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Abstmct: Dynamic NMR studies and molecular mechanics calcalations both indicate that twisting about the C3-C7 
bond facilitates flii of the trimethylene b?idge in the tricyclo[3.3.3.d*71mNL%Xne ring system. 

In our recent report of the synthesis and study of tricycl0[3.3.3.d~~]andec-3(7)~1e (1)’ we noted that both the lH and 13C 

NMRspectrearetem~deQendcnt~obsavationsthatinthclHNMRspectraall~resonances but those for the bridgehead 

protons exhibit temperature-dependent broadening and coalesceoce; whereas. ia the 13C NMR spectra only the ellylic and olefinic 

carbons do, allowed us to assiga fliipping of the trimethylene bridge, shown below, as tbe confonnstional pmcess respomdble far the 

tempuatum dependence of tbe NMR spectra. From tbe fmqoency differences (Av) at low temm and the tern- Cr,) at 

which coaleafxmce wasobseMXJffeeuleqics0factivatimwefeobmbledfmmtheequation.2 

AG* = -RT&(tivh (2)-112/kTc) 

The experimental data and values of AG* obtained from them are given in Table 1. The apparent lack of temperature 

dependence in the values of AG*. measumd at temperatures that span nearly 2Y. suggests that AS* is small. Since AG* for bridge 

flipping in 1 is thus indicated to be close to AI#, MM3 molecular mezhanics cakXlations3 were paformed in order to calculate the 

energy required for thii pra%ss. As shown by the results in Table 2, the calculatimu provide a value of 14.94 kcal/mol, whiih is in 

excellent agreement with the avwage value of A& = 14.9 f 0.1 kcal/mol for the fnc e-n&m of activation mcasmedbyNMR.The 

compltedvaloeofthecnrmWofacti~~is~SS=OAeu,supportingourinfeMcefromrhtNMRdatathat1\SSissmalland 

1, R-R=- 
2. R-R - GC(CH&O 
3, R-OH 
4. RIOMS 
Ci; R-R : (Ph3P)zPl 
6. R-R = C3-b 
7.R-H - 

SeveralofIheintumadiaDesin(hcsynthesisof1wucalsDfound(ohsvetempaaauedcpwdtnt1Handl3CNMRspectra 

ThemeasuredvalucsofAvandT,andthcvalutsofAG~obtainedfromthcmarealsogiveninTablelforacctonide2,diol3, 

dimesylate 4. and the (Ph3p)2F’t complex (5) of 1P Altbough the values of AG* for bridge flipping in 5 am similar to those in 1, 
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Table 1. Dynamic tH and 13C NMR Data for Compounds 1 - 5. 

Compomd Sites Exchanged. 

1, R-R=- H2n 0. H8n (Han) 

H2x (Hex). H8x (H63 

c3. C7 

C2 (C6). Cg (C4) 

H2n (H& Httn (Ham) 

Hzx @4x), Hsx (Hex) 

c3. C7 

C2 (C6). C8 (C4) 

C2 (C6). CS (C4) 

H9n 011 tn). H9x (H113. 

C2 (C6). CS (C4) 

Hz~ (H4n). Hgn (Ham) 

H2x @4x). f%x (HSx) 

C2 (Cs). CS (C4) 

2. R-R = GC(CH33hO 

3. R=OH 

4. R=OMs 

5, R-R = (Ph3P)2Pt 

Av (HZ) TcOQ AG* (kd/m01)~ 

167.9 316 14.8 

112.0 308 14.6 

48.9 304 15.0 

386.5 328 14.9 

193.4 238 11.0 

158.1 236 11.0 

66.5 228 10.9 

423.0 248 11.0 

377.2 214 9.5 

265.5 198 8.9 

872.8 210 9.0 

126.6 305 14.4 

171.7 301 14.1 

536.7 329 14.7 

411 endo, x = exo. b&timated precision of individual values = f 0.2 kcabmd 

the values for 2 are about 4 kcal/mol lowtr; and those for 3 and 4 are lower still. 

We found this variation initially surprising, because, at first sight, it would appear unlikely that the substituents at C3 and 

C7 could have a significant effect on AG* for trimethylene bridge flipping. Therefore. we performed MM3 calcuhuions on 2 and 3. 

Calculations on 4 were simulated by cak&tions on 3 in which the O-H bonds were required to be oriented away tiom each other, 

the orientation of the G-S bonds in 4 that would place the mesyl groups in the sterically least encumbered environment. We 

modeled the metall~yclopropane ring in 5 with the cyclopqmne ring in 6. and we also performed cakulations on the saturated 

hydrocarbon (7). a molecule which is, as yet, unknown. 

With the exception of dio13. the equilibrium geometries were initially optimixed in Cs symmetry, the same symmetry as 

the equilibrium geometry of 1. A favorable, side-by-side orientation of the O-H dipoles in 3 requires that it have only Ct 

symmetry, which is why the MM3 energy of 3 was calculated to be 5.33 kcal/mol below that of our model for 4, in which dte G-H 

dipoles wet% constrained to point in opposite diitions. Vibrational analyses showed all of the C, geometries, except for that of 6. 

to have at least one negative force constanu so the geometries wem reoptimixed in Ct symmetry, which allows the C-R bonds at C3 

;ud C7 to deviate horn an eclipsed geometry. However, as shown in Table 2, the dihedral angle between these bonds twnains smalk 

and the associated energy lowerings amount to only 0.09 k&mot for our model for 4 and 0.01 kcal/mol for 7. The 1.28 kcai/mol 

energy lowering for acetonide 2 is a litde larger, because, wilhout the imposition of C, symmetry. the l&Jioxotane ring in 2 can 

adept a non-planar, puckemd wnfamation. 

Again with the exception of 3, the transition state3 were ail initially opdnked in C& symmttry. the same symmetry as the 

lransilioo state for trimcthylene bridge flipping in 1. As expected bridge flipping in our models for 4 and 5 (i.e., 6) and in 7 was 

calculated to have nearly the same energy barrier as in 1. The barrier in 2 was also caiculated to be almost the same as that in 1, 

when the energy of the C2v transition state for 2 was compared with the energy of the Cs groand state, ia which the l$-dioxolane 

ring is also constrained to be planar. The results of these calculations support the mmonable supposition that substituents at C3 and 



Table 2. Results of MM3 Calcttlations on Grouad and Transition Sute Rmugies &cal/mol) for TIimethylene Bridge Flipping in 

1 - 3. a Constrained LXol Model for 4. a Cyc@ropane model (6) for 5, and the Saturated Hym (7). R-C-C-R Dihedral 

Angles(deg)areGivenforthcOptimizadCtGeanetriesoftheGnmadStruesaadC2~oftheT ran&on states. 

G~StateEnagy(Symmeuyfmpo=d) Transitial state Rnagy (Symmetry fmpos@ 

Compound R (Cl) R (Cd L R-C-C-R* R (Cz) R C2v) L R-C-C-Rb 

1 0 0 - 14.94 14.94 - 

2 0 1.28 2.0 10.99 15.83 26.1 

3 0 - 4.8 9.99c - 22.2 

4d oc 0.09 8.7 8.99 14.66 21.1 

6 0 0 0 15.18 15.18 0 

1 0 0.01 4.2 10.02 14.53 23.8 

sC1 geometry. bc2 geomeuy. Ccomputed for Cl geometry. dDiol model (see text) for 4. CE = 5.33 Wmol, relative to 3. 

C7 should not have a significant effect on the barrier for trimethylene bridge flipping. However, this supposition is obviously 

wrong, because the calculated barriers do not match the free qergies of activation found experimentally. 

Unliie the Cgv structures for 1 and 6, those for 2, for the model for 4, and for 7 were all found to have more than one 

negative eigenvahre. As shown in Table 2, m@imixation of these structures in C2 symmetty. which allows the C-R bonds to be 

staggered in the transition states, as they are in the quilibrium geometriq leads to structures with very large dihedral angles 

between these bonds and much lower energies than the Cgv structures. Vibrational analyses confmed that each of these C2 

structures has exactly one negative force constant and, thus, is a true transition state. A Cl transition stmcture was located for 3 by 

optimizing a C2 geometry, which was found to have two negative fonx ccmstaW; and then allowing the O-H groups to adopt a 

more favorable orientation by reoptimixing the C2 structure in Cl symmetry. As shown in Table 2, this transition state for 

trimethylene bridge flipping in 3, like the transition states for bridge flipping in 2. in our model for 4. and in 7, has a much larger 

dihedral angle between the C-G bonds than that in the equilibrium geometry. 

The results of our MhU calcuh#ions are in excellent agreement with experiment, and tbey reveal why the expzrimental free 

energy barriers to bridge flipping decream in the order 1-S > 2 > 3 = 4. Twisting about the C3C7 bond obviously lowers the 

barrier to trimethylene bridge flipping in the tricycl0[3.3.3.@*~]~ ring system. The x bond in 1 prevents the alkene from 

twisting about this C-C bond, as does the three-membered ring in the (Ph3PhPt complex (5) of 1 and in our cyclopropane model 

(6) for this metallocyclopmpa~. 

The results in Table 2 show that preserving a phme of symmetry in the ground and transition states in both 2 and 4 gives 

almost exactly the same barriem to bridge Sipping in each, respectively. 14.65 and 14.67 kcal/mol. When the plane of symmetry is 

removed, the calculated barrier to bridge flipping in 2 is higher than dtat in 4 by 2.00 kcal/mol. Pu&ering of the dioxolane ring 

stabilizes the ground state geometry of 2 by 1.19 kcal/mol more than twisting about the C3-C7 bond stabilizes the ground state 

geometry of 4; and, because the dioxolane ring in 2 is twisted in the preferred tmnsition state geometry, when the plane of 

symmetry is removed, the transition state for bridge flipping is stabilized by 0.83 kcal/mol less in 2 than in 4. 

The slightly higher free energy barrier, found by NMR. to bridge flipping in 3 than in 4 is mirrored in the MM3 

calculations. As shown in Table 2. maintaining a favorable hnetWion between the OH groups in 3 results in a somewhat smaller 

O-C-C-O dihedral angle in the transition state for bridge @ping in 3 than in our modal for 4. 
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~berrier~~eflippine~~~hydmcuboa~isrLsocolnpttedtabaslipBtly~~thuhroramodcl 

for4andtsrcn~lythessmaasthetiadiol3.?bcdifferencebtt~tbeberria~~cJculrtsdfor7sndwdidmodelfor4 

resultsfromthefactthatdecclipsingoftwohydrogcnscontributesleestofacititvingtwistiagrboutthebadbchntaQandC7in 

7 than dues deeclipahrg of tbe two oxygens in our model for 4. Calculations on ethane and ethylene glycol, with the OH bonds in 

the latter oriented as in our diol model for 4. find that going from an eclipsed geometry to one with a dihedml angle of 23.8” 

provides 0.99 kcal/mol less smbihzation for dte hydrocarbon thanforthediol. 

Gur experimental values for the free enmgies required for trhnethylene midge flipping in the tricyclo[3.3.3.d~7]undecane 

ring system have relevance to the conformatio~J dynamics of cy~looctane.~ l?hnethylene bridge flipphrg in 1 - 5 hnerchanges 

chair-boat (CB) and chairchair (CC) confmmations of the two eight-membered rings. CB and Cc are the two lowest energy 

conformations of cycluocmne. and the barrier to conversion of the former m the latter has been measured to be AG* = 11.2 f 0.4 

kcal/mol at 228 K by Anet and Basux6 Molecular mechanics calculations on the interconversion of the CB and CC conformations 

of cycloocmne predict that this process pmceeds through twisted CB and CC conformations, which maintain a C2 axis7 cr axes.* 

but not a plane of symmetry. Maintaining a plane of symmetry, so that twisting of the eight-membered ring is prechnled. was 

calculated by Hendrickson to mquhe pmsage over a s&smmiaUy higher (about 8 kcal/mol) energy barrier.* 

Gur studies of trimethylene bridge flipping in the tricyclo[3.3.3.d*7]undecane ring system provide experimental 

confiition of this qualitative prediction. Tricyclo[3.3.3.d~7]undecane derivatives 1 and 5 cannot rotate about the C3C7 bond. 

Consequently, they must pmserve a plane of symmetry white interchanging CB and CC coufom@ons in the eight-membered rings 

that they contain; and this results in their having barriers to trimethylene bridge flipphrg that am about 5 kcal/mol higha than those 

in 2 - 4. The latter three molecules can rotate about the C3 - C7 bond and thus achieve twisted CB and CC gemnet& that allow 

them to undergo CB-CC hnerconversions with ccosiderably lower free energy barriers than 1 and S9 
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