
Tm&&a Vol. 42. No. 4. pi. 1063 IO 107Q. I906 
Print& in Great Britain. 

-/a6 u.m+ 40 
Rrpmonhrw. 

THE CHARACTERIZATION OF A#) THE EVOLUTIOB OF =ECULAR HYDBOBEW BY THE uHYDRIDO-BRIDGED 

CYCLODECYL CATIOB. BELEVMCE TO THE @JESTlOB BF HYDROCABBOB PRDTOMATIOB BY SUPEBMXOS 

R.P. Kitchen, T.S. Somnsen*. K. Yagstaff and A.M. Walker 

Departant of Chcaistry, University of Calgary, Calgary, Alberta, Canada. T2N lN4 

(RcaivtdinUSA27 Jwu1965) 
Abstract The observable cyclodecyl cation is establlshed as having a 1.5~u-hydrido-bridged 

structum and most probably exists as a mixtum of conformational Isars. Thls solution car- 

bocatlon is unique In organic christty in that It evolves molecular H, at -eraturns below 

-1OO'C to give the 9-dccalyl catlon. The mcchanlsm of thls mactlon Is postulated to Involve 

a pentacoordlnated carbocatlon intendlate or transitlon state ulth a structure Identical to 

what one would get by protonatlng the brldgehead C-H bond of decalln. Since conversion of 

decalin to the decalyl catfon ln superacids Is not accoqanied by slgnlflcant H, production, 

the nechanlvl of these two reactions nust be diffemnt. and In the latter case could not In- 

volve a protonated pentacoordlnate carbocatlon intelmdlate, as has been postulated. 

In this paper, we would lfke to report the full details of the characterlzatlon of the 

cyclodecyl carbocatlon systeal. Including work on the subsquent marrangwcnt of this cation 

to the decalyl cation and dihydrogen. Since the decalvl catlon can also be pmpared by tie 

addition of decalln to superacids. one has a unique opportunity to examine the rchanlsm of 

the latter mactlon, which Is a stlll controversial subject. 

Results and Dlscusslon 

The addltlon of l-chlorocyclodecane to a solutlon of elther 1:l SMs-FSO,H or pure SbF, 

in a nlxture of So&IF-SO,F, at=. -14BO'C or the addition of either cls or trans-cyclodecene -- 
to the 1:l SbF,-FSO,H mixturn msults In a light yellow carbocatlon solution. Both the lH and 

I% WL spectra (Figs. 1 and 2) am characterlstlc of a u-hydrldo-bridged carbocatlon, partlc- 

ularly the presence of a broad peak at 4 -6.85, a unique high-field 

Fig. 1 Decoupled 'SC spectrum of the cyclo- 

decyl catlon. The Inset Is an expanslon of the 

6 145-155 region. The peak near 6 200 is froa 

the decalyl cation. 
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% Flg. 2 'H IIUi spectrum of the cyclodecyl 
-1lB.C cation. The area ratlo of the peaks at 6 6.80 

4 and -6.85 Is almost exactly 2:l but the coa- 

"? 

A 

blned ratlo of these protons to the remalnlng 

'H area Is 1:8.2 (theoretlcal 1:5.33). 
5 7 s I 1 -1 -i -; -; 

POSItIOn shown prevlouslv to be characterlstlc for brldglng hydrogen2 (see Experlantal for 

chaalcal shifts and coupling constants). Xn the prellmlnary cmnlcatlon of thls uorkl, 

thls carbocatlon was asslgned a 1.6~u-hydrld+brldged structure 1. Thls was based on the 

fact that the catlon rearranged at hlgher taperatures to the decalyl catlon 1 and dlhydro- 

gen. a nactlon that we felt suggested the 1,6-brldglng structure. Also, at thls polnt In 

@CD 

1. 1 
tlr, the only previously knarn p-hydrldctbrldged carbocatlon also possessed a 1,6-brldglng 

2a.c structure, l.c., catlon J . However It Is now apparent that the cyclodecyl catlon lrst be 

asslgned a 1,5-p-hydrldo-brldged structure 5. Thls Is based on the following pieces of evl- 

dence, which ~111 be elaborated In turn: 

&+@j @+ 

3 r 5 
(1) the 13C peak posltlon for the temlnal carbons of the bridge structure flts uch closer 

to a 1,5-brldglng model than to that expected for a 1,6-brldge. 

(2) work wlth both the bridged 1,5-dlmethyl-1,5-brldged carbocatlon 2 and wlth 2 shws that 
PC. 5 Is s-hat more stable than 1 

(3) carbocatlon 2 Is an observable mixture of three conformers at low tocperatures. Slall- 

arly, the cyclodecyl catlon Is also an apparent mixture of three Isomers and the most obvlous 

assignment of these Involves dlfferlng conformatlonal structures of 5. 

(4) work Involvlng the 1-methylcyclodecyl catlon 5 shows conclusively that thls molecule 

prefers a 1,5_transannular Interactlon over the colpetlng 1.6-process, both lnteractlons 

being freely avallable to thls catlon. 

CI 
+ 

C% 
a 

(5) the "C chemical shlft data for rlng carbons are COnSIStwIt Only wlth the i StNckn. 

13C Peak Posltlon 

In Table 1. we have gathered together 1% chemical shlft data for varlous dl-secondary- 

and dl-tertiary-bridged carbocatlons. It Is readily apparent that the 'fit' for the 1,5- 

structure 5 Is much better than for 1. The 6 125 ppm region where L might have been expected 

Is blank except for a CFC13 peak at 6 124.7 (see Flg. 1). Thls latter peak Is very sharp In 

most spectra and even lf a catlon peak Is obscured In the decoupled spectra, on would have 

seen peaks In the off-resonance mode. 



Table1 

1°C Chnical Shift Dataa For the Terminal Carbons (0) of u-Hydrldo-bridged Carbocattons 

A+ 

"JI,, 
R 

n q R Is 
cnl, ens *R*CH, - 'R=H 

33 H 151.7 

3 3 CH, 172.0 20.3 

43 H 137.2 

4 3 CH, 156.4 19.2 

44 H (est. 125t3) 

4 4 CH, 142.0 -lO.Eb 

5 3 H 146.6,150.1,152.8 

5 3 CH, 162.5.165.3,167.6 15.9.15.2.14.8 

a. this data can be found in References 2b.c.e. 

b. the calculated value If the observable cyclodecyl cation were assigned the 1.6-u-H strut- 

ture 1. 
Conparlson Yltb The 1,5-Dtlrthyl- A And 1,6-dlmethylcyclodecyl~ Cations 

Yhen the title cations are allared to qutltbrate, the 1.5- structure 2 predominates (K = 

5/3 - 2.8 at -84*ClRc. -- This Is consistent with the present assignment of 5. except that the 

equtltbrtum constant for 4/l aust be x 10. -- 

Conformsttonal Aspects ofA and f 

Cation A shows both 'H and 13C evidence indicating a mixture of three conformatlonal 

Isomers (backerSup by line-broadening observations at higher weraturesl'd. With cation 4 

one has uch less data to work with. The 13C NW spectra clearly show three low-field peaks, 

a ujor one and two minor (Fig. 1). As opposed to:, these minor peaks occur at higher field 

than that for the Mjor isomer. Conceivably. the minor peaks could be due to a single carbo- 

cation with non-equivalence at the bridging end carbons. However, in 5, each conformer 

appears to be smtrtcal and this should then also be true for 5. Additionally, the two 

minor peaks In the spectrum of i differ in width (see inset of Fig. 1). In the lH N13R spec- 

trum (Fig. 2). there is no Indication of more than one bridged species, although the broad- 

ness of the proton peaks In question could easily obscure small chemical shift differences. 

Because of this. we cannot with certainty show that these minor peaks are u-hydrtdc+struc- 

tures. However, overall it is most probable that the three peaks In Fig. 1 correspond to 

three conformers of 5 and these structures are shown as )r-d (three of these). 

4a 4b 4c 4d - - - - 

The 1-nethylcyclodecyl CationA 

The lathylcycladecyl cation g3 at 1a1 maturer I-13O'C) shas 01# unique proton at 

-0.85 (Fig. 3, upper spectnm). This sltgktly hig)rfleld position is consistent with a weak 

transannular interaction st~tlar to that reported for substituted cyclooctyl cations xd and 

could conceivably Involve a 1,5- or 1.6-Interaction, l.c.. 6a or 6b. That% Is involved is -- 
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Fig. 3 'H RMR spectrum of the l-eathylcyclo- 

dccyl cation showing the single hlgh field 

proton at 6 -0.85 (-129'C). At higher -era- 

tures this proton averages with three other 

protons (lower spectrum). 

shown conclusively by the subsquent MR line-broadening and coalescence behavlour. In which 

thls proton exchanges with three other protons (see Fig. 3, lcuer spectrum), a process which 

could not have occurred If the proton in questlon were ona of the &o C-6 protons. The ac- - 
tual coalescence data for 6a suggest that the conforwtlonal movement which averages the C-5 - 
and C-7 sites has a slmllar barrier (about 7.2 kcals/mole) to a process which averages the 

two gemlnal protons on C-5 and C-7. The i3C data for 5 are also consistent with a 1,5-lnter- 

actlon. At low fccqeratures, two different a-carbons are observed, which coalesce at the 

sama rate as the process which equilibrates the unique proton In the lli spectra. 

13C Data For Rlng Carbons 

Previous work Involvlng 9-membered u-hydrldo-bridged catlons 2b has shown that the B-car- 

bon on the five-me&wed partlal structure has an uniquely lar-field 13C chemical shift (6 

46.0 In the dl-secondary cation). In the present case, a one carbon peak at 6 47.8 (Fig. 1) 

Is easily asslgned on the basis of structure 5. but very hard to reconcile wlth structure 1. 

Verhoeven* has suggested that 'Inphase' charge alternation can account for these results, 

I.e.. partial structure 1. 
+ 

C' " 

In conclusion, we feel confident that the observable cyclodecyl catlon Is a 1,5-p-hy6 

rldo-bridged structure, most probably Involving at least three confolutlonal isomers (struc- 

tures 5a-d). 

The Rearrangcmcnt of&to The Decalyl Cation2 and Ii, 

The evolution of Ii, from4 Is very faclle5, tl,a - c. 1 h at -13O'C, A6 * - lo-11 kcalsl 

mole. The rate Is also essentlally thr sama In the various acidic solvent systems used. A 

large tier of experlants (various ~eratures) were conducted in which the catlon was 

prepared under condltlons ln rhlch the evolvrd gas could be quantlta$tvoly rasured. and in 

the best cases, was about 75s of the theontlcal based on 1-chlorocycIo@cane. 

The preparation of 5 for WIN analysis Is also somewhat less than stolchiortrlc If one 

uses the areas of the very dlagnostlc u-hydrogen (or the two terminal hydrogens) and c-ares 
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these to thr area of the total protons In the 6 1-3 reglou. For cx~le, In Flg. 2, the 

ratlo Is ca. 8.2 to 1, which. l ssunlng the extra area derlvrr frm SQIC sort of chlorocyclo- - 
decan-derived products, corresponds to about 65% of theory. Sor of tha extra area In the 6 

l-3 region Is accounted for by variable small amounti of decalyl catlon already present In 

the mixture but, after allorlng.the i + 2 + H, reaction. the forrd dKaly1 cation 1 spectnm 

1s also not capletely clean and som extra apIa Is present In the 6 l-3 region. It Is dif- 

ficult to be completely quantltatlve but It appears to us that the actual cyclodecyl cation + 

decalyl cation + H, Is a ttolchlometrlc reaction. 

Porslble Mechanisms For the Catlon1.Dehydrogenatlon 

The dehydrogenatlon behavlour of A Is unique amongst P-hydrldctbrldged secondary carboca- 

tlons since In all other cases, a rlng contraction to yield a norm1 tertlary carbocatlon Is 

the eventual rearrangeumt processzb. One can ask several questions concerning the dehydro- 

genatlon reactlon: (11 which hydrogens In the total systea are the source of the dlhydrogen? 

(2) why does thls reaction only cccur with the lo-mered rlng? (3) what Is the actual 

transition-state 'structure' for the Qhydrogenatlon reaction? 

Several posslbllltles exist for the H, sources. One could envlslon a proton removal from 

2 (via 1) leadlng to decalln. and then C-H protonatlon of decalln to yield the decalyl cation 

and H,. This mechanism Is excluded bever on several grounds: (a) when 5 was prepared froa 

the chloride in a large excess of FSO,D-ShF,-SO$lF solution. only H, gas was produced. If a 

decalln protonatlon step had occurred, HD should have heen the maln product. (b) In prepar- 

ing the decalyl cation from decalin and varlous superacid mixtures, we have been unable to 

detect any H, gas proCctlon. Previous work by Olah et l l.6 also apparently falled to find 
significant H, production In thls reaction. These authors however believed their reaction to 

Involve a C-H bond protonatlon and attrlbuted the lack of H, production to a 'nascent hydro- 

gen" argument (see later). 

Ye believe that tha most reasonable Qechanlsm" for the dehydrogenatlon of 5 Is that 

shcm In Equation 1. As explained earlier, It is reasonable to belleve that1 would have a 

steady-state existence and also that It would not lle very mch above r In energy (although 

not close enough to fom an observable qulllbrlum). The unique lxthavlor of 1, as opposed to 

i and other secondary catlonr, In forming H, Is probably assoclatad wlth the stable decalln- 

llke structure and the fact that there my alreaQ be slgnlflcant C---C tranrannular bondlng 

in the structure of the u-hydrldo catloo 1'. The tranrltlo~state Is pictured to Involve a 

shortening of the transannular C--- C bond and eventually the formatloo of an H---H$ond. We 

have made a prellrlnary studya, 
H\ ,*'H\' 

at the 4-31 G level, of the reaction of H-Cm.,,,,,&-H -V C2Hst 
H' .H 

+ Ii,. The P-H and the temlnal hydrogcnt are lnltlally antlbondlng and these becar bonding 

only after one has nearly complete C---C bonding In place. One cannot therefore picture the 

process as concerted. The key factor In this reaction lnvolvlng 1 Is not the fact that we 

have a P-hydrldo structure per se, but that ue probably have a bent u-hydrldo structure In 
which for gwaetrlc reasons slgnlflcant C---C bonding Is also present'. 

Relevance of lba Dehydropcnatlon of A U) to the Questlon of Alkane Protonatlon In 

Superacids 

If on were to protonate the C-H bond of dacalln with a superacld. one would almost cer- 

talnly reach a structure 1dantlcal to that postulated In Eq. 1 for the cyclodecyl cation 
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&hydrogenation, l.c., a pentacoordlnate structure ig. One should then also obtafn a stol- 

chlatrlc yield of H, In a second step, based on our experience wlthj fr). 

The quastlon of the protonatlon of alkanes In superacid media has been Un subject of a 

nukr of publlcatlons and It Is not our lntent to nvfew thfs area ln detafl. In fact, 

ma&m of thls lltarature sust by ncu be thoroughly confused by cooflfctfng claims. At the 

heart of the matter Is the generally grossly non-stolchloatric proQctfon of Hi according to 

Equatfon 2 (In a recent revlcw,10 It Is argued that K Is xl, but it Is also posslble to argue 

that RHs+ Is sllply a transftlon-state In an electrophlllc substitution prccas~~~~). 

Eq. 2 RH + H+ &[Tdis+] + R+ + H, 

Various researchers" have suggested that p is not an important oxldlrlng agent, although 

the recent review (1982) by Fabn et allo ends a section wfth the stataaent "In the follaflng -- 
sections, we shall consfder that H' Ion Is the prfnciple oxfdant of alkanes'. 

Olah et all2 orlglnally descrlbcd the non-stofchfometrfc fomatfon of H, in Eq. 2 as 6e -- 
to the probctlon of "nascent hydrogen". The latter was postulated to then retWe solvent or 

acfd species, e.g., Sbv l SC'*'. Since "nomal" hydrogen Is unreactive 11' with superacld 

solvents under law tcrperatun condftlons. the use of the tern "nascent hydrogen' Is very 

arch In knpfng with the orlgfnal acanfng of this tern",, albeit that the orlgfnal "nascent 

hydrogen' concept Is no longer tenable. More recently, the -nascent hydrogen" concept has 

been put In more chaaically acceptable tems by the suggestlon of Ledford llj that a pentac* 

ordinate cation could react dfnctly wlth, for example, SbF,. as shavn below: 
,+,H F\ 
-,c + 

'w F' 
SbF, + ;Ct-+ 2HF + SbF, 

The fnportance of our p&ant observatlons vfs-a-vfs this controversial area fs to thrar 

very considerable doubt on any "nascent hydrogen" postulate. Indeed, If our speculatfon 

concerning the uechanlsu of H, productfon frollj(L1 fs correct, then we would COnClUdc that 

one should always get essettfally stolchfarctrlc H, production fron the breakdown of a pent++ 

coordinated carbocation R,CH, In aw of the c-n superacfd rdla, with no reason t0 exclude 

those supposedly famed by solution C-H bond protonatlon reaction. Sfnce such stofchlortrlc 

H, PrOdWIng r%9CtfOnS are vfrtually unknown when one adds alkanes to superacfds lfke SbFs- 

FSO,H"'. we (like others) cannot really accept that the solutfon C-H protonatfon of alkanes, 

as shown In Eq. 2. Is an fmportant pathway in the RH + R+ reactlon.ls 

Experlrntal 

1-chlorocyclodecane16, cfs- and ~-cyclodecene16 were prepared as reported. The - 
decalyl cation was conveniently synthesfred from spird4.51decan-6-o117 usfng an In situ 

preparation of the chlorfde prior to lpaklng the catfon. 1-Methylcyclodacan-l-01 l8 was used 

df rectly In catlon preparatfons. General procedures, Includfng peak callbratfon. for maklng 

carbocatfons have been descrlbedlg, as well as the procedure for tmperature calfbratlon. 

Most lH spectra were obtalned at 90 IQfz. and 13C spectra at 22.56 Mfz. using a Bruker m-90 

NHR spectraPcter equipped with a lgF lock channel, h-ever the 1H decalIn+ decalyl cation 

work clployed a Varlan XL-200 fnstrrwnt. 

Cyclodecyl Catlon 4_ 

The S&IF,-SO,ClF-SO,F,-RCl systeu was used in lost preparations and gave the cleanest 

spectra. However, the cfs- or--cyclodecene wfth 1:l SbFs-FSO,H-SO,ClF fSO,F,) also gave - 
the catfon. The 'H WHR spectw Is shWn In Fig. 2, Hp Is found at 6 -6.85, the HT protons 

at 6.80. with the rmlnlng protons fomlng the unresolved broad peak from ca. 6 1-3. The - 
13C asslguents for the major confomer am: 6 152.8, Cl-C5; 47.8. C3; 41.2 and 34.3, the C2- 

C4 and C6-ClO pafrs (specfflc assfgnment In doubt); 30.8, C7-C9 and 34.3 (overlapped). prob- 

able posltion of Cg. Smaller peaks assignable to the ufnor confomers of 5 are found at 6 

150.1. 146.6, 44.5, 25.6 and s. 20. Selectfve lH decouplfng experiments give the coupling 

constants JCT_HT l 158*5 Hz. and JCT_Hp = 32t5 Hz. Coupling constants for the mfnlag 
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carbons were difficult to obtain because of the broadness of the peeks. The rearran9ment of 

i to the decalyl cation MS follcued by both 1°C llwR spectroscopy (open tukl) and by volu, 

ctric techniques. H, (HD) was detemlned by mass rpectraetry. Qucnchlng cxperlmts were 

perfomed by addlng the cyclodecyl catlon solution to a vigorously stirred 2-rthylbutaw 

K&I, slurry at -1WC. In.all cases, a tixturc of cls- and m-decalln (ca. 1:2 ratlol - - 

was recovered In good yield. lndlcatlng that H, was given off prior to hydride capture. 

1-l4ethylcyclodecyl Cation& 

The 'H spectrum of this cation 1s sham In Fig. 3. At -73%. five peaks are seen, 6 

3.37, CH,; 3.25, H2 and HlO protons; 2.16. H3 and H9; 1.26. H4, I+6 and HE; 0.78. H5 and H7. 

At lor tveratures, one freezes out a confomatlonal averaging and all ring protons bcc~r 

non-equlvalent. The averaged 13C spectrum shats: 6 324.5, Cl; 56.6, C2, ClO; 39.2, CH,; 

32.0, 30.0 and 24.5, the C3-C9. U-CD and C5-C7 carbons; 25.3, C6. By -115*C, the peak at 

56.6 has spllt into two peaks at 58.4 and 54.6, the lrthyl carbon mrlns sharp and the 

remaining carbons are poorly resolved. Standard NW line-broadening analysis gives a hG* 

barrter of ca 7.2 kcals/uole for this confomatlonal averaging process. - 

Decalyl Catlonp Preparations Froa Decalln 

In a closed systea! rescnbllng a hydrogenation apparatus, cis- and trans-decalln were - 
separately added to solutions of 1:l FSD,H-SbF, In SD,ClF (varlws ratlosl and to other 

superacld system. Inltlally the superacld solutions were kept at dry-ice tclperatures but 

OCCaSiOnal WWUing was necessary because the decalln tended to freeze on the stirrer bar and 

at the edges of the flask. Stlrrln9 was continued for several hours after the Qcalln addl- 

tlon was complete. In experlrrnts where ca. 20 ml of H, was expected, wlthln the lltits of - 
our VOlUmmlC apparatus (est. as kO.2 ml) no gas evolution was observed. The solutions were 

then uonltored by 'H NMR spectroscopy, the decalyl catlon having three characteristic peaks. 

SOW small high-field peaks were also generally present. 
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