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connecting starting material with product (Scheme 1). Typical yields at near complete conversion were 400/ 
The ring opening of 3 to 4 is energetically favorable, the 
loss of ring strain over-riding tho loss of arornaticitysb 

the ratio of 7a to 9r changing From I:4 at higher 
PIWSUE (50 Torr) to 3 : 1 at lower ~rcssurcs (1 Torr). 

and therefore the intervention of 3’seemcd plausible. bn 
the other hand, independently synthesized 38 and a 
pcrfluoro derivative’ were shown to be thermally quite 
stable, and this, in conjunction with the theoretical 
work3 suggested the consideration of other altcma- 
tives, such as that shown in Scheme 1. 

Thereisprscadcllctfortttt[3,3]shifbdepictadinthis 
scheme. The Cope-like rearrangement of 1,5- 
hcxadiynts to bisallmcs (as in the conversion of 2 to A) 
is well known.” The transformation of A to B has an 
analogy in the degenerate rearrangement of hcxa-4$ 
diCrlC-1-yIX. ” Finally, the last rcorganixation of B 
to 4 is well modeled by the thermal chemistry of 
12,5,6octatetr.M&~ and, even bcttur, of t,4 
bis(et hcnyiidenc)cyclohcxanc.~ 3 Group equivaknt 
calculations’ also suggest the thermodynamic fti- 
bili t y of intcrmcdiates A and B (Scheme 1). Thcrcforc, at 
the outset of this study there was nothing but the bias of 
chemical intuition to make one pathway appear more 
reasonable than another in the synthesis of 4 
from 2. 

RESUL’IS AND DISCUSSION 

The thermal chemistry of 1,59-dectiyne (1)” 
The triync I was chosen as the initial substrate for 

study because, unlike 3, the product of intramolecular 
[2 + 2 +2Jcycloaddition, the 1,2 : 3,4dicyclobutabcn- 
xcnc (S),16 was deemed to be thermodynamically stable 
to the pyrolysis conditions,~ pcrha 

$ 
in equilibrium 

with the ring-opened isomer 6,’ but potentially 
isolable. 

6 7a RaH 

7b R=D 

~f(kcalmol-‘):‘5,68.8;6,67.4;7a,65.6. 

Surprisingly, fhshgyrolysis (10 - 3 Torr, contact time 
l-5 ms, 450-600°)6* 1 of 18 yielded not 5 but rather the 
linear dicyclobutabcnxene 74 in addition to naph- 
thalene 8. Independently prepared S1 7b wa shown to be 
stable under these conditions, and its absence in the 
reaction mixture ascertained by GC. 

Similar pyrolysis in a flow system (l-100 mm N, 
carrier gas, contact times l-5 s, 35&475”), also gave 7a, 
but not naphtbalene. Moreover, another product 
formed, the butynyldimcthylcnacyclobutenc 9. Best 
yields were obtained at low conversion (11 mm N,, 10 
ml min-‘, 350”; loo/, conversion, 3ob/, 7s 60% 9a). 

co 3 : 

.R 

e 9a R=H 

9b R=D 

~fCkcalmol-‘):ZL~8,36;A, 118. 

&$roly&s (flow or flash) of 7r gave only ‘starting 
material. However, flash pyrolysis of 9a furnished 7a 
and naphthaknc 8 in the same ratio (I: 3) as that 
obtained from la. Thus, 9n is either in equilibrium with 
la or it is a direct precursor to fr and 8. At very high 
tcmperaturcs(f0’3Torr,9500)7aconvcrtedto8andm- 
and pdivinylbenzene, probably by mechanisms related 
to other benzocyclobutcnbstyrmc rcarrangements.‘g 

In order to shed further light on these observations, 
la was deutcratcd to lb (>95% Dl), which could be 
pyroly& to give 7b and 9b. The naphthalerre formed 
from lb had lost Hz, HD, and D, but not in a random 
man.ner(cakulatedforarandomprocess:d,,, M%;d,, 
31%; d2, 66%; found: do, 13.3%; d,, 17.7%;d,, 69%), 
favoring apparent H, and D, extrus@ at the expense 
of that involving HD. Moreover, ‘H-NMR analysis 
showed slightly more deutcrium located at the a- 
positions (6% over statistical) and a not quite random 
distribution of label over both aromatic rings. The 
latter condueion was drawn after oxida& dcgrada- 
tion2’ of labelal 8 to phthalic acid, mcthylcstcrifi- 
cation, and mass spectral analysis of&e product (de 
WA; dl, 43.1%; d2, 16.9%; calculated for equal label 
distribution over both rings: d,,, 37%; d ,, 48.2%; d2, 
14.P/,). We have no explanation for these deviations 
but the aromatization of 1 to 8 is obviously complex. 

Schemes 2 and 3 suggest two mechanistic 
possibilities consistent with the observed results and 
indicating a potential way to distinguish between them. 
Thus, a [3.3]shift of one of the 1,5diync units lo would 
result in C (Scheme 2) which woukl (rcvcrsiMy)2’ close 
to 9, one of the products. At the same time C could 
rearrange’ l to D which is readily envisaged” to give 
the product 7 or naphthakne via P. A potentially 
complicating dcgancratc equilibration of 9 is also 
shown in Scheme 2, and would proceed through E. 
Because of the high energy content of 1, all postulated 
intermediatea are energetically fca8ible. 

The alternative depicted in Scheme 3 invokes 
biradicah F, G and H, the latter to rationalize the 
dcuterium scrambling in the labded naphthalcne 
arising from lb. Intermediate F might close to Dcwar 
benzene I which would then result in 7d. The 
topological di&rences ofthese pathways can he wed to 
advantage in a 1 W-labeling expcrimerit involving 5,6 
13C,-1,5~dccatriync lc (stars in schemes). In 
particular, the [3.3]shif? sequence maintains the 
connectivity of the labeled carbons ; the Dcwar benzene 
I leads to rupture of that bead. Both mechanisms 
predict the W-label in 8 to emerge at the 9,1@ 
positions. 

An expedient synthetic method was developal to the 
required lc taking advantage of the availability of 
commercial acctylena13C2 (90% label). Since alky- 
lation of the corresponding dianion with a homoprop 
argyl halide was bound to lead to elimination, the 
crucial connections were planned to arise by a reverse 
polarization strategy. The latter took its inspiration 
from the known cthynylation of alkyl copper speciea 
with iodoacetylencs. 22 la our case this approach 
required the efficient synthesis of labeled diiodoaoct- 
yltnt, avoiding the reported2’ use of a large CXC~SS of 
acetylene. The problem of the reactivity of diiodoacet- 
ylcnc to overiodinetion24 could be circumvented by 



at 

9d 

Sctuemc2.~~~mol-‘):L’4C, 141,6;D, S21.?;E, 121,9;F, 150.1. 

I 

0 F 

/ 

C3 :ct‘ 0 

6 



1876 W. V. Duwmt and K. P. C. VOLLHARDT 

I. CH3CH2CH2CH2Li I. (CH$~S~CECCH~CH~CU 
2. I2 

aEm 1-m= a- I 
2. KOH, CH3CH2OH 

- lc 

scheme 4. 

Identification of the fate of the label in the 
dimethylene cyclobutene 9c was accomplished by i ?Z- 
NMR spectroscopy. Formation of any of the 
isotopomcrs of 9 via E (Scheme 2) involves the 
formation of 9d : therefore, absence of this material 
proves the inoperabiity of the suggested label 
scrambling. The “C-NMR spectra of 9c and d should 
be distinct: C-3 and C-4 should show signals near 150 
ppm, whereas C-l is expected to resonate near 160 
ppm.2’ The proton&couplc!d spectrum of labeled 9 
exhibited two doublets (Jcc = 41.8 Hz) at 159.2 and 
150.4 ppm. Had there been more than a few percent of 
9d, there would have ti an additional four line 
pattern near the peaks at 150.4 ppm. 

The ‘H-NMR spectrum of unlabeled 9 revealed a 
broad singlet at 6.8 ppm due to the vinyl hydrogen of 
the ring carbon, and a thret line pattern (integration 
1: 2 : 1) at 6 4.674.49 ppm assigned collectively to the 
alkylidenc protons. In labeled 9 the latter gives rise to 
four sets of broadened doublets with coupling 
constants from 7.5 to 14.2 Hz. Unfortunately, due to the 
lack of an NMR spectrometer capable of i3C 
decoupling and the uncertainty in the assignment of 
the resonances of the unlabeled compound, it was not 
possible to analyze these spectra completely. However, 
the observed patterns are total.@ consirtent with the 
above assignments of the “C label and the generally 
observed coupling constants2* and inconsistent with 
the scrambling sequences. Finally, the proton- 
dmupled “CNMR spa&urn oflabeled napbthalene 
cxhibited.a prominent peak at 133.9 ppm assigned to 
the 9 and 10 positions. Tbc remaining ronan= did 
not indicate any label enrichment beyond natural 
abundance, a finding corroborated by a 13C-satellite 
proton qK&um. 

In summary then, it appears that Scheme 2 most 
accurately deauibes the fate of 1 on pyrolysis. It is 
charact&zed by [3.3]sigmatropic shifts (or their 
topologic&~perhaps nonmndw equivalents), no 
signofo[2+2+2]proa#sbeingdetcctablc.Itcouldbe 
argued that the (presumably) p&rred rmrf confor- 
mation of 1 and entropy-play a role in this chemistry. 
Such an effect would not be operating in 1,5,9cyclodo- 
decatriyne (2), and therefore it became of prime 
interest to more closely investigate the mechanistic 
details of the conversion of 2 to hexaradiakna 4. 

Scheme 1 indicates how a labeling experiment might 
narrow the mechanistic options invoked to explain the 

I. BrCH2CH2Br,KI 
2. H+, Hz0 

behavior of 2 on pyrolysis (stars). It was chosen, in part, 
because of synthetic expediency but nevertheless 
required a new strategy to the construction of the cyclic 
triynt framework through labeled 1,5,9-cyclododeca- 
tricne 10 (Scheme 5). The sequence starts with the 
commercially available (and relatively cheap) po- 
tassium “Ccyanide which is converted into 13Cj- 
diethyl succinatt according to literature procedures. 9 
Reduction to the dial, transformation to labclad 1,4- 
dibromobutane, and treatment with tri.henylphos- 
phine gave the bis(phosphonium) salt. * The sub 
sequent step in the strategy was crucial: a his-Wittig 
reaction3i with ~is-oct-4-enedia.l.~~ As ~xpected,~* it 
proved to be fairly inefficient, giving a mixture of c,c*- 
(lo”/,) and c,t,r~25%)-1,5,9cyclod~trienes (10) 
with the appropriate label in place. The next 
two synthetic manipulations, bromination- 
dehydrobromination to give labeled 2, were viewed 
with trepidation in view of the problems encountered in 
the original synthtsis of 2’.+ which could only be 
cffacted starting from all-c&1,5,9cyclododecatriene. 
Indeed., 10 could not be converted into 2 using the 
conditions developed earlier. Fortunately, this prob- 
lem was solved by employing hot basic ethylene glycal 
in the dchydrobromination of the mixture of 
hcxabromidcd derived from 10, which gave 2, albeit in 
poor yield (14%). The use of potassium t-butoxide in 
hydrocarbon solve# gave poorer yields (< lob/$ 

With 2c in hand, the two sequences depicted in 
!?icheme 1 should be readily discerned: the [2+2 
+2Jpathwayg~at~4withtwoa;d~~~~;tht 
[3.3]shifts result in “para”-labeled hexaradialene. 
Complicationscanbeenvisaga&bowever,whi&could 
significantly obscure the observed resultk 0ne such 
complication is related to that considerad atso for the 
rearrangement of lc, namely the equiIibrati6n OCPC and 
d via E (Scheme 2). Applied to A this oould ganerate the 
(thermodynamically well-awes&le)’ intcrmatintce 
and scrambling indicated in Scheme 6. Because ofthe 
intervention of spire-intermediate K we will label the 
mechanism involving this species spirof3.3], as 
opposed to the sigmatropic pathway outli&d in 
Scheme 1 (labeled [3.3]), and the direct cyclization of 
the alkync units to 3 (labeled [2 + 2 + 23). It is apparent 
that the spi.ro{3.3] sequence may furnish %rtjlo”- 
lab&l 4 to a varying &gree. The extent of scrambling 
wilI depend on the ability of M to equilibrate with 1,2- 
13C -2 and of the starting labeled 2 to equilibrate with 
l,6-t3C,-2 via the alternative mode of the [3.3]shift 
involving only one labeled alkyne. To simplify our 
predictions we will only consider a spiroC3.3) mode 

I. LIAIH, 
2. HBr 

KmCN 
3. CH$HpOH, H l 

* (CH2)2 (*CO2CH2CH3)2 
3. P(CsH51, 

z (CH2)p(gCH212[P(CsHs)3]2Br2 

I. CH3CH2CH2CH2Li 

2. I. Br2 
CHO 

Ic 2. NoOH, HOCHpCH2OH, A 
) 2-1, IO-‘5c2 
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which involves complete equilibration before product 
formation (2 : 1 ratio “ottlro” : “pun-“Cx-4). Finally, 
for our calibration, as another complication we will also 
consider an unspecified process which would randomly 
interconvert sphybridixed carbon atoms (“random”). 

Regardless of these considerations, in labeled 4 the 
symmetry and complexity of the spin system as well ss 
the reactivity of hexaradialene and the relatively poor 
yields in its generation horn 2 was thought to preclude a 
simple NMR analysis of the pyrolysis mixtures 
resulting from 2-1,10-‘3C,. Instead, a degradative 
method was designed which would convert 4 into three 
stable fouruubon fragments presumably readily 
analymd by CC-MS. At first, it was planned to subject 
labeled 4 to catalytic hydrogenation,‘* followed by 
Birch reduction of the resulting hexamethylbenxeneJs 
and oxonolysis. Discouraged by the irreproduc- 
ibility of the first, and the low yields in the second 
step, we instituted slight changes in strategy which 
gave more satisfactory results. Thus, the crude 4 pro- 
duced from 2 was efficiently brominated to 
hexa(bromomethyl)be, which in turn was 
exposed to hydrogenolysis over Pd36 to give 
hexamethylbenxene. This compound was ozonixed 
directly to 2,3-butanedione, ready for mass spectral 
analysis (Scheme 7). This procedure yielded consistent, 
albeit small amounts of product ( N 5%). In order to rule 
out that any potential and not readily detected 

impurities in the Iabeled hexamdialene (and therefore 
the resulting hexamethylkumne) were responsible for 
a significant portion of the butanedione, a control 
experimem was run. In this experiment, unlabeled 2 
was pyrolyzed, brominated, and hydrogenolyxed. The 
total hexamethylbenxene content was determined by 
quantitative GC and an equivalent quantity of 
hexakis(trideuteriomethyl)benxene was added. This 
mixture was subjected to ozonolysis and found to 
contain as much pcrdeuterated butanedione as 
unlabeled butanedione. Had a molecule other than 
hexamethylbenzene served as the source da signifiumt 
amount of dione, then the ratio of deuterated to 
nondeuterated product should not have reflected 
the. ratio of deuterated to nondeuterated 
hexamethylbenxenes. 

What kind of label distribution is to be expected 
according to the various mechanisms? A simple 
statistical analysis predicts the following ratios of 
13C,:13C1:13C0-butanedione: 1:2:3 if3isthe only 
intermediate; 0: 2: 1 for the simple p.3]shift; and 
1: 4 : 4 for the spiroC3.31 pathway. The randomization 
of all ring carbons predicts a ratio of 1: 8 : 6. Corrected 
for the W/, 13C label distribution, the presence of 
natural abundance 13C and for the fragmentation 
pattern measured on unlabeled 2,3-butanedione 
generates the values depicted in Table 1. The actually 
observed values are reported in the last column, dearly 

I. A 
2. Brz I. 03 

2 -I ) lO’3C2 
3. Hz, Pd-C 2. (CHsleS PP 

* (CHs)sC4’Cr - CH3C CCHs-(‘sCc,,,r) 

Scheme 7. 

Table 1. Calculated and experimental’ relative peak intensitiol (“/J for the M + peak of butanedione 
according to various mechanks 

obeerved for 
unlabeled PraIictai 

m/e butanedione [2+2+21 C3.31 for spiro[3.3] Random Obsd 

86 96 51.4 38.5 47.0 43.9 41.5 
87 4.0 34.1 59.5 426 48.9 58.5 
88 0.0 14.5 2.0 10.4 7.2 < 1.5 

’ Data averaged from four nma, standard deviation leas than 1.5%. The sum of the mass spectral 
line intensities m/e 87 and 86 was always greater than 30,OM counts. 
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incompatible with the operation of any of the 
mechanisms considered other than [X3]. This result 
certainly lends credence to the theoretical estimate that 
purely thermal [2 + 2 +2) alkyne cycloadditions arc 
obstructed by unusually high barriers, in this case 
enforcing the intermediacy of alternative structures by 
a different pathway. We believe that an uncatalyzed 
cycloaddition of this type remains to be obscr~cd.~~ 

EXPERIMENTAL 

Genrrol. ‘H- and “C-NMR spectra were obtained on a 
Varian Associates T60, EM360 or a ‘home built” UC&250 or 
UC?&200 qectrometcr: both the UCB instruments uacd a 
Nicolet 1180 data system and a CryoMagnct Systems 5.7-T 
magnet. Chemical shifts arc reported in ppm downfield of 
TMS, or tdcrcnobd to the residual proton signal at 7.20 ppm, 
or the oenta C resonance at 77.0 ppm, of CDCl,. 

Mass spectral data were collected on an AEI-MS-12 (low 
resolution) or DuPont CEC 21-1lOB (high resolution) 
instrument by the Mass Spectral Services of the University of 
Cal&~& Berkeley. Elanuttal analyses wcrccrrrriad out by 
the Micro~&yticrl Laboratory. AnaIytic gas chromate- 
PfiY was pcrfomd on a Shimadxu GC-mini 2 flame 
ionixatioa detector instrument with a 30 m x 0.25 mm J&W 
fused silica column with a 0.25 m SE30 coating. Prcparatike 
gas chromatography was carried out on a Varian 920 
instrument with a 5 ft x l/4 in 10% SE30 on Chroxnosorb W 
stainlm steel column. Coupled GC-MS data were 
u~ertakcnwithaFinni~n4000~achineiawnjunctionwith 
anInamdatasystem. ( 

THF was didled bra sodium bcozophenone kctyl; 
CDCl, wrupurBdoveraIumina to removcr&dualtid and 
degaasedimmcdiately before use. Other solvents were purilied 
by standard prowdures. 

Pyrolysu were accomplished using a Hoskins FD303A 
electric tube furnace regulated by an Omega 4001KC temp 
controller and heating a 1.8 x 45 cm quartx tube. Tcmps were 
measured at the center of the oven and varied less than 5” for 
the mtcr segment (25 cm) of the pyrolysis tube. 

~~pyrol~~qfl,5,~rztrfynt(l).Asamplaofdioxant(3 
mg)w~placad~anNMR~vingtubtfitt4dwitbaground 
glass joint, attached to the pyroIysis apparatus and bozn at 
- 196”. The sample holder was charged with l(78 mg, 0.67 
mmol) and cooled to - 1%” while the system was evacuated 
to 10’ ’ Torr and the oven was heated to 575”. The apparatus 
was allowed to reach equilibrium and the trap was ftllcd with 
liquidN,.ThesamplewasthenaUowedtowarmtoroom temp 
and sublimed through the quartz tube. When the sublimation 
was complete (ca 2 h), the oven wax cooled and a layer of 
degasaed CDCl, was deposited on the from pyrolysate by 
vacuum transfer. T&e liquid Nz was thcu removed from the 
trap by syphon, the sample was allowed to warm to room temp 
and drip into the NMR sample tube, and then refrozen at 
- 196”. The tube was sealed and the sample subjected to 
analysis. Preparative GC (oven temp 195”, flow rate 32 ml 
min - ‘) gave first naphthalenc (9 mg 12%) : retention time 10 
mirr; m/e (rel. intensity) 129 (M’ + 1,3.6), 128 (M+, l(X), 127 
(14). 126(g), 102(11); ‘H-NMR (Ccl,) c5 7.65(dd, J = 3,6 Hz, 
4H), 7.28 (dd, J = 3, 6 Hz, 4H) and subscqucnlly 
[ lf : 4J]dicyclobutabcnxenc (3 mg, 4%) as colorless crystals : 
retention time 11 min; m.p. 101” (lit.” m.p. 101”); m/e (rcl. 
intensity) 13O(M+, loO), 129(80), 128 (75), 115(85~. 77(20), 64 
(23), 63 (32), Sl(49); ‘H-NMR t3 3.03 (s, SH), 6.74 (3, 1H); “C- 
NMR (CD&) 29.5, 117.5, 143.6. 

Flaw pyrolysis of 1: 3,4 - &refhyZene - 1 - (3 - 
btrtynylcyclobutcmc (9a). In an apparatus similar to that 
described ahove, the sample holder was charged with 1(95 mg, 
0.73 mmol) and cooled to - 78”. The system waa evacuated to 
10Torrandpcntane(lOml)wasdegasscd inasolventreservoir 
by alternate frazing and thawing The pentant was then 
vacuum transferred onto the cold finger trap and froxen at 
- 196”. Attached needle valves were set to provide a flow of N, 

(mc.asuredat76OTorr)oflOmlmin-1(pressureintheo~en:4O 
TOIY), and the oven was heated to 475”. When the system had 
equilibrated, the sampk was warmed to 40” and allowed to 
sublime through the oven (cu 5 h). Subsequently, the oven was 
allowed to cool and the liquid N1 was removed born the trap 
by syphon. The product was isolated by alIowing the pentax 
to melt and he collected in a 25 ml pear-shaped flask. The 
solvent was removed under reduced pressure, the aampk was 
covered with N1, and then subjectad to purification by 
preparative GC (to avoid possible rearran gement,thci.njector 
and detector temps were lowered to 260”. the oven temp was 
185”; the flow rate was 32 ml min-i). The product was 
collected in two fractions: (A) [retention time 8 min] 
contained two components which were separated by HPLC 
(reversed phase conditions; Cis stationary phase on ODS 
microspherea, eluted with 125% H@-MeOH at 1 ml min - *). 
Fraction Al (no strong W absorption@ was extracted into 
pentane (2 ml) and the solvent removed to give crystals of re- 
covered l(2 mg, 2%): retention time 5 min; colorkss crystals, 
m.p. 45O; ‘H-NMR (Ccl,) 6 2.24 (br s, 8HJ 1.80 (br s, 2H). 
Fraction A2 was taken immediately for UV spectral analysis : 
retention time 6 min ; W A,_ (12.5% H@-MeOH) 244,208 
nm(rbsoIuttin~titrnotcPlculrtcdducto~lirsenritivity 
and small quantity available; relative intcnaitics: 0.70.0.1 I); 
cf. I-methyl-2,3dimethylcne&obut~e;~~ 5, (EtOH) 245 
(log t 3.76), 210 (4.49) nm. Fraction (B) con&al of 7a (8 mg, 
8%)* 

A second reduced pressure flow pyrolyti wax performed as 
above, starting with t (107 mg, 0.82 mmoI), at an oven temp of 
575” to total conversion (no signals due to t were dctsctabk in 
the NM R spectrum of the crude pyrolysatc). Prcpantivc GC 
(conditions as above) gave 9a (37% by GC thermal 
conductivity response, 7a intemaI standard): retation time 8 
min; ‘H-NMR(CClS8 1.81 (bs, lH),21~245(m,4H),4.50 
(br s, I H), 4.59 (br s, 2H), 4.68 (br *, 1 HI. 6 84 fir I, 1 HI 

A GC-MS of the unpurilial ?\I& ~~i.r btlti*ti .iU ~WIYIII 
masses to be at m/e 130 mdmung Lhc dbmce 01 
Bagmentation during pyrolysis. By comparison of the relative 
intensiticsandrttationtimes,thetwomajor~intheGC- 
MSwereidcnti6edas9a:m/e(rcl.intcnsity) 13O(M+,39), 129 
(40). 128 (lo), 127 (34). 115 (38) 65 (92); and 7a 

l,l~~eria-1,5,9_decorriyrPc(lb).Compouad 1(2OOmg, 
1.54 mmol) was diaaolvad in dry distillad THF (lm ml) and 
cooled to -78”. A soln of MeLi (22 ml of a 1.4 M aoln in 
hexanc, 3.1 mmol) was added and the mixture was allowed to 
warm to O”, then cooled to - 78’. A portion of D1O (1.0 ml, 50 
mmol) was added, the soln was warmad to rcflux for S min, and 
poured into a scparatory funnel containing ether (10 ml) and 
Hz0 (5 ml). The organic layer was dried over MgSO,. 
Evaporation of the solvent under reduced pmsm ptc 
coIorleJs crystals of lb (lfJ0 mg 90”/0): mp. 4-l @om 
pen-); m/e (rel. intensity) 132 (M+, 86), 131(100), 117 (75), 
92(91);1R(neat)3~,2950,2610,1990+1442cm-’;’H-NMR 
(CDCl,) 6 2.29 (br s, SH), 1.80 (br s, O.OlH). 

Flush pyrolysis ufl,lO - dldeuterio - 1,5,9 - drcattipre (lb). 
Rash pyrolysis of lb (100 mg, 0.77 mmol) (>9S% l,lCklz by 
‘H-NMR) in the usual fashion followed by preparative GC 
(oven tcmp 195”, flow rate 32 ml rnin- ‘) gave a mixture of 
deuteratcd naphthalenes(lOmg, 100/,):retention time 1Omin; 
m/e(d intensity) 132(2), 131(14), 130(100), 129(41), 128(32), 
127 (7); ‘H-NMR (Ccl,) 6 7.65 (m, 1.2H), 7.28 (m, l.OH); and 
7b (4 mg, 4%): retention time I 1 m.b. w t I rrl intensity) 132 
(M’, 100), 131 (90). 130 (71), 1 I y IWI 1 Ih (36), 65 (19); 
‘H-NMR(CIXl,)b3.04(~,8H),6.75(brs,O.OlH). 

Flow pyrolysisof lb. Flow pyrolysisof lb(61 mg.0.47mmol) 
as described above was performed at 510”, with a N, flow of 14 
ml min - * at 40 Torr. Collection of the pyrolysate in pentane 
followed by removal of the solvent under reduced pressure and 
preparative GC (injector and detector tcmp 260”. oven ternp 
185”, flow rate 32 ml min- ‘) gave 9b : retention time 8 min ; ‘H- 
NMR (CCl,) b 2 15-2.45 (m, 4H), 4.49 (br s, lHA4.58 (br s, 2H), 
4.79 (br s, 1 H) ; and 7b. 

OxWon of pmtiaIly deuzerded twphfhdew. The partially 
deuteratcd naphthalene (10 mg, 0.07 mmol) from the pyrolysis 
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of lb was dkokd in CHCI, (10 ml), and added to a stirred 
mixture of CF,COIH (0.3 ml) and M”/. H,O*-Hz0 (0.3 ml). 
To this purpk aoln was addal HaSOI (0.1 ml). The mixtum 
was heatedto 30” for 14 e tip of a spatula of PtOs was addbd, 
and ti suspensionwas stored overnight at 5”. The volatiles 
wereremovedunderre&cedprmeureandanhydMeOH(10 
ml)wasoddsdAAcfheatinOtordlurfor2br,thesolnw*l 
cooled, extracted with &tar (10 ml) and H,O (10 ml) and the 
organic phase was submitted for CC-MS to detect deuterated 
dimethyl phthalate : m/e (rel. intensity) 195 (1.4), 194 (24), 165 
(46), 164 (lOO), 163 (89), 79 (24), 78 (SZ), 77 (64), 76 (23). 

Trimelhyisilylation 01 1,5,9&cotriyne 1 to I,lO-bis(tri- 
methylsilyl)-l,S,9-deccrriyne. A sampk of l(260 mg, 2 mmol) 
was dissolved in dry THF (100 ml). After cooling to - 78”. n- 
BuLi (3 ml of a 1.4 M solnin hexane, 4.1 mmol) was added, the 
soln was allowed to warm to room temp, and then cooled to 
- 78”. A portion of chlorotrimetitylsibe (0.6 ml. 4.8 mmol) 
wasaddedandthesolnwashtatedtoagcntk~uxfor 1Smin. 
Aftercoolin&themixtureweswasbcdwithH,Oand brine(S0 
ml portions) and dried over Mg80,. Filtration followed by 
removal of solvent under reduced pressure gave colorless 
crystals (0.466 g, 85%) : m.p. 44” ; m/e(reL inter&y) 274 (M+, 
0.9X 259 (Sk 171 (161. 155 (131. 119 (101 73 (100): ‘H-NMR 
(CCl,) d d.i3 (s,18Hj; 2.38 (a, &I). (Fo;l;d: C, 6964; H, 9.32. 
Cak for C,,H,,Si,: C, 70.0; H. 9.540/) 

l,S,9-Decatriyne 1 by protodesilylution. To a stirred so111 of 
KOH (0.8 g) in EtOH (100 ml was added the bissilyltriyne (0.50 
g, 1.8 mmol). Stirring was continued for 15 min. Tho soln was 
added to a aeparatory funnel along with pentane (10 ml) and 
H,O (SO ml). The aqueous layer was washed with pentane (20 
ml) and the combined pentane fractions wero dried over 
MgSO,. After filtration, the pentane was removed under 
reduced pressure to give colorkss crystals of l(O.20 g, 84%). 

l-Trimethylsilyl4bromo-I-butyne. The preparation of this 
compound was accomplished by the method of Hammond 
and Descoins,xs with the following modification. In acetone 
(450 ml) was dissolved 4-trimethylsilyl-3-butynyl l-p- 
toluenesulfonate(44.4g lSOmmol)andLiBr(33g,3OOmmol). 
The suspension was heated to rcflux overnight and then 
poured into a separatory funnel containing ether (400 ml) and 
HxO (200 ml). The organic layer was dried om MgSO,, 
filtered, and evaporated to an oil. Purification with a 
Kugelrohr apparatus (10 Tot-r, oven temp 55”) gave product 
(28.3 g, 92%): m/e (rel. intensity) 206 (M+, 3.7) 204 (3.7), 
191 (100). 189 (100). 139 (541. 137 (54). HRMS cak 
for C,H; $i79Br,. 203.9977; ‘found, 203.&77; IH-NMR 
(CC& 6 3.25 (t, J = 14 Hz, W), 2.62 (t. J = 14 Hx, 2H), 0.12 
(s, 9H). 

4-Trimethylsilylbut-3-ynyl-l-coppm. To a 250 ml flask fitted 
with a condenser and dropping funnel was added THF (100 
ml), Mg turnings (4.1 g, 0.18 mol), and one crystal of I,. The 
dropping funnel was charged with THF (40 ml) and l- 
trimethylsilyl4bromo-I-butyne (20.81 g, 0.1 mol) added to 
the flask at such a rate as to maintain a gentle reflux. When the 
addition was finished, the mixture was heated for another 30 
min. cooled to 5” and decanted under N, into a dry 250 ml 
flask. MoreTHF(lOOml)wasadded,thesoln was&or&under 
Nx at 0” and titrated before use (0.4 M). 

To a magnetically stirred suspension of dimethyisulfide- 
cuprous bromideJ9 (2.26 g, 11 mmol) in THF (75 ml) under N, 
at -45” was added by syringe over 20 min a soln of 4 
trimethylsilyl-3-butynylmagnesium bromide(27mlofa0.4M 
soln in THF, 10.8 mmol). The resulting red suspension was 
used as described below. 

5,6-“CI-1,5,9-Decufriyne (lc). The requisite acetylene-IF, 
(100 ml, 4.5 mmol, 90”/, ‘xc, Stohkr Isotope Chcmicak) was 
supplied in a brcakseal flask at atmospheric pressure. The 
container was mod&d by the addition of a stopcock. A sertmi 
cap was wired onto the open end of the apparatus, the 
stopcock was opened, and the outer portion of the system was 
repeatedly evacuated and filled with Nx to remove HxO and 
0,. Witbtheouterportioaoftheapparatusundervacuum,the 
stopcock was closed and the seal broken by repeatedly lifting a 
glass encased magnet and dropping it onto the seal. The 

magnet was *en raised in5 the wide part of tho tube, the flask 
wascookdto -78”;th;;~.wa~opowd.~n-BPLi(6.4 
mlofa1.4Msohtinbexane,9.1mmol)waaad&dbysyriuge. 
Aftaclosingthestopcoclzthe~waewPrmsdto~mtemp 
andswirled.AneuBewbiehccmne&d toevacuumlinewas 
insetted,thestopcoclrwasopened,andthebexanowas 
removed under tedumd pmmure. The reaultin.g white solid 
wascookdto -38” andaaolnofI,(24g9.4mmol)in tohtene 
(30 ml) was added by syringe with swirling over 10 min. 
Addition was stopped when the mixture maintained the 
purpleI,color.Thc~onwas~withH,O(lOml), 
the aqueous layer was extracted with ether (15 ml), and the 
combinedorganicfractionswered&doverMgSO~Thissohi 
was purilkd by column chromatography on alumina (SO g) 
eluting with ether (75 ml). Solvent was removed on a rotary 
evaporator until the vohmte of aoln was about 40ml. This soln 
of ‘%& was added slowly to a stirred suspension of 4- 
trimethylsilylbut-3-ynyl-l-copper (see above) (11.1 mmol) in 
THF (100 ml) at -47”. 

The red suspension gradually turned a muddy green as 
stirring continued for an additional 30 min at -40”. A 2”/. 
HxSO,-MeOH soln (10 ml) wtts added, the resulting mixture 
was poured into a aeparatory ftmnel and extracted four times 
withdiluteaqueo~~~(100mleech)toranoveCusalts 
and umeacted i%ZsI,. The organic phase was suction-filtered 
through filteraid, washed with dilute H$JO,, loO/, NaHCO,, 
and brine (100 ml each), and thea dried over MgSO,. 
Filtration followed by removal of the sdvent under reduced 
pressure and puri6cation by preparative CC (oven temp 150”, 
flow rate SS ml‘ mitt-‘) gave 1,~bis(ttimethylsilyl~1.7- 
cctadipe’” (270 mg, 1.8 mrnol): retention time 7 mini ‘H- 
NMR (CDCI,I d 2.22 m,lHI 1.58 (m.4HLO.16(s. 18H) and 
I.l0_blr~lnm~(hylbilyl~S.~“~~-l,S~~~~e~ ‘(163 ’ mg, 
ll.S%):retentiontime 14min; ‘H-NMR(CDCl,)G227(br s, 
8H), 0.16 (s, 18H). 

This compound (163 mg, 0.6 mmol) was protodesilylated in 
EtOH-NaOH as descrihal abovo to give lc(65 mg, 84%) : m/e 
(tel. intensity) 132 (M+, 14), 131(93X 130 (100); 129 (S2), 117 
(89),93(57);‘H-NMR(CDCl,)62.3O(brs,8H), 1.79(brs,2H); 
‘“C-NMR (CD&) 83.2 m, 79.4 (intense signal), 69.1, 18.9 (d, 
J=8.SHz),18.8(d.J=8OHx). 

Flash pyrolysis 0f5,C’~~-l,S,9-~carriync (1~). A sample 
of lc (25 mg, 0.2 mmol) was subjected to flash pyrolysis (10e3 
Torr, 600”) as described above. The pyrolysate was collected in 
CDCI, in an NMR tube and immediately taken for 
spectroscopic analysis. Idenri8abk in the mixture were 9,10- 
‘3C,-naphthakne : ‘H-NMR (CDCI,) d 7.78 (m, 4H), 7.42 (m, 
4H); “CNMR (CDCl,) 6 133.4; and If-t3Cs- 
Cl_’ ~5)di~vrlobut.rbenaene 7e ‘H-NhlR iCDCl,) 6 ~.W(S. 
8H1 h7’11 I = 1Hr1 “C-~~(RICDCI.I.,~~~.S;~~~~~~ 
heteront&ar proton decoupling at d 3.04: d 143.5 (t, J = 3.9 
Hz). 

Preparative GC (oven temp 190”. flow rate 32 ml mitt-‘) 
gave naphthakne(co 1 mg 4%) : retention time 9.8 min ; and 9c 
(< 1 mg): retention time 10.5 min. 

Flow pyrolysis of Ic A sample of lc (35 mg, 0.27 mmol) was 
subjected to flow pyrolysis as described for the pyrolysis of le 
(400”, 100 Torr, 10 ml mitt-’ N, carrier gas). The pyrolysate - 
wes dissolved in CD& and ta.k& for spectroscop~anaiysis. 
Identifiable in the mixture were residutd lc: 7c and 9e: ‘H- 
NMR (CD&) 6 2.62-2.3 (m), 4.50 (d, J = 13.5 Hz), 4.59 (d, J 
= 7.5 Hz), 4.71 (d, J = 10 Hz), 6.78 (br d, J = 16.5 Hz); t3C- 
NMR(CDCl,)6150.4(d,J==41.8Hz~159.3(d.J=40.9Hz): 
selective hete&tu&ar‘d&oupiing at-a 3.3 in”H-NMR gi& 
t3C-NMR 159.1 (dm. J = 44 Hx). 150.3 fddm. J = 43.5.10.85 
Hz) ; decoupling at d 68 gives lS9.1 (br d, J = 40.1 Hz), 150.3 
(brd,J=40.3Hx). 

A CC-MS analysis of the pyrolysismixture gave additional 
evidence for the presence of these compounds: lc: m/e (rel. 
intensity) 132 (M+, 13.0, 131 (93.a lu)(lOO), 129 (S2), 117 
(89); 9c: m/e (rd. intensity) 132 (M+, 1.9), 131(29X 130 (lCQ, 
129(59),117(76),116(27),67(60),66(84);7c:m/e(re1.intensity) 
132(M+, lOO), 131(92), 130(69), 129(3S), 117(57), 116(23),6S 
(18X S2(19). 



14 * 13ca - 1,4 * Bt(&uf~ &w&. 
13C~-~~~~~$ (1.3 & 33 mmol) wa8 diq#oIvcid in 
~F(S~~~uidcddropwin:toasolndWLH(~.70g,~ 
mmol) in THF (SO ml) under NI at 0”. Wbik stirring, the 
mixturowubsntsdto~ux~3~A~~3M H,SO+aq(2 
ml) w80 added drop- uxi tbc &Il8peasion wa8 heated to 
r&ax over&g& Aftat oooliag and iUtration, tk solid foaa 
waahai thomugbly with M&H and tbc SolvefIt of the 
annbined f&rata was removed by rotary svaporation. ‘Iht 
=m ~~wM~up~~~4~r(?~A 
oooied to O”, and oonc H1slD, (3ml) waa added dropwiae with 
stirrin&Tbcna&wrs6tmdrvitharcflux -and&red 
atraewrfor6h;thtn?8uxoon~wsllraplroodwitha 
~~~ tnd the product distilled until no more of the 
or* ph&8c of the diatiilate wa8 apparent (toti dintillatc 
volume 52 ml). After extraction with two portions of c&r (10 
ml eac&), the &tillate was dried over MgSO,, filtered, and 
the ethar was nmovai tbrotagb a 3 in Vigreux oolumn. 
T~ph~ylph~p~~ (1.70 & 6.4 mmo!) was added and i&e 
mixtureheated to 190” in an oil bath without &ring After 10 
tin !stining wa8 8tartcd and ~stals fonuod immediately. 
S~ttoppadaatdthaoiltnnpwarincrrp#dto2300for~ 
~llUtcrcoolingthbrwlid~~tromCHClSfi5 
n;ll)onduretona(lOmllto~ve~pborphoaiumoalt(i.00& 
19$/d: whi& cry&a.& m.p. > 25U“ (lit.30 2%‘); ‘H-NMR 
(CDCI3 6 7.84-7.76 {m, 12H), 7.66654 (m, 18H), 3.93 (br d, 
J = 133 Hr, 4H), 212 (br s, 4H); 13GNMR (CDCl,) 6 134.5 
(d, 1.5 Hz), 134.0 (d, f = 10 Hz), 130.25 (d, J = 13 Hz), 118 
(d,J=86Hz),21.9(d,3=52Hz$ 

1*1~~3Gl~~Cyc~~~~~~ (2b). Tbc above salt (1.00 
g, 1.3 mmol] was ground with B mortar, driad ovem&ht in a 
vacuumomL,rurpandadinTHF(30~}~N1,urdcookd 
to - 78’with~~c8~~Aporti0nois-Buti(2~mnl0fa 
1.4 M soln in hcxane, 28 mmof) WIU ndded and tbc filluiting 
md soln was stirred at room tamp for 3 h. A sola of &s-5- 
oiXenedial”(O~& l.4~ol)in~(l0ml)warlorbdintoa 
syringe and both of tha above solns were added by syrins 
pump to THF @!I0 ml) stirring at room temp under N1, The 
simultanaoua titian was carried out dropwise and wt~ 
oompkteafta:2&Carcwastakentomsurethat~~turc 
maintained a faint orange c&r. When the addition was 
cornpi* the sola ~~811 rtirrud at room temp for 2 h, and the 
mixture then extracted with % NH&i and brine (250 ml 
wdh), and dried over MgSO,. After filtration, the &vent was 
moved by rotary vacation and thr: resulting oiI was 
washed four timas with puttauu(S ml). Tbecombinalextracts 
were ooaantnrted and chromatographcd on silicn gel (10 g, 
pcntane as clmtj to 8& an oil (74 mg). An@tical GC (oven 
tcmp 150”) &owai two ~orn~~~ with iduntid fet@ntion 
timcb compudd to c~,c- (3.25 min, 3oA of mixture by FTD 
rarponsc) and c&f-1,5$cyclododccatrione (3.13 mi& 7004 of 
mixture by FID response) by comparison with a commenzial 
sample (A&i& Chemical co.). 

TheoilwpsdiasdvcdiaGH,Q,(25ml},cdoladt015~anda 
soln of AcOH (0.1 ml) and Brl (1.0 & &2 mmol) in CH&l, (10 
~)w~~~&~ov~ 1 h~~~~n~~~~ew~ 
washed with NaHSO, aq (20 mJ) four times then with 2 
potions of brine (15 m& and dried over MgSO,,. Filtration 
and -v&l of the soivult &mvt 3D oil which was dirulolvbd in 
THF (ZO ml) and immediattty taken on to the next step. 

Tocthyteae~tycof(l50mt)~W,O(5ml)was~Na 
(0.62 g, 27 mmot) and the mixture was beated to rcf!ux 
0-t whila purgiag with N1. The sola wa# c#ld to 30” 
and the THF soln from the above bromination nactioa ww 
ad- This mixture was heated to nf!ux for 48 h, ooolod, and 
poured onto kx (IO0 e). The 4ucous layer was was!Ilcd with 
pcntane (10 ml) and etbcr (100 ml). The oombined orgsmic 
~~~o~w~w~~~ l~~NH~~aq(l~~~d~~ov~ 
MgSO, Ptered, and the soIvcnt wm moved under mdu& 
pressure to &ive crystals of Ib (8 ma ?.P/&) : m/e (ret intensity) 
158(M+,24), 157(100), 156(46), lSS(66). 154(35); ‘H-NMR 
(CXXi,) S 235; 13C-NMR {CDCI,) d 80.41; proton~u~~ 
80.41 (br a). 

Pyrolysis of 2b. A portion of 2b was placed in the rcduocd 

~flowpyrol~appuoturPnd~krdtoO”.~ayr(em 
was twcwrtad to 10 Torr a& a K&I of Br, (0.5 &3.1 mmo1) in 
CH,CI, (20 ml) wa8 vacuum tWdhXimt0Wtbr:ooMBrypt 

tropMdfro~8t -l%~.Tbcrarctionwastllsacimi6dout 
under the following conditiona : Bow rata, LO lral z&n- l Nz 
(m#rurad~trtmosphcticpro#l);tcmp,S7P;pierwainovcn, 
OOTon,Tfieramplewpian~~to600~ruMiaL#1through 
the pyro@xis oven. When the aublimatio~~ wu w (I h), 
the~nw~~tol#Torr,theoMnnucaoCbdusd 
t&e tr8p ailowed to warm to room tamp, Tbr ze8Ql&g 
s~onwssoofl~ioa50ml~Pnd’tht~lvent 
evrporstad under mdti pressUc to give. a solid. A&r 
additiondCH,C& (ZomI), 10% W-C(lOmp),andNa.&OS 
(35 mg)l the mixture wa8 rrturated with I&. Slsng und@ a 
H,rtmorpbaeforl0hw~foUowsdby~~runinano~ 
of the solvent under reduczd prw#ure. Tllc lwultillg rolid WU 
di8aolved in 80ztonc (0.S ml), ffltcred throagb 8 plug of @m3 
wool and cvapomted under reduced pnwatre to a solid. A 
second portion of aczto~1c (0.5 ml) was added, thb soin wa?l 
again filkrtd through glpllr wool and then oooled to -w” 
wbikasttwimofO,(tnrm0l~-~O,inftmia-~0~was 
blown over the surf- for 60 s. Mu# (0.2 x& 3.8 mm@ was 
added with swirling, the mixture warmed to o”, then 
immediately tied to - 78”, and finally sul$actal ta GC-MS 
tkIia)yiS. 
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