1973 106, 3683. (c) Klaner, F.- dialkylphenylboron species. Therefore, a trialkyltin derivative

G.; Tetrahedron Lett1974 19. (d) Stohrer, W.-D.; Daub, Angew. Chem. f loheptatriene w n - un ful nth f
1974 86, 54. (e) Wehner, R.; Guher, H.J. Am. Chem. Sod 975 97, of cycloheptatriene was needed; unsuccessful syntheses o

923. (f) Staley, S. W.; Fox, M. A.; Cairncross, Hid, 1977, 99, 4524. (g) trimethyl- or triethylcycloheptatrienyltin are described in the
Balci, M.; Fischer, H.; Gother, H. Angew. Chem198Q 92, 316. (h) literaturel® In these experiments bicycloheptatrieng) @nd
Takeuchi, K.; Arima, M.; Okamoto, KTetrahedron Lett1981, 22, 3081. ditin Compounds were the On|y produc’[s of the reaction of

(i) Takeuchi, K.; Fujimoto, H.; Okamoto, Klbid. 1981 22, 4981. (j) C D — : :
Takeuchi, K.. Kitagawa, T.; Toyama, T.. Okamoto, X Chem. Soc., Chem. RsSnLi (R = Me,Et) with tropylium tetrafluoroborate (Scheme

Commun1982 313. (k) Takeuchi, K.; Kitagawa, T.; Senzaki, Y.; Fulimoto, ~ 2)- Thus, we decided to try the less ionic tropylium bromide

H.; Okamoto, K.Chem. Lett.1983 69. (I) Takeuchi, K.; Kitagawa, T.; for the synthesis of trimethylcycloheptatrienyltif)
Senzaki, Y.; Okamoto, Klbid. 1983 73. (m) Takeuchi, K.; Senzaki, Y.;
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Fujimoto, H.; Kitagawa, T.; Fujii, H.; Okamoto, K. Chem. Soc., Perkin Ber. 1992 125 217. (b) Dorn, H. C.; Yannoni, C. S.; Limbach, H.-H.;
Trans. 21984 461. (o) Takeuchi, K.; Kitagawa, T.; Ueda, A.; Senzaki, Y.; Vogel, E.J. Phys. Cheml1994 98, 11628. (c) Laue, J.; Seitz, Giebigs
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The reaction between tropylium bromide and lithium tri-
methyltin proved to be very sensitive to the reaction conditions. 100
As found in earlier reports, on§and5 (R = Me) were detected
in the reaction mixtures when a solution of A#aLi was added
to a suspension of tropylium bromide at either 0-6r8 °C. L12o
Reversing the order of addition also was unsuccessful. Only E f
when tropylium bromide was added very quickly at once to a L
solution of MeSnLi at —78 °C, followed by immediate i 100 b o 4'0
treatment with EED_HZO_NaHCQ’, could 6 be d,eteCIEd by Figure 1. 13C NMR EXSY spectrum of trimethylcycloheptatrienyltin
NMR (Scheme 3). _In some experiments the yield 8owas . (6) (100 MHz, CDC4, 328 K): mixing time 0.08 s, initial delay 1 s,
35-40%; however6 is rather unstable, and the best preparative nymper of scans 256, a matrix 532256 was acquired by the TPPI
yield after purification did not exceed 5%. The only satisfactory technique and zero-filled to the size 10241024.
way of purification was by column chromatography on silica
gel in hexane; attempts to distll in vacuo led to complete ,
decomposition. .

Triphenylcycloheptatrienyltin 3) was the first fluxional
cycloheptatrienyl derivative® The nature of tin sigmatropic
migrations in this compound was the key question in the 0.4
discussions of the factors governing the reaction pathways in
cyclic polyunsaturated organometallic compouHdg.wo in-
dependent investigations on the dynamic behavi@& stiowed
that a [1,5] Sn shift occurs i, clearly indicating orbital control |
of sigmatropic tin migration&¢ There is some discrepancy ° .
in the activation parameters reported for the [1,5] Sn shig, in
but the values given in the most recent work seem more
reliabléc (AH* = 13.8 4+ 0.4 kcal mot?, AS = —5.6+ 1.2
cal mol! K1, AG*350 = 15.44 0.1 kcal mof?). 00 T . . - . ' .

. . . . 0,00 0,04 0,08 0,12 0,18

We have studied the fluxional behavior of trimethylcyclo- T
heptatrienyltin ). The 2D EXSY NMR experiments (e.g.,

Figure 1) carried out in the 29838 K temperature interval  Figure 2. Kinetic curves for the [1,5] tin shift ir6.
provided strong evidence for a [1,5] Sn shiftdn Kinetic data Scheme 4
for the [1,5] Sn migration ir6 were deduced from 2D EXSY

13C NMR spectra. It is known that at small mixing times the O [1.5] Sn Megsn\©
rate constant can be obtained from the slope of the linear SnMe; =———

dependence of the volume of a cross-peak on the tempera-

ture2122 The result of such a treatment for four different

@
o o

06 y -

bL3ils,

m’S

. o o 6 6
temperatures is shown in Figure 2. The activation parameters AH# = 14.9 £ 0.5 keal mok1
found from these data by the Eyring approach are shown in AS# = 9.7+ 1.0 cal mok! K-1
Scheme 4. A decrease of the rate of the [1,5] Sn shif in AG#(298) = 17.8 + 0.1 keal mol 1

compared to that ir8 is due to the known tendency of the
phenyl groups increasing the migratory aptitude of a tin
atom?°

Replacement of Tin with Boron in Trimethylcyclohep-
tatrienyltin (6). Preliminary experiments showed that trans-
metalation of 6 readily proceeds at room temperature in

deuteriochloroform (monitored by NMR). However, when
approximately half of6 is consumed, side reactions (j.the
exchange of the radicals betweérand trimethyltin chloride
(7), giving chlorodimethylcycloheptatrienyltin8), and tetra-
methyltin (Scheme 5)) become more significant. Compdsind
(21) Ernst, R. R.; Bodenhausen, G.; WokaunPAinciples of Nuclear was characterized by one- and two-dimensiotl 13C, and

gdgegg?netic Resonance in One and Two Dimensidiarendon: Oxford, 11950 NMR spectra. Interestingly, 2D EXSY experiments
(22) Perrin, C. L.; Dwyer, T. JChem. Re. (Washington, D.C.199Q showed that the [1,5] Sn shift i is significantly faster than

90, 935. that in6. This observation is in agreement with the reported
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Figure 3. *H NMR spectrum of (400 MHz, CQ,Cl,—CDCl;—CCly,
298 K).
Scheme 5 I~ /\LMJMJL
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Scheme 6 Figure 4. Temperature dependence of the high-field region of-tGe
NMR spectrum (100 MHz, CECI,—CDCl;—CCl,) of compound2.

Pr,BCl, 16-fold
SnMe, excess, in 2 portions > CyH,BPr, Scheme 7
38% H

H
6 2 BPr, BPr,
-— P—
acceleration of tin sigmatropic shifts when an alkyl group at
the tin atom is replaced by chlorifg.
Further experiments showed that the amoun8 pfoduced
2b 2a(exo)

in the reaction ob with Pr,BCl is reduced when an excess of
dipropylboron chloride is used. The synthesis of the pure

Pr,B
organoboron compound was accomplished by treaimgth H
an 8-fold excess of dipropylboron chloride without solvent for —-
30 min followed by evaporation of volatile compounds in vacuo, H

Pr,B

treatment with an additional 8 equiv of BCI, and vacuum
distillation (Scheme 6).
Dynamic Equilibrium between Cycloheptatrienyl(dipro- 2a(endo) 2c

pyl)borane (2) and 7-(Dipropylboryl)norcaradiene (2b). this signal decreases and it becomes much broader. The signal
Analysis of the NMR Spectra of 2. Figure 3 displays théH almost disappears at 228 K but reappears as a very broad signal
NMR spectrum of the transmetalation prod&tecorded at at 203 K; a relatively sharp resonancecat= 33.6 ppm is
room temperature. In contrast to a typical 7-monosubstituted ghserved at 153 K.

CyCtheptatriene NMR Spectrum, |t ContainS a h|gh'f|e|d trlp|et The temperature_dependent Spectra Correspond to an equi_
at 0.16 ppm, a multiplet at 3.18 ppm, and two multiplets in the |iprium between cycloheptatrienylborara (endo and exo
olefinic region—at 6.02 and 6.22 ppm. The proton at 0.16 ppm  forms) [the eqjilibrium between thexoand endoforms of 2a

is attached to a carbon atom £ 23 ppm) adjacent to boron; s fast on the NMR time scale in the studied temperature range;
this follows from the CHCORR spectrum and the characteristic only at 153 K can some indications of this process be detected,
broadening of the signal in tHéC NMR spectrum caused by  viz_, the broadening of the signals of the propyl groups in the
C-B Coupling. Figure4disp|ays the temperature dependencelsc NMR Spectrum' the other Signa|s remaining re|ative|y
of the 13C NMR spectra of2. Particularly dramatic changes  narrow] and its valence tautomer 7-(dipropylboryl)norcaradiene
are observed for the signal at= 59.7 ppm at 313 K. When  (2p) (Scheme 7§. However, the!H and 13C NMR spectra

the temperature is decreased to 273 K, the chemical shift of measured at the lowest temperature (153 K, Figure 4) display

(23) Naruta, Y.; Nishigaichi, Y.; Maruyama, Rietrahedron199Q 45, only one set of signals easily assigned to the norcaradizmyl
1067. Attempts to detect the exchange cross-peaks bet@aeamnd
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Figure 5. B3LYP/6-311G*//B3LYP/6-31G*+ ZPVE structures and
energies AG values at 228 K at B3LYP/6-31G* in parentheses, cf.
Table 1) for the cycloheptatrienyl(dimethyl)borare7-(dimethylbo-
ryl)norcaradiene rearrangement.

2b in ™H and 13C 2D EXSY experiments at 153 K were

Grideeal.

o :' [1,5]

T83,18.4

2a (endo), 0.0 2a (endo), 0.0

Figure 6. B3LYP/6-311G*//B3LYP/6-31G*+ ZPVE structures and
energies for the [h] boron shifts 6 = 1, 3, 7) in 7-(dimethylboryl)-
norcaradiene.

from minimization of steric repulsion between the alkyl groups
and the cyclohexadiene moiety. This is analogous to the
bisected and perpendicular geometries of the cyclopropylcarbinyl
cation?* The relative energy difference (7.6 kcal myl
between the two isomeb and2c (note that both are minima),

unsuccessful, although we had observed the exchange crosshowever, is only about half of that found experimentally (NMR

peaks between two tautomers with a ratio of 24:1 previotiély.

at 253 K) for the (1,1-dimethylcyclopropyl)carbinyl cation (13.7

Therefore, the equilibrium must be shifted even more toward kcal mol?),2® owing to the greater electron demand of the

2b at lower temperatures.
Only theexoisomer of the norcaradienyl forrab was ob-

positively charged carbon system.
The temperature dependence of the stabilitieRab&nd 2b

served in the NMR spectra. This assignment has been made(see NMR data above) is well reproduced by our computations.

on the basis 06(H?) which is—0.47 ppm at 153 K, owing to
its orientation over the shielding cone of the conjugatesys-
tem; largerd(H7) values (2.6-2.5 ppm) are characteristic for
exoH7 protons in the correspondirendoisomergP-90 {which
could form from2a (endg}. Since2cwas not detected in the

While 2bis 0.5 kcal mot! more stable thaa (endg at 298

K, this difference increases to 0.7 kcal mbht 228 K, mostly
due to entropic effects favoringb (Table 1). The nearly
exclusive formation oRb is also supported by the computed
NMR data (Table 2). The observed and computed proton

NMR spectra, it must be thermodynamically less stable than chemical shifts agree remarkably well; the largest deviation of

2b.

To elaborate further on these considerations, we carried ou

density functional computations on the isomer2aind their

only 0.3 ppm is found for the proton experiencing the ring

tcurrent of ther system (measuree;0.5 ppm; computed:-0.8

ppm). The computed®C shifts are systematically somewhat
too high, but agree qualitatively quite well.

transition states for interconversion; computational details can 1 o
be found below. To reduce the size of the problem, we replaced  The thermodynamic parameters for the equilibrium between
the propyl groups by methyl groups in our computational 2a_and_2b were derived fro_m si%3C NMR spectra at_26331_3
studies; to remain consistent with the structure numbering, we K i-€., in the temperature interval where the chemical shifts of
labeled the computed “reduced” systems in bold itafiegy., ~ the averaged C(1,6) signals could be measured accurately. The
2b refers to GH/B(CHs)z}. All structures are depicted in ~ chemical shift of C(1,6) in2a was estimated as being ap-
Figures 5 and 6; energies are listed in Table 1. proximately that of the structurally similar cyclononatetraenyl-

From the computed geometries 2 vs 2 one can easily (dipropyl)borane (135.8 ppm}¢ Since the difference between

deduce why the latter must be higher in energy. While the phemical shifts of C(1,6) i@a and2b (approximately 100 ppm)

empty p AO on boron is perfectly aligned with the Walsh orbital
of the cyclopropane moiety ifb, this interaction is essentially
“switched off” in 2c due to a perpendicular orientation resulting

is about 2 orders of magnitude larger than the possible error in

(24) Hehre, WJ. Acc. Chem. Re4975 8, 369.
(25) Kabakoff, D. S.; Namanworth, H. Am. Chem. So&97Q 92, 3234.
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Table 1. Energies and Thermodynamic Quantitites eHEB(CHs). Isomers Related t@ at B3LYP

abs energy abs energy incl rel energy® abs energy rel energy
(6-31G*), ZPVE?2 entropy, thermal corrections (6-31G*), (6-311+G), (6-311+G*),
species —au kcal moi? ew to AGY—au) kcal moit —au kcal molt
2a (ex9 375.59855 122.4 96.8 375.43857 2.0 375.68335 0.2
109.3 90.0 375.44697 35
2a(endg 375.59877 122.5 103.8 375.44093 0.5 375.68317 0.3
109.4 96.8 375.45138 0.7
2b 375.60204 123.3 100.5 375.44177 0.0 375.68359 0.0
110.1 93.6 375.45254 0.0
2c 375.58993 122.7 103.8 375.43202 6.1 375.67154 7.6
109.5 96.8 375.44247 6.3
TS1 375.58870 122.1 102.9 375.43150 6.4 375.67208 7.2
109.1 96.0 375.44191 6.7
TS2 375.57380 121.9 100.9 375.42616 9.8 375.66690 10.5
108.8 94.1 375.43675 9.9
TS3 375.57196 122.3 95.3 375.41134 19.1 375.65382 18.7
109.2 88.4 375.4226 18.8
TS4 375.55786 123.4 95.2 375.39564 28.9 375.63940 27.7
110.2 88.1 375.40708 28.5
TS5 375.56004 122.3 92.3 375.39849 27.2 375.64210 26.0
109.2 89.6 375.41003 16.7

aFirst entry at 298.15 K; second entry at 228 K, unless noted othe

Table 2. Selected Measured (298 K) and Computed
(GIAO-B3LYP/6-31H-G**//B3LYP/6-31G*) NMR Chemical Shifts
(vs TMS and EB-OEb) of 2b and Complex9?

c1 C2 C3 C-7 B

K1 Hca Hes Her

2bpe
exptl
theor
gd
exptl 124.5
theor 133.6

33.6
39.3

128.3
137.5

1211 16.8 76.3 25 6.2 5905
129.1 229 859 24 65 6:10.8

124.9
138.5

129.0 1294 8251 6.1 6.5
1409 1436 0.8 5.1 6.6 6.9

11
0.5

aThe computed species were slightly reduced in siz@ropyl
groups replaced by methyl groups) due to computational limitations.
Thus, the boron shifts are slightly shifted downfield in the computed
chemical shifts? For numbering see Scheme®®veraged with slight
traces of2a (endg; see the textd For numbering see Figure 12At
303 K.

In K

1,4

1,04

3,4 3,8

1000/ T

Figure 7. Dependence of li versus 1T for the equilibrium between
2aand2b.

3,0 4,2

the estimation of the corresponding chemical shif2a(about
+1 ppm), this treatment should not result in a significant error.

riviseluding energy corrections.Uncorrected.

2.0 kcal mof andAS= —3.7 cal mot* K~1. Note, however,

that it is quite difficult to reliably recover such small relative
energy differences computationally. A much more elaborate
electron correlation treatment (e.g., the coupled cluster method)
and a larger basis set would be needed for absolute quantitative
agreement, but this is currently not feasible computationally.
The equilibrium constant at 153 K calculated from these data
equals 182; therefore, the failure to observe exchange cross-
peaks at this temperature is quite understandable.

The rate constants for the rearrangemerafo 2b and the
reverse reaction at the coalescence temperature were derived
by the method of Anet and Bagisor systems with unequally
populated sites. It has been shown that when the differences
in both the populations and the chemical shifts are large, the
use of egs 1a and 1b for determining the rate constants at the

k, = k(major— minor) = 2zpgov (1a)

kg = k(minor— major)= 2rp,dv (1b)
maximum broadening temperature does not lead to significant
errors. pa andpg are the populations of the major and the minor
components, respectively, anib is the difference in the
chemical shifts in hertz.

In our casepn = 0.93, pg = 0.07 (calculated from the
thermodynamic parameters of the equilibrium found aba¥e),
= 10220 Hz (for the signals C(1,6) iBa and 2b), and the
temperature of maximum broadening is 228 K (Figure 8). This
giveska(228) = 4.5 x 10%, kg(228)= 6.0 x 10* s7L, AG¥ 8
(2a—2b) = 8.2 £ 0.1 kcal mof?, and AG*2b—23) = 9.4
+ 0.1 kcal moft.?7

The corresponding transition states for electrocyclic ring
opening o2aand2b also were computed to calibrate theoretical
with experimental results (Figure 5). We computeG*y,g
{2a(ex0)— TS1} = 3.2 kcal mot! and AG*,¢2b— TS1) =
6.7 kcal mot! at B3LYP/6-31G*, in reasonable agreement with
experiment. Note that the corresponding barrier for electrocyclic
ring closure of2a (endq is significantly higher AG*;25 = 9.2

The thermodynamic equilibrium parameters, determined through
a linear correlation of IrK vs 1/T (Figure 7), are as follows:
AH = 2.44 0.1 kcal mot?; AS= —5.54+ 0.3 cal mort K1,
These thermodynamic equilibrium parameters are in excellent
agreement with our computations (at 298 K) which ghté =

(26) Sandstim, J. Dynamic NMR SpectroscopyAcademic Press:
London, 1984.

(27) Friebolin, H.Ein- und zweidimensionale NMR-Spectroskpgied
ed.; VCH: Weinheim, 1992.

(28) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. (Washington,
D.C.) 1988 88, 899.
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Figure 8. Dependence of the line width of the various resonances in
the 13C NMR spectrum of 2 on temperature.

( Jo,
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o g Figure 11. Temperature dependence of the olefinic part of th&IMR
spectrum ofd (400 MHz, pyridineds).

Scheme 8
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- HiH ~
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Figure 9. 'H NMR spectra of2 (400 MHz, 298 K): (a) in CBCl,— "
CDCl—CClg; (b) in pyridineds. 2a 9

kcal molt) whereas the barrier for ring opening 2¢ is small
(AG¥228 = 3.6 kcal mot?).

pyridine by 0.054-0.056 A, complex9 is rather “tight” with
Dynamic Behavior of the Deuteriopyridine Complex 9.

some particularly short atoratom distances. The pyridine

ortho-hydrogen pointing toward the cycloheptatrienyl moiety
Since the increased thermodynamic stabilingbivs 2ais due has an optimized distance of only 2.472 A to one of the carbons.

to overlap of the empty boron 2p AO with the Walsh orbital of ;Lle n?gﬁ;?r;?guhg?‘?d%gg ;ri,o(g z;s,'lg ZI)O se contact with one of
the cyclopropane moiety (note that there is no evidence for ' )
norcaradienyl forms in cycloheptatrienyl derivatives of silicon,
germanium, tin, rhodium, and ruthenium due to the absense of
empty orbitals of proper size and symmetry), we speculated that
filling the empty boron 2p AO with an electron pair donor would
lead to exclusive formation of the cycloheptatrienyl form.
Figure 9 illustrates impressively that this is indeed the case:
the IH NMR spectrum of2 changes dramatically when the
neutral solvent is changed to deuteriopyridine. The cyclohep-
tatrienyl moiety in the deuteriopyridine compl8XScheme 8)

T . : o and off-diagonal peaks by eq?222wherelas andlgg are the
is evidenced by 2D corrglatlon experiments. quever, initially intensities of the diagonal peaks amgs and lga are the
somewhat unexpected is the lack of symmetry in the spectrum. o

i ) . ) ; . X intensities of the cross-peaks.
of 9: all nuclei are magnetically inequivalent. This observation
is confirmed by the nonsymmetrical{ point group) minimum 1. r+1
energy structure for the optimized compl@&x(Figure 10).

k==In—= _lan T les
Although the B-C bonds lengthen upon complexation with th r—1

Upon raising the temperature, reversible dynamic effects were
observed in théH and*C NMR spectra of (e.g., Figure 11).
The 2D EXSY experiments suggest that the exchange between
the positions 1 and 6, 2 and 5, and 3 and 4 in the cyclohep-
tatrienyl moiety of9 is observed. The activation barrier for
this process was derived from the 2B EXSY spectrum o
at 313 K. Each pair of exchanging signalinan be regarded
as the exchange between two equally populated sites, and the
rate constant can be calculated from the intensities of diagonal

)

IAB_’_IBA
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Scheme 9
H
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.
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C(7) ©C3A4)
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C(1,6) &> C(2,5)
C@2,5) & C2,5)
Application of eq 2 to the!H 2D EXSY spectrum of9 is raised from 228 to 293 K is due to a rate increase for the
afforded the rate constant for the oserved dynamic process inequilibrium betweer2a and2b. However, significant broaden-
9. ka3 = 1.75 s (AG%313 = 18.0 £ 0.1 kcal mof?). The ing of this signal at higher temperatures can only be due to the

chemical shifts fo© were computed (Table 2) and show good existence of another dynamic process, viz., sigmatropic migra-
qualitative agreement with the measured, highly temperaturetion of the dipropylboryl group ir2a. In the same temperature
dependent NMR spectrum. Again, the proton shifts agree interval (293-313 K) the width of the C(2,5) signal changes
exceptionally well, while the computééC shifts are uniformly from 4.0 to 7.5 Hz, whereas the widths of those for C(3,4) and
somewhat too high. the other resonances in the spectrum remain constafitHz

The measured values of tA&B chemical shift at 303 and  (the signal of C(7) broadens significantly, but the same effect
313 K for complex9 differ considerably from the calculated is expected due to the quadrupolar coupling with boron).
value at 0 K. Moreoverd(*!B) increases noticeably from 8.2 Scheme 9 displays the analysis of the exchange patterns for
at 303 Kto 10.4 at 313 K. These findings indicate that complex the three possible mechanisms of boron migratio@an
9 is probably somewhat less stable than other pyridine com- In each case one of the signals must display a relatively weak
plexes of triorganoboranes. A considerable amount of uncom- line width broadening since one of the exchanges transforms it
plexed2a equilibrates with9 already at 303 K. Therefore, the into itself. For each type of boron migration this signal is
dynamic effects observed in tAE and3C NMR spectra of different, C(3,4) for [1,7] B shift, C (1,6) for [1,3] boron
are most likely due to a dissociatiomassociation mechanism, migration, and C(2,5) for [1,5] boron migration. Hence, we
and the determined activation barrier corresponds probably toconclude that a [1,7] B shift must occur.
the dissociation step. The same conclusion follows from the phase-sensitive 2D

Analysis of the Mechanism of Boron Sigmatropic Migra- 1H EXSY spectrum recorded at 323 K (Figure 12). Since the
tions in 2. As noted above, cycloheptatrienylbora2ecannot positions of the protons relative to the position of the dipropyl-
be observed in its pure form because of equilibration with its boryl group remain unchanged whea interchanges witt2b
tautomerzb. However, since at temperatures above 300 K this (Scheme 9), the exchange cross-peaks between the averaged
equilibrium is fast on the NMR time scale and the content of signals directly indicate the mode of the sigmatropic boron
2ais about 30%, some conclusions about the mechanism andmigration in2a. The H(7) resonance gives a cross-peak with
approximate rates of sigmatropic boron migration2@may the H(1,6) resonance, corresponding to a formal [1,2] migration,
be drawn from an analysis of the equilibrium mixture. If a i.e,a[1,7] B shiftin2a. The positions of other cross-peaks in
sigmatropic boron migration occurs Znit should lead to mixing the 2D EXSY spectrum at 323 K are also in agreement with a
of the chemical shifts ir2a, which would inevitably affect the  sigmatropic [1,7] B shift in cycloheptatrienyl(dipropyl)borane
line shape of the averaged spectrum. We conclude that the(2a) (Scheme 9).
barrier for such migrations must be comparatively high (see = The computed relative energies also identify the [1,7] B shift
computations below), since no changes in the line shapes besideas the most favorable shift mechanisthHf = 18.4 kcal mot?,
the ones belonging to the equilibrium betwetnand2b were Table 1, Figure 6), followed by the [1,5AH* = 25.7 kcal
observed at temperatures below 293 K. Nevertheless, suchmol™1) and the [1,3] B shift AH* = 27.4 kcal mot?). The
changes were detected at higher temperatures (Figure 8). Thd1,7] B transition structurd S3 can be rationalized as a favorable
line width of C(1,6) displays a minimum at 293 K and increases Mo6bius aromatic system with eight electrons in eight active
by 10 Hz in the 293313 K temperature regime. The orbitals connected in a circle with one phase inversion. This
sharpening of the averaged C(1,6) signal when the temperaturecircle consists of the seven p orbitals on carbon and the boron
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H , only by 1.7 kcal mot!. Several factors can account for such a
di d o difference, for instance the presence of a transition metal atom
AP N in 1 or inevitableendo orientation of the dipropylboryl sub-
’ ’ stituent in1. Studies on the effects governing the selectivity
Hos) (HOA H(1.6) - of the sigmatropic migrations of organometallic groups in
JU\ ka L cyclononatetraene compounds are well underway in our labo-
¢

Fy . .
Experimental Section
}f

All experiments were performed under dry argon atmosphéte.
13C, 1B, and!*°Sn NMR spectra were recorded using a Bruker AMX-
400 spectrometertH and*3C 2D EXSY NMR spectra were acquired
E3 using a NOESYTP pulse program, slightly modified in the cas8@®f
’- v ‘ EXSY to allow the'H decoupling during acquisition. Areas of cross-
peaks and diagonal peaks were obtained by volume integration of
appropriate voxels surrounding the peaks.
Trimethyl(cyclohepta-1,3,5-trien-7-yl)tin (6). To a 0.25 M solution
rs of MesSnLi in THF (110 mL, 27.5 mmol) at-60 °C was added
tropylium bromide (1.28 g, 7.5 mmol) in one portion, and the solution
. e was then poured into water (200 mL). The organic layer was separated,
. ’ t dried over NaSQ, filtered, and concentrated in vacuo. The residue
A 3 3 3 3 H was purified by column chromatography on silica gel with hexane as
Figure 12. *H NMR EXSY spectrum of compoun2(400 MHz, CD- the eluent, affording 0.36 g (5.1%) @& as a yellow ol *H NMR
Cl,—CDCl—CCl,, 323 K): mixing time 0.5 s, initial delay 1 s, number (400 MHz, CDC}, 298 K): 6 = 0.10 (s, 9H, CH, “J(H, °Sn)= 51.2

of scans 256, a matrix 512 256 was aquired by the TPPI technique 12): 2.79 (& iH' H-473(H.H) :39'0 HZ'Z‘J(H'llgsnS): 6131'3 Hz); 5.40
and zero-filled to the size 1024 1024. (dd, 2H, H-12)(H,H) = 9.3 Hz,%)(H,H) = 9.0 Hz,%)(H,"*°Sn) = 38.0

Hz); 5.76 (ddd, 2H, H-2J(H,H) = 9.3 Hz,3J(H,H) = 3.5 Hz,4J(H,H)

— 4 11 — . - =
p AO; the latter has a n(_)dal pla_ne (phase inversion)._ This IeadsHZ’ZQS :zzg(:ZSj(Sg)mSi?z ;32.11’ S'Zz)f’lgdcd,'qf,,':g (qOSgJIEAHH?,)CD?(;f
to electron delocalization which causes a reduction of the 93 k). v = —6.32 (CH, 2J(C11%Sn) = 305.5 Hz); 33.29 (C-4,
positive charge (NBO) on boronrt-0.6 in TS3) vs 2a (+1.0) (13 195n) = 328.1 Hz); 124.59 (C-2J(13C 119Sn)= 31.2 Hz); 129.62
and bond length equalization from C1 to C7, but not between (C-1,2J(*3C 11%n)= 38.5 Hz); 133.26 (C-3).119S5n NMR (149 MHz,
these two (note the long GIC7 bond, 1.673 A, Figure 6). In  CDCl;, 298 K): ¢ = 12.41.
contrast,TS4andTS5 are strongly alternating and considerably NMR Experiments on the Exchange Reaction between 6 and
higher in energy (Figure 6, Table 1). Dipropylchloroborane. PrBCI (0.1 g, 0.8 mmol) was added to a
solution of 0.15 g (0.6 mmol) of trimethylcycloheptatrienyltid) (n
0.5 mL of CDCE. NMR spectra taken immediately at room temperature
showed 50% conversion @ into 2 (see below). Further storage of

The synthesis as well as the study of the dynamic behavior the sample at room temperature or heating to 343 K for several hours

of a boron cycloheptatrienyP) allows the analysis of several led to complete conversion d; however, the amount o2 in the
important problems. Compour@lis the first organometallic reaction mixture did not increase. Instead, equal amounts of chlo-
derivative of cycloheptatriene in which the norcaradiene form rodimethylcycloheptatrienylting) and tetramethylstannane were de-

. . . tected by'°Sn NMR. The structure of compour8iwas confirmed
predominates. Many compounds with the organometallic group by 2D cKemicaI shift correlation experimentpéH NMR (400 MHz,

in the 7-posiFiqr) are known to exist exclusively as cyclohep- CDCl, 298 K): & = 0.62 (s, 6H, CH, 2J(H,195n) = 57.2 Hz); 3.49
tatrienes. Ab initio computations show that the doraacceptor (t, 1H, H-4,3J(H,H) = 8.7 Hz,2)(H,11°%n) = 77.4 Hz); 5.84 (t, 2H,
interaction between the boron 2p AO and the Walsh orbital of H.1, 33(H,H) = 9.1 Hz,3J(H,12%n) = 70.4 Hz); 6.13 (m, 2H, H-2);
the cyclopropane is most effective in ttgonorcaradiene form 6.56 (m, 2H, H-3). 13C NMR (100 MHz, CDC}, 298 K): 6 = 3.9
2b. Our results clearly demonstrate that the boron 2p AO is (CHs, 1J(*3C,1*%Sn) = 256.5 Hz); 41.47 (C-4); 125.70 (C-2); 128.69
necessary for stabilizing the norcaradiene form. The deuteri- (C-1, 2J(**C }*%n) = 34.3 Hz); 134.52 (C-3).

opyridine complex only exists in its cycloheptatrienyl form. Dipropyl(cyclohepta-1,3,5-trien-7-yl)borane (2a) in Equilibrium
Note that in the iron tricarbonyl complekthe corresponding ~ With 7-(Dipropylborylnorcaradiene (2b). PrBCI (6.2 g, 48 mmol)
norcaradiene is not detecfedwing to the effect of the iron was added in one portion to trimethylcycloheptatrienyl6h(lL.5 g, 6

. . . . mmol). The reaction mixture was stirred at room temperature for 1 h,
gf;{ik;%nyl forcing the dipropylboryl group into thendo and then the volatile products were removed in vacuo. An additional

. ) . portion of PgBCI (6.2 g, 48 mmol) was added to the reaction mixture,
The mechanism of boron migrations #a has also been  and the above treatment was repeated. The residue was distilled in

clarified. Both experimental and computational data indicate vacuo, and a fraction collected at-455 °C (0.5 mmHg) afforded 0.3
that the [1,7] B shift is the fastest borotropic rearrangement in g (27%) of2 as a colorless extremely air-sensitive liquitd NMR

2a. Since the same type of sigmatropic boron shift has (400 MHz, CCl—CDCl;—CD.Cl, (13:27:60), 298 K):6 = 0.28 (t,
previously been found in the iron tricarbonyl compléxone 1H, H-4,3)(H,H) = 5.5 Hz); 0.96 (t, 6H, CHCH,CH3, *J(H,H) = 7.3

can conclude that a suprafacial [1,7] B shift is a facile process, H2); 1.41 (t, 4H, G1,CH,CH;, )(H,H) = 7.8 Hz); 1.58 (m, 4H,
regardless of the presence of the iron tricarbonyl group. Orbital CH2§H2CH3);_3'28 (m'_ZH’ H-1), 6.11 (dd, fH’ H-3)(H,H) = 6.5
control but more importantly charge distribution and geometric Hz, 2J(H.H) = 3.0 Hz); 6.31 (m, 2H, H-2)."C NMR (100 MHz,

s . CCl,—CDCIl;—CD.Cl; (13:27:60), 298 K):6 = 16.45 (Pr); 18.02 (Pr);
factors are dominating. However, the data concerning two other 55 54 (br, C-4): 30.12 (br, Pr): 52.55 (br, C-1); 123.65 (C-3); 128.05

possible boron shifts in cycloheptatrienylboranes are not entirely (C-2). B NMR (128 MHz, CCi—CDCl—CD;Cl, (13:27:60), 298
conclusive. While a relatively slow [1,3] B migration was k). ¢ =76.3. Wher2was dissolved in deuteriopyridine, quantitative
detected inl ([1,5] B shift was not observed), computational formation of complexd was observed.*H NMR (400 MHz, CCh—
data for2a energetically favor [1,5] B over [1,3] B shifts, but  CDCkL—CD,Cl, (13:27:60), 298 K):0 = 1.10 (t, 1H, H-43J(H,H) =

é -ﬁ‘ ratories.
— '
ﬁ
=

Conclusions
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6.3 Hz); 0.6-1.4 (m, 14H, Pr); 5.08 (dd, 1H, H-2J(H,H) = 8.9 Hz, vibrational frequencies at B3LYP/6-31G*. Single-point energies were
3J(H,H) = 6.4 Hz); 5.43 (dd, 1H, H-63J(H,H) = 9.1 Hz,3J(H,H) = evaluated using a standard 6-31G* basis se€’ final energies thus
6.1 Hz); 6.09 (dd, 1H, H-23J(H,H) = 9.2 Hz,3J(H,H) = 4.8 Hz); refer to B3LYP/6-31%+G*//B3LYP/6-31G* + ZPVE, unless noted

6.20 (dd, 1H, H-53)(H,H) = 9.3 Hz,3J(H,H) = 5.2 HZz); 6.49 (m, 2H, otherwise. Standard notation is used, i.e., “//" means energy computed
H-3,4). 3C NMR (100 MHz, CC}—CDCl;—CD,Cl, (13:27:60), 298 at//geometry.
K): 6 =16.91 (Pr); 17.77 (Pr); 28.76 (br, Pr); 34.51 (br, C-7); 124.45 NMR chemical shifts were computed with the gauge-invariant atomic
(C-5); 124.51 (C-1); 124.90 (C-2); 125.96 (C-6); 129.04 (C-3); 129.36 orbital (GIAO) approact in conjunction with the B3LYP func-
(C-4). B NMR (128 MHz, pyridinees, 313 K): 6 = 10.4. tional 3132 Since a flexible valence basis plus polarization functions is
Computational Methods. Geometries of all stationary points were  needed for accurate chemical shifts, we utilized the 64331 basis
optimized using analytical energy gradients of self-consistent?field for chemical shift calculations on the B3LYP/6-31G* geometries. The
and density functional theory (DF . The latter utilized Becke’s three-  absolute shiftsd) of tetramethylsilane (TMS) and the etherate of boron

parameter exchange-correlation functiGhahcluding the nonlocal trifluoride (ELO-BF3) were used to compute the relative chemical shifts
gradient corrections described by Legéang—Parr (LYP)3? as imple- 0 = Oreference™ Ocompound

mented in the Gaussian 94 program pack&gall geometry optimiza-

tions were performed using the 6-31G* basis3eRrevious studies Acknowledgment. This work was financially supported by

showed convincingly that DFT methods in conjunction with double- the Russian Foundation for Basic Research (Project No. 97-
basis sets are quite suitable for studying transition states of pericyclic 03-32714). An A. v. Humboldt Research Fellowship for I.D.G.
reaction®® and electron-deficient rearrangemets. ~is gratefully acknowledged. P.R.S. thanks the Fonds der
_Thermodynamic corrections (228 and 298 K) and zero-point Chemischen Industrie for financial support (Liebig-Fellowship),
vibrational energy corrections (ZPVE) were derived from analytical professor Armin de Meijere for his enouragement, and the
(29) Pulay, P. I'Modern Theoretical Chemistnygchaefer, H. F., Ed.; Gese"SChaﬁ'fUWissenSChaﬂ"Che Datenver?‘rbeitung (GWGD)
Plenum: New York, 1977; Vol. 4, p 153. as well as the Regional Rechenzentrum Niedersachsen (RRZN

(30) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and  Hannover) for generous allotment of computer time.
Molecules Oxford University Press: New York, 1989.

(31) Becke, A. D.J. Chem. Phys1993 98, 5648. JA9724699
(32) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.
(33) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; (36) For a review of applications of DFT to electron-deficient rearrange-

Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. ments involving carbon see: Bettinger, H. F.; Schleyer, P. v. R.; Schreiner,
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, P. R.; Schaefer, H. F. IModern Electronic Structure Theory and its
V. G.; Ortiz, J. V.; Foresman, J. B.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; Applications to Organic Chemistrpavidson, E. L., Ed.; World Scientific
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; Press: River Edge, NJ, in press.
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-  (37) (a) Spitznagel, G. W.; Clark, T.; Chandrasekhar, J.; Schleyer, P. v.
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94, Résion B.3 Gaussian, R. J. Comput. Chem1982 3, 363. (b) Clark, T.; Chandrasekhar, J.;
Inc.: Pittsburgh, PA, 1995. Spitznagel, G. W.; Schleyer, P. v. B. Comput. Chenil983 4, 294.

(34) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 28, 213. (38) Wolinski, K.; Hinton, J. F.; Pulay, B. Am. Chem. Sod99Q 112

(35) Wiest, O.; Houk, K. NTop. Curr. Chem1996 183 1. 8251.



