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‘ 'ABSTRACT SR e S
\,: - ,f‘h Cyclobutadlene (l) and its fully dGUteratEd

f_';;-vanalogue (28) have been generated in rare gas matrlces
P ' : ,
’ ._'from several photoprecursors. S

' The 1nfrared spectrum (Nlcolet 7199 FT#IR Inter-lr'hv
Ahferometer) of 1 1solated 1n an’ argon matrlx exhlblts 5h
.‘f‘.absorptlons at 1523 (w), 1240 (m), 723 (W), and 572 Ls)

:ém‘} below 2000 ‘om. lf The per-deuterlo Spec1es.28.h \
shows these bands shlfted to 1456 (w), 1043 (m),‘609 (m),
;and 421 (s) cm l; The followrng a551gnment of these'
:ﬁobserved bands to the normal modes of v1bratlon of the
’n;n:molecule could be made. The band at 1523 cm -1 whlch -
:T;shlfts to 1456 cm l‘upon deuteratlon is undoubtedly due f‘
L to the C—C stretchlng v1bratlon of 1., The absorptlon"'Ji
t-iaat 1240 cm l Wthh shlfts to 1043 cm -1 is largely due";v
ifto the H—C-C \n-plane bendlng V1brat1on, and not prl-.ff
marlly to theWC-C stretchlng motlon whlch contrlbutesfd VH

. v
”1main1y to 723 cm 1 : In the pe -deuterlo spec1es the

~‘bangs at 1043 and 609 cm™l afe 'a mixture of these t"°
couplea‘ motions,  The llnes at 572 ana 421 el are the

sole out—of—plane hydrogen and deuterium bendrng

7.v1bratlons. >

‘?'but 1nstead 1nd1cate a rectangular geometry for the
q

it yclobutadlene rrng. The observed frequencxes were S




reproduced well through a GF normal coordlnate calculatlon-

h

. Y] . : an -
o u51ng a rquonablefset of’force constants. Thls calcu- ¢

latlon was klndly performed by Professor John E. Bertle
of thlS Department B

Although the present study does not deflne the-
exact symmetry of the cyclobgtadlene molecule, 1t prov1des'
a solutlon to the reéj/t‘controver51al cyclobutadlene .
problem.j It 1s hOped that ‘the flndlngs descrlbed here?

lay the foundatlon for further developments 1n the

chemlstry of thlS molecule.
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"The chemlsts are.a strange class ‘of mortals"
1mpelled by an almost lnsanetlmpulse to seek thelr .
,pleasure among smoke and vapor, soot and flame,
p01son and poverty.- Yet among these evils I seem
_to’llve so sweetly that may I d1e if I would
change places w1th the Per51an klng “’m;

.

3. J. BECHER (ca. 1675)




% " CYCLOBUTADIENE - RO
CHAPTER 1 SRS - - | . ),

- INTRODUCTION

Early H&§t0:y

Cyclobutadlene i is the smallest member of the

-v1nylogOus serles of hydrocarbons known as annuienes.l

-.." "-’

An- [n]anpulene is a monocycllc fully conjugated polyene
'~0f molecular formula (CH) where n is -even. for the
neutral Spec1es.' Thus, cyclobutadlene, benzene, and

':cyclooctatetraene are [4]- [6]-,'and [8]annulene, res-:hﬂw

"pectlvely;_ Also many other hlgher v1nylogues are known

/

M L. NH

‘ More than 100 years ago; Kekulé proposed that the
prOpertles of the "aromatlc compounds" could be explalned
by enclosxng the sxx carbon atoms of the ”benzene L

nueleus in a totally symmetrlcal hexagon.

w e

lb‘ﬁ”‘



”.,_vbutadlene to show 51m11ar behav1or. It”w

| 'ffln the manner expected for polyenes.‘ Therefore, lt ex~~7'

-crOtonaldehyde._ The expérlment was unsuccessful i,'dfw

‘;compound but w1thout success...gvlﬁgg

:plalned the chemlcal dlfference of cyclogctatetraene

Later3 he“reV1sed hls formulatlon to the two alternatlng_'

\, , "‘r\' ‘
"Kekulé" structures (A) and‘(B), and expected cyclo—uw

; his con-;d

f nectlon that - he attempted to. prepare thls molecule from f'ﬁ“*;

i 1n 1894 Perk1n4sfa11ed in’ the preparat1on of

-_‘l 2—d1carboxy11c ac1d 3 Ten years later, W1llstattervf"

",and Schmadel agaln trled to synthesxze the parent EEREN

N un

In splte of much effort, the perlod\from 1915

:,to 1950 produced few pos1t1ve results in- the synthes;s
'of cyclobutadlene and 1ts derlvatlves, but a major ,.:f%;\;f

' theoretlcal step was taken.“

In 1931 Huckels_applled the molecular orbltal

J_stheory to the annulenes and arflved at hls well-known

-rule for aromatzclty. B Thls rule predlcted that a 5'“

cycllc system contalnlng (4n+2)w electrons would exhlblt .

“_aromatlc propertreS‘and would be stablllzed by electron

'delocallzatlon,-whereas\\ (4n)n system would behave

i

e



,._',,..

([B]annulene), and benzene ([6]annu1ene), whlch had

‘been found by Wlllstatter7 ln 1911. Since cyclo-

L — ,
.;*butadlene contalns 4ﬂ electrons, the Huckel rule pre-.

.

dlcted that thls molecule would not be stablllzed by

-tlelectron deloCallzatlon and accounted for the dlf-

”flcultles whlch had been encountered in 1ts synthes;s.

Thefmolecular orbltal theory advanced by Longuet—.

8

ngglns and Orgel in 1956 predlcted that cyclobuta-

dlene should form stable complexes w1th tran51tlon

.metals, and the predlctlon renewed effbrts to synthe-
VSLze the molecule.' ‘Three years later, Crlegeé and

'Schroderg accompllshed the flrst synthe51s of a cyclo—

@

,butadlene-nlckel complex 4. ThlS was followed in 1965 o

by the preparatlon of a stable 1ron complex (5) of

the'pa'rent'10 Pettlt and co-workers, who accompllshed.

lOa 10b

,,thls synthe51s, ‘ also reported that "free

"-fvdhundred years of effort the exlstence of cyclobutadlene?"“ E

fjvby means of ox1d1zlng agents.; Thus,:after almost one

'f.cyclobutadlene could be generated from thlS complex

IS

,;as a deflnlte chemlcal spec1es appeared to be proven ‘57

-

._&u



(vide infra, pp. 29-32)." " \

In the meantlme, the dev 1o.ment of the theoretlcal

'treatment of conjugated molecules was contlnulng- Ih}-'

3 1his appllcatlon of the mole ular orbltal theory to cyclo-p%'

butadlene, Huckel6 assumed the molecule to have square
geometry ThlS led- to two of\the four T electrons

f-havingvto be accommodated 1n t&o degenerate, non-bondlng

”3fmolecular orbltals of energy a KFlgure l) “In thlS case,

there are four p0551b1e ways u51vgtthe Pau11 prxncaple

o to a551gn the electrons’to these\orbltals, and all

"are degenerate in the Huckel appr xlmatlon (Flgure 2)

lsHowever, non-llnear molecules w1th.orb1tally degenerate

1electron1c ground states in the Hu kel scheme (Eseudo- =
d_?degeneracy),'can be dlstorted in su h a way’that theL L
};,degeneracy is removed._ If'thls dlsbortlon-results ln~/“%"

'QSnyder,]‘f2 1n 1962 studled the resulé of. dlstortlons

'fon hypothetlcal mlnlmum—energy squaqe cyclobutadlene.,;bl

';;ystablllzatlon, it is descrlbed as a Jahn-Teller effect.l};f]:.}

1051ng Huckel theory wlth the parame rlzatlon by Longuet-‘wi"

f;iﬂlgglns and Salem, he was able to show that a dlstor—”:'



.ai'+1.s1‘3‘b;,»__"'. o A . B
V@ e

a (hii) =

R energy of an electron in the fleld of

[
;

the Coulomb 1ntegra1 (the potentlal.

nucleus 1)
b (ﬁii)'= the resonance or exchange lntegral Athe
- energy of an electron in the fleld of

_gwo.nuclel, 1.and_3. fﬂ

FIGURE 1. Huckel Energy-Level Dlagram For- w Energy Forf

Ethylene (A), 1,3- Butadlene (B), and Square ‘

Cyclobutadlene (C) '_
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a

tlon‘towards rectangular geometry resulted in stablllz-
atlon of theﬁmolecule; The dlstortlon energy was
calculated‘to be -11.4 kcal/mol. \
Snyderlz‘further reflned the calculationgbyhinfﬁ‘
.troduc1ng electron repu151on.. When this effect was .
lncluded the four degenerate electronlc ground states

N

of. square cyclobutadlene were shown to Spllt into dlf-
ferent energy levels. If Hund S rule applles, the -
>tr1plet state should be of’!%wer energy (Figure 3)
l However,_dlstortlon of the approprlate symmetry to-
,/ewards a rectangle.mlxes the 51nglet states S and Sb
| to form another 51ng1et (c a'_ c2 b) of energy
lower than that of elther S or Sb (Flgure 4) For

\

'certaln geometrlesr\;t.was calculated that the energy
vof clsa : 2Sb was lower than that of the lowest -
';trlplet (Eseudo—Jahn-Teller effect,' Flgure 5) |
-Accordlng to thlS reflned analysxs, cyclobutadlene'h

"'should ex15t in a rectangular structure-w1th a closed

" If dlstortlons. occurrlng in molecules w1thout an
“i'orbltally degenerate ground state but hav1ng a’ 1ow-ly1ng _'
_electronlc exc1ted state, mlx ‘two, states (generally, but

_not always, the ground and low-lylng exc1ted states)
t‘then the ground state energy may be lowered._ Any re—}l
ultxﬂg stablllzatlon is called the pseudo Jahn~Teller

' effect.l; 13
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) T
shell 51nqlet electronlc ground state..yThe'distortionfh E
energy waé reduced from Snyder s earller calculated | ,

fvalue of -ll 4 to only —1 3 kcal/mol.' The molecule 1n”
the 1owest trlplet state was forecast to. be most cer~?

‘ltalnly square.’;" vv' | - “w | | |
i i: Snyder also showed that the bonds would ‘be. stronglyftf

fglnteractlng and predlcted that, as a re9u1t of thlS 7. |

”fh-.lnteractlon, the Raman spectrum of cyclobutadlene



Co12
would show an. unusually low antlsymmetrlc stretchlng
f:'frequency relatlve to -the symmetrlcal stretchlng
\ .
' frequency of the r1ng.l4" Slmllarly, in the’ 1nfrared

2

~

spectrum the two skeletal V1brat10ns expected for a

rectangulai/geometry would be w1de1y separated.

-

‘.fthhese predlctlons are’ 51gn1f1cant 1n the llght of later
dévelopments on: cyclobutadlene chemlstry. ‘»_
Also durlng the 1960 s the nature of the ground B
lfstate of cyclobutadlene was 1nvest1gated u81ng a _

'varlety of dlfferent approxlmatlons.;s All of them

predlcted ‘a rectangular s1nglet molecule (R$) to- be
more stable than 1ts square qounterpart (ss,

'not con51stent 1n predlctlng wh' rof the two p0551-7

H'.bllltles, square t_" etl(ST) or. rectangular s1nglet

‘, (RS) »

be the ground state (Flgure 6)

©

‘The rather drastlc approxlmatlons of these S
"_'Smeler methods are not Made 1n ab lnlth calcplatlons.}sljf

"Although the masslve computer programs requlred for
"thls type of work have now evolved to the stage where,;l‘

,Fln prlnclple, no molecule 1s beyond thelr capabllltles,,._‘

'afthese calculatlons are Btlll subject to some severe

‘=p11m1tat10ns.l7 The ab 1n1t10 Hartree—Fock functlons

'*'only approxlmately represent the reallty of the molecular

“"“51tuatlon, 81nce they do not take 1nto account the
,’glnstantaneous 1nteractlons of an electron Wlth all others"v’

; Pw_'_“ :
. . . sl . -
A s - .
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within the molecule.f Improvoments lnbthe calculatlon
”can be made by 1ntroduc1ng "c0nf1guratlon 1nteractlon“
(CI) | In 1968, Buenker and Peyerlmhoff18 calculated | g&
.the energy levels of cyclobutadlene for different |
~geometr1es u51ng ab 1n1t10 SCF—MO calculatlons with -
extended CI. They found that the singlet lay below
the trlplet at all geometrles studled. The energy pro-
f11e for the 51nglet showed mlnlma at two p0551ble
’rectangular conformatlons and a maximum at the square:

c0nformatlon, whlle that for the trlplet was a mlnlmum

for square geometry (Flgure 7).
15b

o

Alllnger 41n the same _year, uSLng Parlser-Parr_v
functlons w1th doubly exc1ted CI reached a conclu510n‘y

‘ 51m11ar to that of Buenker and Peyerlmhoff (Flgure 7)

,oIn contrast more recentlyllNewton,;g u51ng the ab

1n1tlo SCF method with 4-31G functlons found that the

‘triplet potentlal energy surface crossed that of the

51nglet and for a square geometry, the. trlplet was of

lower energy than the 51nglet (Flgure 7). However,:

- N°w+on had not 1nc1uded CI in. hlS‘calculatlons\and it B ’h_
1‘ls now accepted that thls reflnement lowers the energy

of the srnglet ‘more than that of the trlplet This

T -
In reallty, an electron in an atom w1ll have 1n—
o

stantaneous 1nteractlons w1th all the other electrons.f

These w111 not be the same as the average 1nteractlon

lncluded ln the SCF procedure..



o FIGURE T Ab 1n1tlo sCF Energy Proflles of the Lowest
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particuiar aspect will be discussed in:more detail A T
.subsequently. | | |

| The fore901ng dlscu551on descrlbes the history of
the chemlstry of cyclobutadlene from 1ts 1ncept10n to

he early 1970 s when 1nvestlgatlon on thls tOplC
began 1n thls laboratory .Since more recent develop— B
, ments have had an 1mportant bearlng on the present
study,_they w111 be elaborated in more deta11 1n the

following chapter.'



CHAPTER II.
(" . e

RECENT DEVELOPMENTS -

The generatlon of short llved "free cyclo-v
_butadlene from a stable iron. complex by Pettlt and co-
workerslp marked -a turnlng pornt in the hlstory of ;:Sv
that molecule. ThlS experlment\almost assured that i
;cyclobutadlene was extremely reactlve, espec1ally to-..
wards dlmerlzation. Thus, 1ts react1v1ty precluded m
’the 1solat10n and purlflcatlon of the molecule under
hnormal laboratory condltlons, and . use of an X-ray
;analy51s for the determlnatlon of the structure of

cyclobutadlene was deflnltely not fea31b1e. However, :

,;;two approaches appeared p0551b1e 1n order to suppress

"the dlmerlzatlon and allow chemlcal 1nvest1gat10n of

'the molecule.zp

‘One was the lsolatlon\of the monomerlcv
'compound w1th1n a rigid matrlx at cryogenlc temperatures
whlch would permlt a. spectroscoplc analy51s. The second

: 1nvolved the preparatlon of derlvatlves cargylng

"’;bulky substltuents whlch would sterlcally hlnder dl-f

.pmerlzatlon of monomers.' These derlvatlves should be |
ilsolable in crystalllne form and so be amenable to X-ray o
. analysrs.f These two approaches have been adopted and

have prov1ded 1nteresting reSults.’ For the sake of

! f{clarlty, the 1nformatlon obtalned from cyclobutadlene

B derlvatlves w111 be outllned flrst, and then the chemlstry“f S

of the parent compound along w1tb the theoretlcal 1n-‘ R



R , 18
a N - . ’ ) A . . @ N . -
_terpretation'of the resultS-will,be”summarized,u V

‘2 l CYClobutadlene Derlvatlves A,vf "h PR

The synthes1s of 1solable, crystalllne decrvatlves‘
‘of cyclobutadlene has been carrled out in thlS labora-
tory. In selectlng approprlate derlvatlves, two ba51c.-
condltlons were con51dered 20 Flrstly,_the substltu-h
ents had to be suff1c1ently bulky to suppress dlmerlza-
tlon, and sec0ndly, the substltutlon pattern had to be‘y'”
- chosen 1n such a way as tdupreserve as far as possxble
the symmetry and ground'state propertles of the parent
- Data accumulated in the laboratory suggested that methyl_"

.ctrl-tert-butylcyclobutadlenecarboxylate (9) fulfllled

’these condltlons.' A number of routes 1ead1ng to 1tsl1f

'synthe81s were examlned,vand 1t was found that the well-‘”

. known rlng expan81on method utlllzlng cyclopropenyl- : .
;;imethylene proceeded well W1th hlghly substltuted pre-' geihv:d
cursors.- Reabtlon of tr1—tert-butylcyclopropenlum ~V1‘.
fluorobdrate (6) w1th the ‘anion’ of methyl dlazoacetate T .

fy(7) gaVe 8 as a stable compound ’Photoly81s of 8



N

oceeded smoothly at -78°C to afford 9, a stable,
B R

- crystalline compound.




R o A
Concurrently,:Ki%%}ng and Kreb522 were>studying‘u:.-J'
‘“vthamethy;dithiepihbcyclobutadiehe (12). Theyjsynthé-'

. si;ed COmpound'121from*3;3&?,6¥tetramethy141-thiacyclot
. v R o ST et :

\

—{ Ry

11 PdCl,

[y

+ (CgHgCNY ,-PdCL

2

o

HjC0pCCsCcCo,CHy

B e A

Vo

I

_ heptYng“lbsaﬂd(C6H$CN)2PdC12 toﬁgiﬁe the.cycldbutadiene f

/o
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.c0mplex’ll which Was”subsequently decbmposed with
vethylenebls—(dlphenylphosphane) Although*this'deriva—_’
‘tive was also crystalllne, it had a drawback in that 1
:the‘substltutlon pattern was such that the two bonds"
_sharlng one’ carbon atom of cyclobutadlene (l and 2)‘
were not equlvalent as far as the n—electron system

was concerned. Table 1 summarlzes the phy31ca1 data

*:‘of_both compounds, 9 and 12 The ground-state geo--

metry of compounds 9 and-l% was-determlned drrectlyA

.‘by x-ray'crvstallOgraphic‘analysis (Figuré 8). The

. system of the methoxycarbonyl group of 9 was shown

to be orthogonal to that of the r1ng system. Thus,

”there should be’ very llttle 1nteractlon between the

ring =« electrons and those of . the carbonyl qroup

:fAlso,'sterlcclnteractlons between the tert-butyl groups.‘
'appear to’ cause’ only sllght dlstortlon of the rlng
'-geometry. In fact the rlng was: shown to. be a sllghtly U

‘dlstorted rectangle hav1ng bond angles close to 90° and

’smes Of length 1.406 and 1.376, and 1.547 and 1.506 K 23 ;

The X—ray analysxs of 12_was performed by Irngartlnger .

'and Rodewald;24‘ Agaln, the r1ng was found to have rec-
ﬁtangular geometry.; For both derlvatlves, 9 and»lz, no

- esr 51gnals are observed and the llnes of the nmr spectrae:
fare sharp.' Furthermore, there 1s no strong absorpt on 1nb

u"the uv above 300 nm. Alllnger s calculatlon15b concludes_

' Vthat 1f cyclobutadlene had ‘a trlplet ground state, 1t
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Cmp:  70.0° ’7*””"f////’ \240° |

uv: 425 am (e = 47) . 227 mm
‘ i\f“; ‘ ‘
-"H nmr, 60 MHz
(methylcyclohexane -d 14) 5.‘ (CDCi3) 5 |
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.. FIGURE 8.~ Selected Bond Dlstances and Angles (Averaged)

d of Methyl Tri- tert—butylcyclobutadlenecarboxyl-ji”‘

'ate (9) and Octamethyldlthleplnocyclobutadlene



o

h thls purpose, trl—tert-butylcyclobutadlene_(15) was

W"chosen and synthesxzed as outllned below.' The tetra—'

| /alumlnum hydrlde to prov1de amlne 13'

would show a strong absorptlon at 380 nm.' Therefore,

all the ev1dence con51stently shows that the ground

- state of these derlvatlves of cyclobutadlene lS a rec-—
tangular SLngletL

"The chemlcal Shlft of a proton dlrectly attached to

é

Coe

- a cyclic‘n¥e1ectron'System'prOVidesvimportant information*

about ‘the nature of the 1nduced rlng‘current,zsga

crlterlon that has often been used to’ evaluate the

*, ..
aromat1c1ty (or antl aromatlclty) of the system. “For -

\

~.

fluoroborate 6 was converted 1nto the correspondlng
cyano derlvatlve whlch 1n turn was reduced w1th llthlum
The d1azo com—»

pound 14 was prepared from thlS amln' and the photo—h”_ﬁr

cleavage of 14 elther 1n,methy1cyclo exane or tetra-‘ .

N

®

13C nmr absorptlons are relatlvely 1nsen31t1ve to rlng

26

current effects » and the spectral data of the fully

,v; substltuted derlvatlves, 9 and 12 are‘not 1nformatiyev

in thxs respect..

24



hydrofuran at —70°C prov1ded the des:.red tri- tert-v

butylcyclobutadlene (15) In contrast to the methoxy— v

1) NaCcN'
2) LiAl_H4 |

g

" Dimer of 1,§' .

o

carbonyl derlvatlve (9) ¢ compoundlls dlmerlzed on warm- '
_'1ng to room temperature and thlS precluded further

_purlflcatz.on. When the progress of ‘the photolys:.s of

EUE



»the dlazo compound 14 at -70°C was monltored by 1H nmr- -, .
.spectroscopy at low temperature, the tr1 tert butyl
derlvatlve 15 showed absorptlons as 1ndlcated below..

-The‘proton,at carbon.z-of cyclopentadlene (d 6.42),wasv

i
<t

o eI Aeny -

mzf/%‘ 1osf_

& 0

(1 P, -

e\ Bdmr0e o T
' o o e T g oo -

i ePepleﬁﬁntch equaticn:_,ﬂflf o i'_“,.-

. . . L . - ., e .” . 1’ : . : K . : v‘g‘ .,

‘1 =.-(r2e23:/h2c)S(32fozy x
occ : 2 3 T o
2:{1 + 2Acos(4wJ/M) + A 177
3 T . | - ”
a4 (1'+;x.)73-cos(zxj/n) %, x¢osz(4rj/M)]*_,

ST TR eeelin i g ees (n "

= usedfaé'reference} Then, the drfference, AG l 04

L

: '(6 42 -5. 38), was taken as the paramagnetlc contrlbutlon Igg”‘

" of the 1nduced rlng current 051ng several a§Sumptlons,

,x

‘llncludlng, the rectangular geometry for the parent
l;calculated by Dewar (MINQO-Z), Sk the Pople—Untch
-t*equatlon gave a paramagnetic contrlbutlon of l 18 ppm

:for the system.g The agreement between the experlmental

and calculated values 15 excellent, although 1t is ffhl

-.subject to the arbltrary ch01ce of the reference comp0und

RS
T
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In addltlon to the nmr spectrum, the 1nfrared
.

spectrum of compound 15 1solated in an argon matrlx at

o~ e

.+ 4.2°K was measured.%o No absorption between 1700 and

14903cm ; could be observed 1nd1cat1ng that under these
.

condltlons the system does not exhlbft a notlceable

normal C=C stretchlng v1brat10n. Z

" The full spectral characterlzatlon of a symmetrl—

27

ncally substltuted derlvatlve,jtetrakls—(tr1f1uoromethyl)~ o

'1.cyclobutad1ene (17),27 has also been accompllshed

;Irradlatlon of ozonlde 1628 in a hexafluoropropene matrlx

. at 77°K led to the almost exclu51ve formation - of 17 } RS

L~ o~

and trlfluoroacetlc anhydride._ After thaw1ng the matrlx,
,l7 had a half- llfe of approx1mately 6 h at 130 K and
'fdlmerlzed rapldly at 203°K (Flgure 9). The tr1fluoro—'->‘:
1methyl group is very llkely to be the smallest substrtu—
ent Wthh suppresses the dlmerlzatlon suff1c1ently to
:‘permlt spectral measurements of a monomerlc cyclobuta—
‘:f_dlene‘derlvatlve 1n solutlon.: The uv spectrum of the
‘photolysate of 16 reco;ded at 130°K shows only a very
'.Ziweak, forbldden absorptlon at. about 375 nm (s % 20),~-
'\whlch agaln strongly suggests a. 51ng1et ground state for |
"the molecule lf Alllnger s predlctlon 1s accepted (v1de'h

»_supra) The 1nfrared spectra of 17 showed the presence

o 'of a strong band at 1700 cm';; If. the a881gnment of thls ’

h”l"band to a C=C stretchlng v1bratlon proves to beccorrect,

h‘then the geometry of 17 is not square, but very llkely
| .

'b’rectangular.
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uv

ir

(hexafluoropropene) §:

(hexafluorooropene)

(3-methylpentane matrlx) cm l-

(hexafluorobrqoene) 5
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R = CFs.

'69.0

375 ‘nm’ (e

. 'FIGURE 9

in CFj-CF=CF.
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2.2 ‘Parent Species

.The preceding section‘describes that the ground

states of the mbnomeric cyclobutadiene‘derivativeS’g
'and 12 are 51nglet and that thelr geometry is not

' sguare but rectangular. The extrapolatlon of these‘>
fresults to the parent compound (l), however, should be
:made onlth1th'reservat10n."Asvsuggested by_the~1n— -

"‘c0nsistency of*severai recent:theoreticai calculations,ls
the ground state appears to represent a shallow well”’t

of the energy surface of the cyclobutadlene system,'h

Yand further, ‘even the 51mple substltuents 1n 9 and 12

'could p0551b1y perturb the system Ain a- smgnlflcant

o

‘-manner. Therefore, the eluc1datlon of the spln multl—
h“p11c1ty and exact geometry of ground state cyclobutadlene';f

,must rely upon dlrect studles On the propertles of

-y

'the parent molecule.'

Slnce Pettlt10b flrst reported the oxldatlve genera—* .

. Dimerization .. . .
|» bl =

SH

o

Dlels-Alder ‘
type_adduct '

T e R ;il.u




tlon of cyvlobutadlene ‘in 1965, there have been performed
' numerous e perlments to deflne the propertles of thlS

spec1es. lash photoly51s of cyclobutadlenelron trl-

,lcarbonyl (5) 1n the gas phase was carrled out in thlS

29

Department n 1967. The cyclobutadlene so generated

fwas detected by klnetlc mas: spectrometry. ThlS allowed

the measurement of the 11fet1me of the molecule (tl/2 =.

-2 msec at lOO mTorr) In the follow1ng year, Hedaya and

"co—workers30

a-pyrone (18) and concluded that the half#llfe was

-T—0 Flasb Vacuum = lifetimeof 1
= Pyrolysis -~ 1y, = 10 msec (35 mTorr) -

.30

performed flash—vacuum pyrolysls on photo- o

f-approx1mately 10 msec at 35 mTorr, in’ accord w1th the SR

"‘prev1ous flndlng. Hence, cyclobutadlene (l), although

a chemlcal speC1es. In 1973 Schm1dt32§

:Grubbs and Grey,32§ substantlated Pettlt slob‘orlglnal'
f,eclalm of the tran51ent generatlon of "free cyclobuta-"

fdlene. It was shown that when an optlcally actlve

;

Photo-a-pyrone was flrst synthe51zed and characterlzed

-by Corey3l ln 1964 who remarked at- the tlme that 1t should

: be an 1deal precursor for the generatlon of cyclobutadlene."f

and 1ndependently .

.
C S

very reactlve, clearly possessed a deflnlte 11fet1me as .



- cyclobutadiene complex (19a or l9b)'was'oxidatively' |

COxCHy

CO,CHy

—~ Cellv)
- Felcoy |
NL?E' X = CH20H3 Schmldt
19b, X = CH20CH3 Grubbs Grey

Racemate

L

-

de¢0mposed invthe3presence of a symmetriéalidienOPhile

the»adducts"Qere racemic. Consequently,

the cyclo—'”

'butadlene llgand reacted after 1t had:: galned a plane

of symmetry Thls 1nd1cates that the metal 1s not

close enough - to the llgand to malntaln the orlglnal

chlral surroundlng of the complex.v Rebek

32c

treated

:-cyclobutadlenelron carbonyl held on a. polymer support

(20) w1th Ce(IV) 1n the presence of malelmlde whlch was’

A‘a~also_attachedpto;a supportg(21),

The 1ron_complex~was'

B Ceuvy'

~

31
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' ox1d1zed and 22 resulted fTherefore,'free cyclo-

butadlene ‘ fromdthe-polymer containlng
" the c0mplex (20) to the polymer contalnlng the trapplng
fagent (21), a proof of a finite llfetlme for cyclobuta-hh
‘dieme (). . ° | |
Further characterlzatlon of the specres requlred
'__suppressmon of the strong tendency of the molecule to

.dlmerlze. Generatlon of monomerlc cyclobutadlene 1n a'
r1g1d matrlx at cryogenlc temperatures was. a method by
'lywhlch this. could be accompllshed._ ThlS matrlx-lsolatlon
,technlque was developed in the 1950'5 by leentel33

o at- Berkeley for the study of unstable and reactlvevv
’hcchemlcal specxes;- It 1nvolves the 1mmoblllzatlon at - a
'very low temperature of the spec1es of 1nterest w1th1n;d

”ba rlgld cage of a chemlcally 1nert substance (the matrlx)

-’van thls way monomerlc cyclobutadlene has been generated '

'hphotochemlcally from matrlxﬁlsolated precursors., The “f7 S

;rlgldlty of the cage prevents dlffus;on.of the molecule,
suppreBSLng dlmerlzatlon.r The cold temperature, besldes_ﬁz-h

‘.conti}butlng ‘to. the rlgldlty of the cage, also serves ifhﬁ

to- reduce the rate .of possrble rearrangements that requlre

';lactlvatlon energy.. Under such condltlons, cyclobutadlene if:ﬁ
?can be preserved 1ndef1n1te1y and 1nten51vely studled. |
'However, x-ray crystallographlc methods cannot be applled -

”to matrlx-isolated compounds Wthh are, by the very

'.:nature of the techéique, in. a noncrystalllne form Con- R
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_sequently,-we must have recourse to other methods 1n

'order to characterlze the spec1es as completely as

.poss1ble. ' | | |

Some spectral data of cyclobutadlene (l) 1solated

-'1n'a matrlx have been obtalned.w In 1972 in this labora-v

tory,334 1 was: generatedsln a 2-methyltetrahydrofuran ‘

matrlx at 98°K by photocleavage of the tetracycllc

"hv low pressure-

- _Hg lamp, Quartz = B "
_ 2-methyltetra- - o —
' hydrofuran ST
- 98°K . S0

IN
)
.:‘ 2-‘
4N

~fﬁ;uv:'.3ooé305fhm (;_=_100).q'”

"ether 23a._ Its ultrav1olet spectrum was recorded. The ;1*'

a:, spectrum showed only a forbldden transxtlon at 300 305

nm-. (e'= 100), in agreement W1th Alllnger s predlctlon

:ufor a s1nglet ground state (v1de supra) : COncurrently,ﬁlf
35

Lin and Krantz measured the 1nfrared spectrum of the‘
.tlphotolysate ar151ng from matrlx—lsolated photo-a-pyrone o

f:(18) Bands 1n the spectrum at 1236, 653 and 573 cm l _

L p
' ‘ T}?,;Quartz ' |vn L Ry e SO
T & SETEER
S : ~  (major) -
18 1 N J‘.y:
.
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were_attributed’to cyclobUtadiene.> "Also . present in the
spectrum were bands at 2340 and 660 Cm =1 as51gned to
v,COZ.' The follow1ng year, u51ng the same precursor,'

j | v
Chapman, McIntosh and Pacansky : 1ndependently observed

,na very srmllar spectrum (Table 2) As w1ll be further
h'explalned later (Chapter III), 1t can be predlcted
._from group theory that 1f cyclobutadlene is square, four

':modes of v1bratlon are 1nfrared actlve, whlle 1f it 1s

rectangular, seven modes are 1nfrared actlve.. The .

'_._81mp11c1ty of the observed 1nfrared spectrum led Chapman"

'to the tentatlve conclu51on that cyclobutadlene had

square geometry. Subsequently, Krantz, L1n and Newtonlg‘

",»also concluded that the spectrum was "most compatlble".

’_fw1th a square structure based on the appearance of

;:only three bands below 2000 cm l‘_ They further maln-_-

talned that the locatlon of these bands was consrstent

"_w1th a: square geometry.' In partlcular, the band at

‘1236 cm -1 lylng in between the llmlts of the usual C—

4

“r_(1650 cm ) and c-c (1000 cm ) v1bratlons"*:was'a

a551gned to predomlnantly the 1n-plane r1ng deformatlon

mode (v2) Support for the spectral a551gnments was

".ﬂ"prov1ded by normal coordlnate calculatlons on cyclo-f'”‘

:fbutadlene (l) and on ltS monodeuterlo derlvatlve..'in'*-'

addltlon, theoretlcal c0n51deratlons by Newton (vrde

. 71nfra) led these authors to favor a trlplet state for R

"d“the observed spec1es."



ol

':In.1973, Chapman‘and co—workers37

publlshed 1nfrared
spectra attrlbuted to monodeuterlo— l 2 dldeuterlo-

and 1 3- dldeuterlocyclobutad1enes. These compounds were
generated by photofragmentatlon of the approprlate : ;
photo—a—pyrones, and the spectra were con51dered by K[ﬁ-:'

‘-Chapman to flt hlS earller tentatlve conclu51on that

cyclobutadlene had square geometry (Table 2)

g

Three years later, Maler, Hartan and Sayrac used“‘

' a’ dlfferent precursor to yleld cyclobutadlene. They

-

T'lrradlated cyclobutenedlcarboxyllc anhydrlde (25) 1so-‘h

- lated. 1n an argon\matrlx and were able to record an
&

1nfrared spectrum of the photolysate whlch was essen-
_tlally the same as that whlch had been observed from the '
‘;fragmentatlon products of photo—a-pyrone (18) 35 36

'_ However, when the tetracycllc ether 23a was photolyzed,d,"

~ o

: By .

—_— | co, c02 ._._..,' H-C=C-H
"'.80K"7'7' 1 _ f ; . (major)
-1

Infrared (cm1

3’4'

fa process known to yleld cyclobutadlene, the- lnfrared

-1

,_spectrum lacked the band at 650 cm attrlbuted to

v*rcyclobutadlene.t In this case, only two lntense, sxngle '

.‘-absorptlons ‘at- 1240 and 570 cm -1 were observed both

)+ 12371241, 653 ana 573



.36

i

 &4&:

“I-

Eov mm>ﬁvm>auoa

oAumusm@ﬁa vcm 10:02 831 pue mcmavmpsnoaoho wo mcoHuQHOmn¢ vmumuucH

*g aTev,

9L5-£86

b59
2811
Ceter

ses -

9.5-£8G

;vmwﬂ
oLL
88TT
A4

TejuautIadxyg

nwcmsmmcu_

Cogzet

.nwcmEmmsU

o= oy

s€s . . ows

9LS-€8S. . ¥6S
vs9 €59
08 (08L)

yeer

Hmv:waaummxm

“0LS

..uwN omw

oovel
ovoe"

ca -z3uex
6T q p .

9¢"

*Te 3o cmsmmso

) cwEaumax _
T u m.v_mH

.mwwmmw,
.~ 00OE

,m“a._ hMﬁmr

e

o eeet

PoRToTe oo

mp.n»uwuxncﬂg\

Hm»:weﬁuwmwﬂ

. SH




‘drand'27) In thls paper on’

by Masamune and co-workers39 and'bj'Maier‘and co4workerSa
An explanatlon for the presence of a band at 650 cm lf"
comes from ev1dence accumulated by Maler40 that cyclo-
~butad1ene tends to form complexes W1th spec1es such as

‘ CO2 that possess electron acceptor propertles. Therefore,l

n the CO2 generated from 18 or 25 and located in the :‘ | o
- nelghborhood of l m&Y\;Zferact w1th*l cau51ng‘arsp11tting .
(650 and 660 cm/’) of the band at 663; assoc1ated with

the bendlng v1brat10n of C02.' Irradlatlon of the ether

»

~ ~

"23a glves as a by- product phthalan (24a),_wh1ch does not -

R

~

Ipfraredrjcmf¥)= '124q,,570{

.. act as an electron acceptor. Hence, the band at, 650 cm -1

"fappears only when CO2 1s generated as a by-product of
vvthe photolys;s and so it 1s not attrlbutable to a
.IV1bratlon of - cyclobutadlene (l).. Thls conclusxo;/was'f

;corroborated later by Pong, Huan, Laurenl, and Krantz'ujr

,bY an analy51s of the 1nfrared spectra of the photoly-
sates of [2-v C]- and [6- C]-photo-u-pyroues (26 | o

13C--labelled photo—c—pyrones,‘

' lKrantz emphas;zed that the most notable feature in the

38

37
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' 9 hy ~ .Ju 1a

| 13 —_— | | .+ TrCo,

N o . . .

[ o - 8°K TP
R S
" 'Infrared (em 1): 1241, 575 644, 636

Cé—T . hv s H\i‘-*iafJ! o S
1 s IS | R | o+ Co,
Lo el geR o L
. Infrared (cm 1): 1237, 575 622, 655

uspectrum of the photolysate from 27_yas "the sllght '\v/

l =1

: shlft of the 1241 cm band of 1 to. 1237 cm _*_.;., in

accordance w1th the\orlglnal a581gnment of thls band

to a predomlnantly framework dlstortlon of l " (v1de‘
sugra) Thus, he contlnued to malntaln that the p051t10n_iv

°

- of the bands in the 1nfrared spectrum of cyclobutadlene

. was con51stent Wlth square geometry 'If the. molecule

s square, 1t followsnfrom'Newton s19 ab 1n1t10 SCF .

'-;'calculationS'that it Should be a*triplet.f Newton stressed

sythat "calculatlons u51ng the general valence bond method
hy(GVB) 1nd1caté’that the sxnglet lles 7 7 kcal/mol above o
hgthe triplet at the trlplet equlllbrlum geometry and 18

7unstab1e to a rectangular dlstortlon. - Therefore, lt 1s}?_’
h‘*concluded that for - square geometry the trlplet would be:}.'h

of lower energy than the slnglet., However, repeated 9:.‘:f;‘?;4



attempts to observe esr srgnals whlch may be ascrlbed to

.trlplet cyclobutadlene have con51stently falled the

_uv spectra have shown only forbldden tran51t10ns at

. around 300 nm (v1de supra), and the derlvatlves examlned
~have been found to be rectangular and most probably |

to have a s1nglet ground state., Later, Dewarézysug—

| gested that esr 51gnals mlght be - dlfflcult to detect in f’
1the case df cyclobutadlene and also showed, on the bas18‘
'of hlS MINDO—B calculatlons, that the energy level of

" the square s1ng1et structure would lle well above that
vof ‘the- s%uare triplet (by 13. 1 kcal/mol) In addltlon

he calculated that the 1ntersectlon of the SLnglet and

| ":trlplet energy surfaces would 11e above the trlplet

‘.mlnlmum and thus, conver51on of the square trlplet to

v‘,51ng1et would requlre an actlvatlon energy of 2 3 to

'f:3 5 k%al/mol (Flgure 10) The 1nterconver51on would be .

>

39

“completely suppressed by an energy barrler of thlS helght R

at the temperatures ‘used 1n the matrlx—lsolatlon expe-”‘

"rlments (4. 2 to. 10 K) In order to explaln the 1nfrared

35

',5pectra of Lln and Krantz and of Chapman and co-workers,

’ Dewar proposed that the specles observed at those tem—i
peratures could have been the square trlplet, an excrted
f*state and not the ground state. It was found in. this

.laboratory, however, that the 1nfrared*spectrum of cyclo-

"ﬂ*butadlene heasured at 116°K 1n dxchloromethane matrlces

'-.afdid not dlffer s1gn1f1cantly from that measured at 4.23

R R

coe

'36.
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| FIGURE 10. _Energy Proflles,of the Lowest Slnglet and

-"_Trlplet states o'f Cyclobutadlene (Newton,, L

'b . "ab_“&_gﬁ SCF-' Dewar, MINDO-3) . _: .
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¢

in an argon matr{§>]

0°K, an interconyersion;with-
a 2.3 to 3.5- kcal/moun );;y barrler should proceed d“g -' -
‘.effic1ently and so the spectrum should be that of the |
‘spec1es -in the ground state.o" B
A dlfferent ratlonallzation ofzthe'existing‘infra~,i
gred spectral eildence was proposed by Borden.43 He argued
that a square or effectlvely square 51ng1et could be
‘fthe ground state of cyclobutadlene since repulsion
' betweentthe two electrons inbthe nonabondlng MO's of
rcyclobutadlene is mlnlmlzed in ‘a square geometry, re- f
sultlng 1n a flat curve for rectangular dlstortlon 1n
thexlowest 51nglet state.g (Flgure 11). He further added
that a flat curve for dlstortlon ln thlS state (51nglet)
.melxegfthat 1ts stablllzatlon by a pseudo-Jahn—Teller
'.effect is not respon81ble for dropplng 1ts energy belowl
'that of“the trlplet state.- It should be empha51zed
.'here that Borden s proposai 1s based solely -oh. quall- B
.tatlve grounds, and a quantltatlve evaluatlon of the

; system is necessary.

; yfrOm.the foregoing‘discussiOnh it canvbe‘seendd ‘

| thatfif‘thelground'state'of;cyclobutadiene had‘afgeometry,".g
"of'looerpsynmetry than‘square, then all of the euidence:‘
fapart from the‘aSSignﬁent of the infrared absorptions, :d

-‘would be mutually con81stent.‘ It became, therefore,'V

”‘”7necessary to undertake a detalled examlnatlon, bOth

=
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theoretical and experlmental of this system ‘which could'

3

o helﬁ to resolve the. ex1st1ng controver51a1 problem.

Experlmentally, there was a deflnlte need to closely
re- examlne the matrlx—lsolated spec1es by v1brat10na1
spectroscopy. Theoretlcally, furthe; reflnement in the

treatment of the system was eagerly awaited.

43
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uHAPTEn I1I S U o S
‘ | \ = R S
OUTLINE OF OBJECTIVES AND METHOD ;5, e e

The objegtfbe of thls work was an examlnatlon of

matrlx-lsola éoclobutadlene (l) by v1bratlona1

, -

- spectroscopy 1n an attempt to eluc1date the geometry

".spectroscopy usually- 1nvolves the steps schematlcally

of the rlng.v The method for the typlcal charagter;za-

g

~t10n of a matrlx—lsolated spec1es by v1bratlona1 : T
represented in Flgure'lz.é4 In theory, careful ana1y51s¥‘ o
of the v1brat10na1 spectra shouid dlstlngulsh between
_hthe two geometrles, square and’ rectangular, whlch‘have y
been proposed for cyclobutad1ene.> The number and'klnds%
of rotatlons and v1brat10ns wh1ch w1ll be 1nfrared or
.‘Raman actlve (selectlon rules) ‘can be predlcted from “i?;'
_symmetry con51deratlons and depend upon the conformatlon« =

b
assumed by the rlng.AsA Of the 18 normal modes of vibr”-‘

.45

'tlon of 1 (3n— f# 18), group theory predlcts that‘_ :
' for square geometry (p01nt group D4h)’ four are 1nfrarednﬁ"n
factlve and ‘seven are ‘Raman’ actlve, whlle for rectangularg
7geometry (point group DZh)' seven are 1nfrared actlve:
_andqnlne are Raman active (Flgures 13 and 14) Thus, lf :
‘the bands 1n the spectra due to cyclobutadlene can be ‘
dcorrectly 1dent1f1ed, and 1f these bands can be rlghtly

ﬂf;correlated to v1bratlon types, then it should be posszble

. to deflne the geometry of the rlng.

3
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INFRARED. ACTIVE MODES .

i\

SQUARE TRIPLET - o RECTANGULAR SINGLET
. ) : : ;‘."«I""x,p‘ﬁv

‘"jj_IGuRE;14;.

C-H Out-of-plane
waggins |

C-H Stretches =

‘Asymmetriéa
 c=C Stretch

H-C-C In-plane
~ bendings

v

 Asymmetric'C-C
'_Stretch - |

Infrared Active Modes of Vlbratlon of

RN SQuare and Rectangular CYCIObUtadlene'fﬂ
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Since_more than one product. ls formed fﬁbm the
photoly51s of the precursors that yleld cyclobutadlene,

:dlfflcultles arise in the emplrlcal a551gnment of

b
K

/ \;;,m 1nd1v1dual 1nfrared absorptlons to a 51ng1e specles.v

)
“

There is a crlterlon which can be applled in. the selec-

ltlon of bands attrlbutable to cyclobutadlene i. e., all -
. ¥
‘ such bands should malntaln the same relatlve 1nten51ty

: throughout the photolytlc proceps, 1rrespect1ve of matrlxic

tructlon of the spec1es by d1ffus1on c0ntrolled dlmerlza-
) [
_tlon ("warm-up dlfqulon studles ) should also r t

in the dlsappearance of all selected bands, whlle durlng

. ‘this warm-up process the same relatlve 1ntensrt1es are _ﬂ

malntalned Thus, in order to 1dent1fy all the absorptlon
- bands arlslng from one spec1es,'an accurate measurement_
.;of the 1nten51t1es (optlcal den51t1es) of the lnfrared

~;absorptlons is needed. L3 R o : flx‘

'fvy the above condltlons have“been 1dent1fied, the

h'<:<;next task 1s to correlate the selected bands with the o

A

expected actlve modes of v1bratlon of cyclobutadlene.:

ngThls 1nvolve8 the use of the general correlatlons that

tween the groups present 1n a molecule and the lnfrared

.45 ""o‘l LR

bands observed 1n 1ts spectrum.- Unfortunately, many

reactlve spec1es (especzally small molecules) have

','ave been establlshed, chlefly for stable molecules, be--.

_49A

' ratlos, matrlx materlals and photoprecursors.44 The des-'f(n



_,modes. Consequently, this so-%glled "Group Freqdencjf“‘}

.llable to error., |

50 -

. ‘> Ty
B i v /‘)

' vibration'frequencies’that fall'outside the normal ranges (

elther because of their unLqUe elecqﬁ?hlc structures or . N

because of "coupllng"47 between 1ntera é%ng v1h§3;;

K

Method“ is the least rigorous method and*is the mos€

The use of lsotoplcally substltuted precursqrs 1s

very useful 1n thlS respect. The spec1es thus generated

‘have dlfferent v1brat10n frequenc1es.48 The magnitudes

of these shlfts show Whlch atoms are pr1nc1pally 1nvolved,

wbln each v1bratlon. Thus, 1t is. often poss1b1e to 1den— :

-:tlfy unamblgously many observed 1nfrared bands on the

' ba51s of thelr shlfts in the spectra of the approprlately

“1abe11ed molecules. The method is c0n51dered to be most

w

'_ugeful for small spe01es (e g., cyclobutadlene) where any_

'1sotop1c change alters-all v1bratlons detectablyr Sub—

Zstltutlon of hydrogen by - elther trltlum or deuterlum ‘

'a,constltutes an 1dea1 case 51nce the change 1n the corres-“

g

e £§;4x§cf:;;«? (see Chapter IV in reference 48)

‘pondlng reduced masses is maxlmum and the 1sotop1c shlfts, S

:1nvolved are consequently very large (Flgure 15).‘ effr

e NE L e , \1/2°
WH 3M+3 L

s FIGURE 15. Ratlo Between the Dlatomlc R—D or R-T Stretch-‘V"

1ng Frequency and that of the R—H Osclllator .f;:._.



-

’ythe spectrum of ‘the partlcular spec1es has been dv

.In the case of cyclobutadlene (l), examlnatlon_

flrst of‘the fully deuterated spec1es 28 prov1des 1n—

formatlon whlch is. more readlly 1nterpreted than that S

from partlally substltuted species. Partlal 1sotop1c'.
substltutlon destroys the symmetry of the rfng (Figure
16), so that dlfferent sglectlon rules45 apply to the "

predlctlon of the allowed fundamental v1bratlons.

. .o . Yo .

, "Normal Coordlnate Analysxs“45 57_allows a more

'deflnlte a551gnment of all of the observed 1nfrared

bands to the expected normal modes of v1brat10n of the T

v

molecule.. However, the calculatlon of frequenc1es by

tthls analy81s 1s, in practlce, appllcable only after

r

'largely 1dent1f1ed. Nevertheless, 1n certaln 1nstances

'1t may be helpful in suggestlng frequenc1es for bands

that have not yet been obségyed or conclu51vely g ﬂ gh

'~'1dent1f1ed Agaln, ©one 1mportant source of data is

"ii‘prov1ded by the spectra Of fUIlY 1sotop1cally S“bStl'

tuted. molecules.48

.-\

It has been sugge;ted that perhaps

-gtthe most satlsfactory use of normal coordlnate ana1y81s

'.

1s for the explanatlon of anomalous"!lsotope effects.;,,-

_"/

W

.51
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.The 1sotop1c substltutlon of one .atom may affect more

than on% v1bratlon frequency. If several v1bratlons of

r -

_the same symmetry 11e close together in energy, there
.may‘;uiﬁ be- con51derab1e mlxlng“ between them.45b c
NThlS patt L be reflected in a sharlng of the expected
.1sotope ShlftS between all the bands and should be
'reproduced in the normal coordlnate calculatlons. The

extent of ‘the mlxlng of the 1deal modes of v1bratlon )

'can then be calculated. -“f{_’

” The study of v1bratlons that for symmetry reasons.
do not give rlse to 1nfrared bands can be: undertaken
by Raman spectroscopy.4? The frequencxes of such

;v1bratlons have often been found to be extremely use-

"ful in normal coordlnate analy51s.ff'

e Iy

-
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‘"Look for the stars, you 11 say that there are none,

5.

Look for a ‘second tlme, and, one by one,
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CHAPTER IV = - - S x

s
RESULTS AND DISCUSSION

The infrared spectra_of‘matrix—isblatedJFyCId—
but&diene (1) and its fully deuterated isotopic analogue .
P ~wx R .

o (28) have been recorded and analyzed. Since the use of

~
’

only one precursor for theaphotochemical generation of

i

'matrlx—lsolated cyclobutadlene may lead to a mls-lnter—
pretatlon of the observed spectra (see Chapter II, sec-
tlom 2. 2), the characterlzatlon of photolysates arlslng

r .

- from several dlfferent precursors was warranted.., The




P . .
e . .. L
. > X .
1) . . - Vo
. . )
. . . . . . ;
o

& 'preCursors utilized to produce l were the tetracyclic

o

ether 23a,34 photo—a-pyrone (18) 35, 36land cyclobutene—

~ o~

_dlcarboxyllc anhydrlde (25). These are the only ‘known

photoprecursors capable of yleldlng the deSLred spec1es ‘p

-

w1th reasonable eff1c1ency. of these three precursors,
the. photocleavage of the tetracycllc ether 23a in. rare

gas matrices proceeds éost eff1c1ently to provide the

hlghest concentratlon of cyclobutadlene, but'the con--

bcurrent generatlon of phthalan (24a) masks several reglons

~ o~

of the 1nfrared spectrum. However, 1ntroductlon of

E ~H H
23 x=H, Y=H | RE
236 . x= D, Y= H
C28¢ X=H, Y=D .
23d X= D, Y= D

deuterlum 1sotop1c substltutlon 1n 23a, as 1nd1cated 1n

Vo

23b-d,‘sh1f75 the 1nfrared absorptaons of the phthalan

~ e~ e

24a to those of 24b—d Thls perm;ts 1nspect10n of the

Madaded -~

!

m—v1bratlona1'modes of 1 in the'ent;re‘reg;on'from-4000:U»

to 400 cm 1 ”J’;_éf

The 1 frered sp@ctrum of the photolysate of the o



T

F
El

matrlx 1solated (Ar 16- 18°K) tetracycllc ether 23a°0
,,;f

qﬁ-lrradlatlon (7 8°K) w1th two. Hanovia medlum pressurel,
Xy »d, k ¢

- o a

%;;

]mr"mercury lamps (140 W, ¢§éor fllters) ‘'was recorded with

ﬂ

«ya Nlcolet 7199 FT-IR" Spectrophotometer (0 5 cm.1 resolu-
tion, 100 500 1nterferograms averaged) There were

observed the two previously reported bands at 1240 and'

'_572 -1,35,36,38,39. In addition, only with the use of

the above spectrophotometer, two weak absorptlons at 1523

-1 38 39

‘and 723 em ! that had escaped earlier notlce were

detected_for the frrst-tlme._ All four absorptlons in=

Vycor. ,»]
T Ar g l | i
 7-8°K " - H CHH
e T
'

ifiaAﬁ35°K"

o

- ‘ H - - H
i e I
7 G - o
B, i S . oL
o W N
T e :



'“_of 23a..'

creased 1n 1ntehsxty upon photoly51s, and\upon warmrng
‘J'the argdm matrlx to 35°K they decreased and were |
replaced by those of the ;z_fdlmer of 1 (29) vThe v
-bands also kept the same relatlve 1ntensxty through-
‘out these processes, and - therefore lt was hlghly llkely
"that‘they were attrlbutable to cyclobutadlene.d The .

'presence of these absorptlons in the spectra of photoly-~

‘'sates arlslng from the' other two precursors, 183and'

-

25, was subsequently conflrmed.v 'ﬂ 7{.
Photocleavage (7- 8°K) of matrlx-lsolated (Ar 15-

17°K) cyclobutenedlcarbéxyllc anhydrlde (25) w1th

two medlum pressure mercury lamps (140 W, 10 12 h)

'_through Vchr fllters resulted in a relatlvely clean '_

conver51on to cyclobutadlene._ ‘The. spectra of the. photol- - i

&‘d’
ysate recorded w1th the Nlcolet Interferometer exhlbited

.‘,v._,.,‘:'_a

o
"

HeR @ mv oy oy s R

| Eau-vaan ol | IR '+ CO, coz, —-—> H-c C-H.,, ;
H 4 o 7-8K W Sy e e (minor)

250 e
fithe follow1ng absorptlons con518t1ng of four doublets-'

1530 1527 1528 ‘1245, 1242 721, 718-'and 591 576 cm 1
__These doublets correspond to the bands at 1523, 1240,‘:“

*jf723 and 572 cm } prevxously detected from the’photolysate T

Yo

[ R YL 42 | (R |l
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‘Photo a-pyrone (18) 3 was cleanly prepared by ir-
radlatlon (7 8° ; 20 h) of matrlx-lsolated (Argon, 10~
15°K) a-pyrone (30) with two medlum pressure mercury

lamps (140 W) through a Pyrex fllter.y The de51red

photofragmentatlon to cyclobutadlene was accompllshed

hv -

H-C=C-H -
~ (minor)

v!by contlnulng the 1rrad1at10n (7 12 h) through Vycor
Ufllters. ThlS converted any remalnlng o= yrone 1nto .

photo-a-pyrone and also cleaved the lattei to cyclo-r

x .butadlene. 'In thls way acetylene, the photoproduct of
':cyclobutadlene, formed only as a very mlnor by-product.v_
l'The 1nfrared spectra (Nlcolet Interferometer) showed
~._absorptlons at 1531,_1529- 1244 1241 721 719- and 5“

ﬂ!f57§( 574 cm }, each palr (doublet) agaln corresponding |

'fto the four prev1ously detected bands, respectlvely.




TAe four absorptlons at 1523 1240, 723 and 572

cm ¢, observed 1n the spectrum of the phbtolysate from

D~~~

23a. anz tentatively a551gned to 1 were therefore also

observ d in the spectra from the products of the oth

( .

two precursors.~ However, each absorptlon of the photo-'

[}

products derlved from the precursors whlch generate CO2

‘ upon photoly51s appears as a doublet.. Thls effect 18

Aqulte llkely due to the 1nteractlon of CO2 w1th cyclo-"

'butadlene Sane both spec1es are. trapped in the slte
. AR
occupled by the precursor.w R | ‘
. The four llnes malntalned approxlmately the same
t‘relatlve 1nten51ty 1rre5pect1ve of the photoprecursorlf?
'used and all behaved 51m11arly upon photoly51s and :

warm—up.‘ Th1s behav1our constltutes conv1n01ng ev1dence

for thelr assxgnment to a sxngle reactlve spec1es, l,

and thus, our 1n1t1aL tentatlve as51gnment was: conflrmed

‘A dec181on about the structure of cyclobutadlene

'_had to awalt the outcome of the symmetry assxgnment

of the four observed v1bratlons. The most informatlve oo

8

,and rellable method for assxgnment of the observed bands

",ito the expected normal modes of v1bratlon of 1 involves

the use of deuter;um 1sotop1c substxtutxon (ﬁbe Chapter

'”III) The 1sotope shlfts would 1nd1cate whether the

~ band at 1240 cm -1 1s due malnly to a skeletaﬁ vibratlon S
o in a square structure, as suggested by Krantz,19 or to :J-vi

"Va H-C-C 1n~plane bendlng motlon.i Further, the band at

51?



. ". ' ‘- ) ‘ v. ' \//
f1523 cm-l'is very likely due‘toya c=C stfetching Qibra-'f
tlon of the rlng and should shift acbordlnly upon

deuteratlon. The expected 1sotope Shlft, 1f observed

.would conflrm thls assmgnment and exclude the p0551b111ty

.oﬁ a square conformatlon,for l. Since part;al 1sotop1o-s

substitution destroys the stmetry‘ofbthe.ring (?.;51);--

h‘our.first taSk was’the;infrared'spectral_oharacterira;‘
tlon of the unknown cyclobutadlene- (28) , Formthis‘d

*purpose, we' generated the specxes from the tetracycllc
' ether 3la (for the synthe51s of 31la, see - the scheme |

| T S
4‘out11ned in Flgure 17) ‘Hf ‘

v o o

"pound 1solated in an argon matrlx proved rather dlsap-'

p01nt1ng 51nce all of the 1nfrared bands of 28 (v1de

1nfra);appeared to be masked-by those-of the_concomltant.

% x=H, Y= o4c

.
o
.

‘;Taiq,;:. E:ix#*b,fﬁé. ‘_ 24d fj{-

-

df?:fllrflf”:,shf;inbdjud\;t?}’-ﬁih.

phthalan 24a.”‘The{najor_féatures b£ th§fs§é¢t:umfﬁerej fEf;

~a

Ke)

r, photoly51s of. thls com~

62
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two strong shoulders at around 1040 and 420 cm lﬁ“th

*troductlon of deuterlum lSOtOplC substltutlon in the

‘ --g}y.
' phathalan 24a’ shlfts its 1nfrared absorptlons to those

-~ ™

of 24b-d.  This would permlt examlnatlon of the reglons

~ e~ o~ BN
~ o~~~

.masked by 24a.f The-syntheSLS of.the 1sotop1cally,sube:,

~ o~ -~

stltuted phthalans 24a-d allowed recordlng of thelr 1n—*

, LiAlH, (D,)
THF
402 x= H ‘_ S 41a)  x=H,¥Y=H . 282
40b X=D . . 4 _  X=D, Y=H - 24b
- “41c Y=D . - -24¢ 7
| 41d. Y= D o L~~?':_24d
& .;.

frared spectra 1n argon matrlces at’ elther 4 2 or lO°K
and at 35° K. From all of these spectra 1t was p0881ble
v

- to conclude that the best precursor for the conflrmatory._
-tfobservatlon of the features already hlnted at for cyclo-~~h'
'_:butadlene-_4 (28) was 31b (Flgure 18) Thls tetracycllc,'

h’ether was co-condensed (15 18°K) wlth an excess of argonjr"

‘(l 100 500),:and the resultlng transparent matrlx was\ :

.photolyzed (7r8°K) w1th two. medlum pressure mercury Kf'fo”ﬁ'h"

V.lamps (140 W, Vycor fllters).~ The 1nfrared spectra of =

5'_the photolysate recorded'élth the Nicolet FT-IR Inter-'exg“

N

. '.(- :
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P e i i st

‘ferometer reveaﬁbd absorptlons at 1456, 1043 609 and
=1

:2421 cm- 7, The 1n{‘h51ty of these absorptlons changed durlng

-_lphotoly51s and warm—upein a mapner 51m11ar to the bands
»'ascrlbed to the per-protlo counterpart. The presence of.»vd
'}fd:these bands 1n the spectra of the photolysates arlslng from o
;Eithe other two fully deuterated precursors was also conflrmedtd‘
"h Cyclobutenedlcarboxyllc anhydrlde—g4 (47) was prepared

e hby benzophenone-sensxtlzed photoadditlon of acatylene—dzs5 o

_Byrex . . p B P
Benzophenone " L P G

- T T

‘ ;-7s°c --y;ﬁ-aq,fP-,7D”

;,and maleic anhydrlde-dﬁ (46)56 in the same manner as

"”f:described for the known per-protio compound.s? Photolysxs:ffff““




~ (doublets) at 1455, .1450; 1047, 1044- 6091 608- ‘and 426

»'_vto cyclobutad1ene-§_4 the spectra showed absorptlons

D B ~hy
-+ Co, C02 '_,——> D- C C-D
D ‘ : . (mlnor)

a7 L 28

(7486K, 12-15 h) of 47 1solated in an’argon matrix (15 17°K)
gave" a clean conver51on to cyclobutadlene—d4. The 1r spectraq'

of the photolysate exhlblted absorptlons at 1464 1460'

'11046, 1044 609 608-'and 432 425 cm l, correspondlng to

the four bands detected from the ether 31b but agaln Spllt .

) 1nto doublets.

Photo—a-pyrone-_4 (48) was . prepared in 81tu from o

-pyrone-_d_4 (Flgure 19) 1n the same manner as the per protlo.f

analogue (v1de supra). Upon photocleavage of thlS lactone o

’f 423 cm ;,‘1n full agreement wlth the data obtalned from the s

..Q,U

hv h\,-"'

/" A52200 & “"l/ l o
A0 <co, A e
2537 & "jo, Tpo T2 p7 T Np

B
O ==\

JDyrex, f”D;ﬂ_'?QfEO VYCor o p

e © . p=seep



6

. other‘two precarsors; ",tﬂ ‘d}b]_ . e\' Ff" ;i-";'iltd‘\
Table 3 summarlzes all the 1nfrared data gathered

\ durlng the course of thlS research. In an attempt to rli;df

‘observe any bands, thus far undetected, wh1ch could be ._T".‘V(e

| attrlbutable to cyclobutadlene,:we also examlned the

. photolysate arlslng from the tetracycllc ether 234

~ o~

(Flgure 20). ‘No add1t10na1 1nformatlon could be obtaln '

’ from the correspondlng 1nfrared spectra.j R }/

G e
. - °

g (CH3C0N0

- CH3CO,H

t FIGURE 19. Synthetzc Scheme for u-Pyrone—d (53)
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’~.‘harmon1c7ratlo 1. 363), D and D' are the sble B3 tout-of-;

Lo

_DISCUSSION -

! SN
|

- T~

Thejspectralndata'presented (Table 3) exclude the y
'po551b111ty of: cyclobutadlene (1) posse551ng square |
geometry (p01nt group D4h) The appearance of foury’
absorptlons below 2000 cm -1 removes this_possibility

51nce group theory (v1de supra) prediotsﬂfor this~st—

vmetry only three 1nfrared-act1ve v1brat10ns 1n addltlon / ‘ %f

to the C-H stretchlng v1bratlon Wthh should appear

',around 3000 cm ;. The band at 1523 cm (A) whlch hlfts

¥
to- 1456 Cm 1 (A ) upon deuteratlon is undoubtedly ue

to the C-C stretchlng v1brat10n of l and supports the

above c0nc1u51on.¢“7;5;fW.< © ' : -11' R

“

On the other hand, the spectral ev1dencé lS con—v,w

»

s1stent w1th a rectangular geometry for cyclobutadlene,i-l-

57

point group D, The‘%ppllcatlon of the product rule"

2h°
to the present data 1eads to the follow1ng symmetry - 'A;; vj'”

fasszgnment58 oi the v1bratlons AfD and A'—D' (Table 3)

{ .
“fvThe palrs of v1brat10ns B and C and B' and C' have the ‘-
'7%ape symmetry designated hereln as Bzu lproduct rule"””'
'~ ratio: theoret1cal 1 927, observed l 918 where'the C H_j

a - AP R

'.and C-D stretchlng frequencres are’ assumed to have the

‘vplane hydrogen and deuterlum bendlng vibratlons (productlh
'“5rule ratlo-’ theoret1ca1 1 363, observed 1 357). ‘and

. flnally the CcC Btreﬁchlng v1bratlons, A apd A'



1

and unobserved vrbratlons (v1de 1nfra) that correspond

'prlmarlly to H C =C and D-C-C bendlng motlons, have Blu
symmetry. '_ o _ '
The 1soto%$ shifts 1nd1cate that B (1240 cm l)ﬂis |
,due largely to th; H-C*C in-plane bendlng V1bratlon, and
not prlmarlly to the C-C stretchlng motlon whlch con-;'
trlbutes malnly to C (723 cm 1);: In the fully deuterated
;spec1es thesv1bratlons.B' andlc' (1043 and 609 cm )-are
1both heavy mlxtures of these two coupled motrons. There4
’fore, the a551gnment of B (1240 cm ) prlmarlly to a c-C
: stretchlng ﬁlbratlon is deflnltely 1ncon31stent w1th the
Alsotope ShlftS, and the conclusron arrlved at earlrer

19 41

’by Krantz completely 1oses 1ts ground.‘

A reasonable set of force constants reproduced the

I

:vobserved frequenc1es well through a GF normal coordinptezu-

'_vcalculatlon,57

wh1ch was klndly performed by Professor R
J. E.,Bertle of thls Department (Table 4) The fact |
'”that the obseryed frequencies were reproduced uslng a -
dreaSonable set Qf parameters prov1des suppdrt fOr the_j'dr
Tﬂfassumed rectangular geometry and also fsr the symmetry
:fassignments. 7'h;f:,HVly”1jf:;jﬁL;”[‘ ;_r f‘pﬁg'ff;;}¢?

* We. have alreaay noted'(vide ggp~p) that the in-plane

;;H-c=c bendrng v1bratlon of Blu symmetry 1s not observed.‘te_
‘.Although some very weak absorptions at around 950 ‘om” L

A :
.'in the .case of 1, and around 750 cm l 1n the case of the

n,.{'
.

'prer-deutero specles 28, are present rn the spectra

e

’their,iihfjéffﬁ]
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éaiculated Observed“'
] -

C4H4

B - CaPy
o Calculated-xObserved

" Internal coordinates:

. Geometry

PR
~

1540

1223

974

740

574 -

'4'H-C=C; 4 cuteof-plane H~(

- Force constants:

L vTABLE 4'1

11523 B
. 1240

723 . © B

572 B,

assumed:

: LR

(l)kand C

Gbsurved and Calculated Frequencles for -

-4

By, uss 1456
- P ﬁfnlu', s .
| L 1084 . 1043
2# © 604 _669

t,422

—

3u’ a2t

.

2 c-c,

i

4 C-H, 2 C=C, 4 H~-C-C,

=Cy-

. R - 1
= 1.51 a,

1 Fe-c

fi;ﬁhwi,;néc—ci='i35°i’

c-H, 4 85- C-c, 7 425, ‘- c, 2. 55

A R

(all mdyne A’l), H-C-C and H—C-C,.

0«367 mdyne A;~out-of-plane n~c-c2,

0. 210$ mdyne A, all 1nteractlon,

r T

force constants 0 0.:-

D4 (28?.

13




1nten51t1es are too small to be conflrmed wlth the :

_precurSOrs, the spectroscoplc method, and the sophisti-

vcatlon of 1nstrumentat10n used for th;s study._“ e

The spectral data presented above clearly dlsprove

'Av the prev1ous c0nclu51on that the r1ng 1n Cyclobutadlene

"13 square. These experlmental observatlons have been

3

corroborated by recent theoretlcal treatments., ‘Ab initio

- calculatlons On both the SCF ‘level and w1th electronlc

3{appeared thls ye .

.sxnglet (ss) has been found to be more stable than the

tfdyndhlc sp1n polarlzatlon._:;?f,Tfmh

correlatlon (CI) have been reported 5@ Kollmar and v E 3:Q .

.,‘Staemmler (whose report appeared durlng our study)

A

and by Borden, D'v1dson and Hart60 (whose report T ‘,_; _t*

P .
These can be v1ewed as. further j'

z reflnements of the earller work of Buenker and Peyer:.mhoff18

dand of Alllngerlsk (Table 5) For square geometry, the ‘~;>.

]

triplet (ST) by ezther 7 kcal/mol (Kollmar-Staemmler)

_or 18 kcal/mol (Borden-Dav;dSOn-Hart). Thls vaolatloh of ﬂt o
v Hund s rule has been explalned as 'ah effect of dynamlc spln o

*
polarlzatlon. : Also, drstontlon of the square geometry

B R N S .
r—— "_, : S
. ~ f . o

X [ Electron correlatlon.thhrn the4ﬁ system lowers tbe o

energy of the sxnglet more than that of the triplet.}sdtd'fVT

fThe reaBOn for thls e&tra stablllzatlon of the srnglet 18 il

’v._',what has’ Been called by Kollmar’and Staemmler?g. va g

‘ . ‘o ."- s )




NEWTON' (1973)s

Cablinitio®scr .0 g .

2

CDEWAR (1975) - - 3o _g
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‘BORDEN-DAVIDSON-Bme (1 78) .%-14 ho -18. o ~—2i-§§,;;6};};"

‘f{ ab inztlo SCF,«U— and ﬂ space CI ﬁ77
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‘waABLE 5,: calculated Relatlve Energies (kcal/mol)hof square;fﬁf

W . . % R o RO 1“/;‘, . R o .
oa : . oo st . . e ’ - ’ o ) B AU Lo
. . 3 oo - I ™ . | N . - : . s - - - L. ey
" ey T s " N ™ K IR . ot DR -
3 . qg,. - i . . o X R : . ; : ) L

_ab_initio SCF, o~space €I
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ALLINGER (1968) T3 0 6.

BUENKER—PEYERIMHOFF (1968) .. =14 0 -24

ab 1.n1t10 SCF

T

ALLINGER (1968)

sqg PP doubly exc1t¢g CI _f v',‘l . ” fﬁ§”

o » .
‘A~,._..., "

GVB ' , e .o." T 8“%.:’% 0 . 0<RS<8 o x

. L e .
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KOLLMAR-STAEMMLER (1977) .~ = -7 o0 “-21
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v
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", . - S s . : R A IR

. 7 A L . L Sy

‘7;5 ‘ Slnglet (SS) and Trxplet (ST) ahdf'

Slnglet (RS) Cy°1°buthdiene;;fuf’”
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LW .

_to a rectangular structure has been foundsq to stablllze
" the 81nglet state further (pseudo—gahn-Teller effect),.

;corroboratlng Snyder 512 earller flndlng. The energy

'

dlfference bbtween the rectangular mlnlmum (RS) and the

Square (SS) conformatlons of 51nglet cyclobutadlene has

'now been estlmated to be between 4.2-8. 3 Rcal/mol

(Borden-DaV1dson-Hart) and 14 kcal/mol (Kollmar—staemnler)
As a result both groups of workers have concluded that -
a rectangular 31ng1et (RS) represents the ground state _
of 1 (Table- 5 and Figure 21). e

The ev1dence, both theoretlcal and experlmental,
R

415 therefore only con51stent w1th a geometry less sym-

N

T;metrlcal than D4h' very 11kely rectangular. Although

the present study does not deflne the exact symmetry of .

”.the molecule, at mlnlmum 1t prov1des a solutlon to the

:;recent controver81al cyclobutadlene problem._\Thua, the

: l
‘ chemistry of thls\system, derlvatives and parent spec1es,

'ﬁls now mutually confistent

Ly

(

..v I

-k

o 76‘

. ' v ol ) ! T ! . L . . B : : - M b
N . " . . R - o A . . . . a . N
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u:]I lll Ej Bk;

coordmoro o z{’ i B ‘coordinate

19, 15b

1973 Newton (eb initio 1968 Allinger

q SCF and GVB 4 -31G) . ¢ EARE doqbly excxted CI) f‘ifi$>_

1975 Dewar (MINDO-3) -'*x - 1968 Buenker-peyerlmhofflgif“a,ff
_ _ LT ‘(ab initio SCF, .
exten -CI BRI

-1977 Kollmar-Staemmler59
’ (ab initio SCF,
'w—space CcI) .
Do S T ,;197& Borden—Dav1dSOn-Hart6°‘
e S T . (ab initio':SCF, .
: L . ... .. w=, S-space CI) .

*.;FIGUREuZI. Energy Proflles of the Lowest Slnglet and BRI
: SRR “(*[v‘ y
Trlplet States of 1 by Varlous Theoretzcal o

| Treatments.
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A

"belonbs 1s nelther llmlted by tlme nor by space..

_.our 1gnorance' the more we feel our 1gnorahce

:
N . ‘
. .
: ) :
. /
- ) ; .
) H < 1
. . \
“ .
' )
, i o j Y
/ v /
| [ ~ .
) &
: | - . -
| ! ‘ .
A ' . ’ v
R
!
- N N . ’ .
. |
oy i e
; ,
.
.
: .
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.}'

.FFortunately sc1ence, 11ke the nature to whlch 1t

It b'10ngs to the world, and is of no country

‘and o age.’
_ | :

The more we know, the more we feel

the~more.we feel how much remalnsrunknown;

S, L




_ efectly transparent matrlces are in practrce dlfflcult toff;e‘

.79 -

.CONCLUDING 'REMARKS .

) ThlS study has shown that the rlng of cyclobuta~ g“:"
'dlene is not square, but as noted above, 1t has not ‘~;$q.i'

‘5Zeluc1dated the exact geOmetry of the molecule. It is.
'foften dlfflcult, Aif ‘not 1mﬁéss;ble, to make rgllable
- struc ‘ral and v1bratlonal a351gnments for reactlve

¢
spec1es w1th.¢he matrlx—lnfrared data alone. - ?

;chemlca

L

“Thus the need for further rellable ev1dence prompted

Andrews,61 Claassen,62 ‘Ni bler,63 64 to study : ;VLf

and 021n

matrlx—lsolated spec1es by Raman spectroscopy Their

4

f} reSults haue unequavocally demonstrated the usefulness [*V

e, -

of the matrlx—Raman experlment for obtalnlng data c0m--‘

’fplementary to- those obtalned from the 1nfrared work.

'oleblersé and Ozinssialso showed the v;ablllty of matrlx—"

»Raman-depolarlzatlon measurements45 47 add;ng a valuablei;j“’“

"new tool for matrlx-lsolatlon studles.. They found that '

w

’fyprov1ded the matrlx 1s transparent depolarlzatlon of e
.':the 1nc1dentQ;-§er beam and of the scattered Raman llght.
‘ | .

1s mlnlmal, and experlmental depolarlzatlon ratmos are

vmeahlngful for matrlx—lsolated specxes.. Although per-:

DR AP o

Jyprepare and non-xdeal depolarxzatlon ratios lnevrtably

(,‘.

g',:result from transluoent matrlces. the data already gathered

‘-\A":v
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' 1aser illuminationfcollection); a band may be ass1gned f
~to a totally symmetrlcal mode Lf 1ts depolarlzatlon ‘
ratlo is less than 3/4.66_ |

| At thlS p01nt further eV1dence to define the
hgeometry of the cyclobutadlene rlng is needed. ThlS may .
"ﬁbe prov;ded by the llne 9051t10ns and depolarlzatlon
ratlos‘in the Raman spectra’of the h4 and g# spec1es,
v«l and.28,; Two strong bands due to. symmetrlcal C—H

‘,stretchlng (A ) and symmetrlcal C—C rlng dlstortlon:
d(A ) would be expected 1n the ‘Raman spectrum,yas well

.has a medlum 1nten51ty band arlslng from the C C rlng -
%dlstortlon (B g) : Addltlonal useful meormatlon may v 'I\T,h
'be obtalned through a re—lnvestlgatlon of the lnfrared ; [;
¢spectra of the partlally 1sotop1cally substltuted r:tii*\:b
fspec1es (Tag;e 2, p. 36), partlcularly of the dl-deu- Li;\Em%

. terlocyclobutadlenes.r In the latter two cases, becauséd:

.(. \ ' R
VoA . .r!
r“wi'of the change 1n symmetry, the so far unobserved 1n—p1ane

w;_ch=c bendlng v1brat10n of Bl symmetry (p01nt group b'_ﬂ‘ f,~.f”5
hwh”“ Dzh) may show strongly (Table 6) o
u'w»The 1nteérated 1nten51ty of a fundamental 1nfrared'oa

g and 1s proportlonal to the components, u u

‘of the«dlpole moment along ixes flxed by conventlon L ‘1'5f'”
R : 3 S R T
’q“zwrth;n the molecule.szﬁ It as been shown that "two R

\"tvgbl\

nkatgns}ty~§um rules"’can be formulated over all coordln—

ates of a glven symmetry class.sg

ki

These rules can be

used to evaluaﬁegthe 1ntensmt1es of two modes belonglng
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be’ amena‘ge to gs treatment.7?f'”f

' Haas' and Shellne,79 and more recently O'gden71 aud- =

,_‘021n72 have found that these 1nten51ty Sum rules can.'

-

*fbe used to predlct relatlve absorptlon 1nten51t1es of

1nfrared—act1ve modes of v1brat10n.' Close agreement

between measured 1ntegrated absﬁrptlons and calculated

'Zlnten51t1es was reported for a varlety of spec1es.

N
V "

8 ness of the geometry assumed for the nOrmal coOrdlnate

y,calculatlons for these spec1es.‘ Cyclobutadlene should

b
e

e

“to the ‘same symmetry type and that also couple., Bos;69' ?f

‘Such agreement prov1des further support for the correct- R

g2

e



“You can- extract from alemblc or Jar

0

From the phy31cal ba81s of black coal tar
. : I
‘pll and 01ntment, Wax and w1ne o

" And the lovely colors called anlllne
You can make anythlng from a salve to a, star

~
If you-only know how,-from black coal tar,'

oy

' PUNCH MAGAZINE (1884) '

830 -t
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CHAPTER V.~ -~ ' N B TR

EXPERIMENTAL e

Y

All meltlng p01nts and b0111ng p01nts are. uncor- . SRR T
rected. Meltlng p01nts were taken on a Thomés Hoover

caplllary meltlng p01nt apparatus.

e
1

The “H nuclear magnetlc resonance spectra were

7; recorded on a\Xerlan A—60 Analytlcal Soectrometer or'

on a Varlan HA—lOO\Spectrometer. Tetramethy151lane ‘was
e R .

usedlas an 1nternal standard unless otherw1se stated.i<:ded:.

Ine repor'lng 1H nmr spectral data, the followrng,abbrefff“B

P

-0

v1at10ns are used |
s,”:51n§1et;‘,,ﬁﬁ;-l~3)v R

s S R o e

| 4a, doublet o om, mu”tlplet;/ﬁ/ o

o ,.(t,d trnplet | r"t;dd doujlet of doublets

I The 1nfrared spectra were obtalned On a Perkln— |

Elmer 457 Qratlng Infrared Spectrophotometer.‘ In re-'_)

onrtlng ir. spectral absorptlons, the followlng abbr;\“3 ,;7u "ffx

v1atlons are used.'

ba:mr ;medxum o

Ptafw,’hweak[
:fvs;‘very strong5: T . _ '\.M,l},.';,ggﬁf

The mass spectra were measured w1th A E I. MS- 12
' and ‘MS~- 50 Spectrometers.i, -

"'ThevgasflIQuldfchromatographicAanalysgslwg:ehpgf;gf~m

,.:‘84"




I'4

fformed‘on a Hewlett Packard 7620 Research Chromatographx‘

:fequlpped with an electronlc 1ntegrator.' A flame 1onlza-A

tion: detector and.l .8 m x. 0. 3 cm columns were used i o

(packlng lndrcated in the text) | .‘

IR The thln-1ayer;chromatograph1c analyses were carrled
’out on 3 x 7 cm, 0 25 mm Woelm 5111ca gel F254 plates.

E For preparatlve purposes, square 20 x 20 cm, 0 25 mm —l
.2 0 mm thlck, silica: gel EM®' HF and 366 (tyoe 60)
plates w1thogt blnder were used.' The plates were actl—'
vated at 110°C for 16 h and stored under anhydrous

ﬂ;condltlons._ | | ; 7

Column chromatography was performed uSJ.ng MN

5111ca gel 60, 70 270 Mesh Act1v1ty I. | |

All reactlons were carrled Out under a dry argon
vohatmosphere unless\otherw1se spec1f1ed in the text.'

R e o

:i*A uch1 rotary evaporator connected to a’ water .

*f;asplrator was used for the removal of solvents from

b

f‘galLﬂreact;on ml:tu;g&a“*'

T LT

,(‘_ -

L E The xsotoplc enr;cnment of all deuterated compounds e

‘was determlned by mass spectrOscopy unless oﬁﬁifw

\spec1f1ed i~ the text.-i ' ET[[Jl.,d , 3f-l’ | 4 i.:sﬁi.A
s ns.

In Lhe llthlum alumlnum hydrlde (deuterlde) reduct
the ylelds quoted are of product recovéred dlrectly from

i .the reactlon mlxture .
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_ Solvents. // N f . ‘; ORI al"' | B
VAcetone

Commerc1a1 reageﬁt grade acetone from a freshly

.

opened bottle was used.

‘_Béniéne

Commerc1al thlophene—free benzene was pre-drled.
overnlght at roomﬁtemperature over Pz 5, then was heated
to- refluxxng over freshly cut sodlum and dlStllled
(benzophenone was used as lndlcator)\ The freshly dls-
tllled,solvent was stored over sodxum.wlre.

.f}f;f t{ft."';;o.f

"Carbon_Tetrachloride

The reagent grade solvent was purlfled by pa551ng

through a column of ba51c alumlna.‘

Chloroform

r Fo

Commerc1al grade chlorpform was usually emoloyed. T

Small quantitles of chloroform were purlfled by passage*f‘




;e RS e , , - ,
oyer 4A molecularnsreves.t"»_‘ RS “~;;;
ldl 2= chhloroethane'.*- ur'y;= Q;”f ’f;l-
‘ Tfus fiolvent was purlfled by the same procedure EE
L _ , o

oy

3 (12 Torr) ;“?fd_“q,fj[

as descrlbed for dlchloromethane..b>

f e

Dlmethylsulfoxlde glﬁV

s

| The commer01al grade solvent was purlfled by drylng

over Llnde 4A molecular SLeves 0vernlght then:drs- .

’

.tllled under reduced pressure from CaHz- bp:v575,0f77,Q?Cﬁ

Y

PN Ly

-

Prellmlnary drylng of ethanol was achleved by heat-

'nilng under reflux for 6 8 h over elther CaO or sodlum

,,Pre-drled solvent from 1ts magneslum salt.,-\f‘fr

‘———Ether S SRR

"and d1ethy1 phthalate, then dlstllllng.

Anhydrous ethanol was. prepared by dlstllllng the_

7

»;a

Malllnckrodt anhydrous ether from freshly openedﬂ,d

'cans was used w1thout further purlflcatlon, otherwisef

‘cxlt was dlstxlled from sodlum-benzOphenOne ketyl under; :f

-8‘7j 1

1 A s mem A e et ke d




~ 4 " S
o : M . ‘
) ’ o . T . ’ . ‘ i L .
Ethyl Acetate ‘ “, o L };',. o R .
. ‘ Gy

The crude solvent was ore-z//}tled by, treatment 't}ﬁ »:
wlth anhydrous K2CO3 then-was,f{stllled from,anhydrousf:u

[N

n-Heptane_'fﬂ'F~:,‘3'*_ 4,“.')g,_gf

The bulk—quantlty grade solvent was. ore-drled over

4A molecular 51eves and then dlstllled from P205. The-“
. o

14

anhydrOus product was stored over SOdlum w1re. s

'@ .

¢

HexamethyAPhosphorlc Trlamlde (HMPA, ﬂMPT)

The reagent grade product was pre—drled overnlght

i;Wlth CaH2 and then dlstllled under reduced pressure

,- from fresh CaHz, bp:’ 113 114°c (10 Tor.r)-. IR
TN B L o
Hexanes (Skelly B) v 2

3;,“”. See n—heptane..‘;' -

Methanol '-fl.,-rf*ig'}:fn - <»;’3”l“ | 4

A small quantlty of magne um was treated Wlth E

methanol under Ar - and the mlxture was’ added to the bulk

' of the wet methanol after the formatlon of methoxlde had

begun‘, Under these condltlons, 5 10 g K .magne81um
turnlngs were requlred per lltre of methanol After o i
the vrgorous reaction haa ceased, the mlxture was he&t ]g_f , E

"under refluxxng for 2 3 h and dlStllled., The dlstlllate




'*j by dlstlllatlon‘after 1-2.

! | . B LI
v k .
'fwas'always handledgunder argon.
. , | Ce M s . a o ,'T"‘
n- Pentaneg— ' . '._.;' fr - fnir'g | rf'7.f', i |
) n Pentane was drled bj treatment w1th‘anhydrous
dg504, decantlng,,heatlng under reflux over P205.and
-‘zfractlonally dlstllllng through a column packed with
glass. hellces.cl ) i_ 333 ' ‘
vb.Tetrahydrofuran njj"?‘t 3ﬂ’.w i" o »7?@fg |
The reagent grade.solvent was pre—drled overA4A |
:molecular 51eves or granular CaClZ for at least one week,
.then‘was added to a stlrred (Cautlon !!; local over- .'l.VF‘J

'heatlng may cause. serlous explosxons) suspen51on of
eexcess sodlum 1n anhydrogs tetrahydrofuran (blue) con—‘
‘talnlng benzophenone.f If reasonably pre—drled tetra—l

T »
ihydrofuran was used the blue color of the sodlum-féwf

'benzophenone ketyl per51sted'or re-appeared after a few ‘

_;mlnutes refluxlng (occa81onally, fresh benzoph'ione had

,?to be. added) : fAnﬁyafbg

" Toluene = - B PO e

. See benzene.
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e . v ) «
/ * - v .o B

'Preparation of tithium ﬁluminum HYdridea(Deuteride) -

a

E _Tetrahydrofuran.Soiution‘h
Approxlmately 3 mol of SOlld llthlum alumlnum
’ hydrlde (Note l) were added under argon to BE oA of anhyd-.

. 1
. rous tetrahydrofuran and the suspen51on was . heated to

refluxlng w1th stlrrlng for 48 h (Note 2) . An 1n-

'soluble prec1p1tate was formed and although it appeared

" to be very bulky, 1t was ea51ly remOVed by flltratlon

(51ntered glass funnel) and amounted to leSS‘than 1%
of the orlglnal hydrlde (Note 3). |

o For standardlzatlon, 1 ml of solutlon was.decom—n
‘oosed w1th an excess of 0 l M aqueous HCl whlch was -
Q'bthen back tltrated w1th 0 l M aqueOus NaOH u51ng as

;1nd1cator 0. 1% of bromophenol blue in ethanol The

QJequlvalence p01nt was reached when the flrst green

”elshade appeared (Note 4)

Notes

1. Cautlon!! thhlum alum;num hydrlde may 1gnite _ ]ta\f
| »soontaneously., For smotherlng a llthlum aluminum |
“ihydrlde flre ‘use a pa11 of powdered llmestone.

(CaCO ) and a 1ong-hand1ed shovel “In no case

use water, carbon ledee, or a. chemzcal

extlngulsher.

e - . . ) -

',vé,_ The 501ub111ty of 11th1um alumlnum hydrlde in tetra—'fl~ff

hydrofuran is only 13 g/lOO g at 25 C and to attaln '



f,centrate a more dllute solutlon.,

_
[

thlS degree of solublllty 1t 1s necessary to con—‘n

74

”Fl&tratlon should be carrled out under argon and

g

’:after all SOlldS have settled down .The supernatant';"“

.

llquld may not be clear.

.thhlum alumlnum hydrlde re51dues were: dlsposed off
‘u51ng ethyl‘acetate. The re51due was elther

diluted or suspended in ether or tetrahydrofuran:'

LS

i under argon and cooled to- 0°C whlle w1th stlrr%ng

ethyl acetate was added dropw1se untll all actlve‘t

"hYdrlde was destroyed ”fe» ‘?'; vt 1 \;}*

v

‘ 91-




' hl 4~ Cyclohexadlenedlcarboxyl1c Anhydrlde (32)

To 10 33 g (52 6 mmol) of dlmethyl dlhydrophthalate
(Note 1) in so ml of 90% formic acid - was added 10 g o
(7 ml) of methanesulfonlc ac1d in small portlons w1thv

RS

- stlrrlng and the resultlng coiorless solutlon was heated
‘tat refluX»for sxx‘h.76r After coollng to roon tempera—'
";ture the beadtlon mlxture was poured 1nto 250 ml of a

t"l 1 mlxture of 1ce-cold water and brlne. Aﬁ adequate Vfdl'”

‘,amount of ether (500—600 ml) was added'to obtaln tw%.

'7'.distinot ayers and the two Dhases were shaken very

'jv1gorou 1Y (Note 2) ;'The aqueous layer was further:“w

Hextra,ted Wlth ether (2 x 250 ml). The combzned yellow

'ether extracts Were washed w1th a. 1 1 mlxture of 1ce—u
u.cold water and brlne (8 x 50 ml) and ‘then w1thq1ce cold o
brlne (2 x 100 ml) The organlc layer was drled ouer |
'7anhydrous Na2804 and the ether removed on a rotary
evaporator to glve a ?Olld susPended 1n some remalnlng
form;c_ac1d. This resrdue was dlssolved 1n warm ether- |
ﬁitoiuene,iand thevsolvents were removed in vacuum to

”fglve 8 64 g of a yellow;sh sol'd_wh;ch was then suspended

v;n 150 ml of toluene contalnlnghsfml of acetlc anhydrlde.,f

The mnpture'Was heated at reflux overnlght under argon, ff"ﬁ’3~i

'n‘allowed to cool to room temperature,_flltered and con~ﬂ7j7:'“

vcentrated in. vacuum to dryness to afford 7. 74 g (98%)

" fsolzd, mp 129 -140°c (Noteas).‘d i




Ly

Phy51ca1 Data for 32 §1.;hg”f'.n‘re' ;h5fh ”Q~rf 4b;rf : - e
.:mpa_ 147- 148° (ethylvacetate, sublimed 100°; 5b’$¥6rij-f*€f' ﬁ*d]?f“y
"1r ecnc13) cm 15‘ 3040 W), 2820 (w), 2890 (w)‘ 1845 |
R (s), 1770 (vs), 1690 (w), 1640 ), 1428 (m), 1265 -‘i‘dv',%‘}
1060 (m?l .'V-~hf:.fﬁ' ff;l<ea'»i’”“Tiﬂﬂ'_<jjjjf»
“i ). 6 3 12 (d g=1 Hz, 4), 5. 92 t]’jf:f 'r':k

fmass spectrum, m/e Orelatlve 1nten51ty) 151 (1,

(s), 1180 5w ,

H nmr, 60 MH
- <d:.;:f =
'?.x'Mfl ), 150 (10,'M+), 148 (0.2, w-2* ) »'dfi S S “;J1

”Notes,‘i‘r," SRR _,,’vi‘,-ﬁ o ?\E EENA ,'7f'/i

h}i.fd;Thlq glester Was prepared by the method of Alder, t
| isee reference 75 ‘ S u L .‘..1.
:“Zé?éiThe dlrectiproduct of the hydroly51s contalns a 30.
'»\;eto 40% of the ﬁorrespondlng d1ac1d The llmited

't‘S°1Ublllty °f thls ComPOund in. wet ether may re- sj‘,"'“f

_‘_T;ao -

e

duce dramatlcally the yleld of anhydrlde 1f the

N

"Vextractlon 1s 1ncomolete._im
"34:JrThe product can blso be obtalned in one step by
: 'fDlels-Alder reactlon of 1, 3-butad1ene w1th acetylene

‘,rdlcarboxyllc ac1d.7$b“-'jfltr;ff“,rfe ﬁw




S

.5Cyclobutad1ene~d4-1ron TrlcarbOnyl (33) ;“flfnffﬂ? S _h*ﬂ"

g V"

To a: stlrred solutlon of 10 00 g (52 mmol) of cyclo-'»';(lhu;l;

‘beutadlene—ga-lron tr1canbonyl (Note 1) 1n 130/ml of (
ﬁruchloroform (Note 2) under argon was added 40 ml of trl-;~
(‘;fluoroacetlc ac1d d (Note 3), and the resultlng mlxture ;iﬂ'h
:was stlrred at 50°C 1n ‘the dark for 13 hl, The brownlsh
':orange solutlon was then allowed to cool to room tempera—hfﬁ
'TQvture, poured 1nto 200 ml‘of 1ce-cold water, and extracted;fff““fawcid
ri.Wlth n-pentane (1 x 270 ml and 3 x 25 ml) The com-:( |

"dblned extrects were washed succe531vely®w1th two 50-ml

1'_portlons each of dlstllled water, saturated aqueous

‘:“KHCO3 ‘and- brlne, drled over anhidrOus Mg804,‘and flnally w'“”:”'“

'”concentrated to a volume of 50 ml The concentrate was

\

Zj,dlluted w1th fresh chloroform and the above process :

“?;repeated two more. tlmes s The solvent after the flnal

?(hwork—up ‘was removed by dlstﬂllatlon (Note 4) and the d;uﬂ

Lfremalnlng brownlsh 11qu1d wﬂs dlstllled to glve 7&91 g

<

'”3(77%) of cyclobutadlene-g4—1ron trlcarbonyl as pale

yellow crystals with a. deuterlum content of 98 3 atom %

{ﬂfPhy51cal Data for 33“‘.'“

';5bp.:~so-55°‘(o 3 Torr) e e -
CirT neat) cm-l:-<2060~(s)}sléao”(vs),'£240'(w)yjiisdjﬁkra;;E}j:<¢**5
i 4.730 (w), 670 (w), 630 (w) T R

zng nmr, 60 MHz (CDC13) 6 The absorptlon at 3 93 (s) | ;
. o :




oy
. was absent. B A

o Notes'. :g’g",fa-".;"'nﬁ“u ;:ff{*f

F . 1-,v Cyclobutadlene-h ~1ron tr1carbony1 was orepared by

ff Pettlt s procedure77 from cyclooctatetraene7§

2 (Fluka, Sw1tzerland) and d11ron enneacarbonyl 79
2.. .AnhYdrous,‘alcohol-free chloroform was used.
7![3;p.'Tr1fluoroacet1c ac1d-d was prepared from deuterlum -

. oxlde, 99 8 atom %D, and the correspondlng anhydrlde

,d,ln the followxng manner.,fl”f,'f“lﬁ*;fz _ffl,xf"

~}To 9, 6 g (8 7 ml 0 48 mol) of deuterlum OXIde wasr”ﬁ

‘"added 100 g (o 47 mo-' 5freshly dlstllled trl-fff“ |
"?fpfluoroacetlc anhydr e (Eastman Kodak) at 0-5°C. ?;!d*f"ﬂﬁ
°Afunder argon w1th/st1rr1ng4' The reactlon m1xtureele5
“l;jwas allowed to warm to room temperature and dls-f;?}~h;;”iw
rl%:tllled under argon to g1Ve 101 6 g (93%) of’ trl-'i'krlm

:»fluoroacetlc acld—d, bp 73-74°c;‘99 5 atom % D"

n T

””l}@,;w~The bulk of the solvent'wae removed at 75°C

]Eettitlefegri;egfbbéériahrcﬁf6f qeuﬁeriﬁm.egghangejﬁig,if-f””

:'.,1n cyblobutadlene-g4-1ron trlcarbonyl by electro~ g

PR

ffphxllc aromatic substltutlon 1n the presence of

e

Sl

}trifluoroacetxc a01d-d.89 The deuterigf\content ‘
f;pwas estlmated by lH nmr usxng malelc anhydrlde as Eﬁf;g”ﬁ{%;

”7 } standard.




""nnltrate

-

ll,l3—Bis—(oxo)—12-oxa—eetracycloT4.4,3.0;02'§]trideca—

o

3,8~ diene -2,3, 4, 5~ (gﬂ)

B}

In“a‘SOb—ml 'round-bottomed flask with four'vertical.

”ﬁnecks, fltted w1th a mechanlcal stlrrer, gas. 1n1et,
Clalsen tube and gas bubbler;(Note 1) was placed 2. 35 g
,(15 7 mmol) of 1 4 cyclohexad1ened1carb0xy11c anhydrlde

dlssolved in 50 ml of a. l 9: mlxture of hexane and '

acetone. The flask was cooied 1n an 1ce-water bath,‘

e l/,

'and whlle stlrrlng v1gorously, 1l ml of a solutlon of

3. 09 g (15.7 mmol) of cyclobutadlene—_g 1ron trlcarbonyl,

!}1n 10 ml of a l: 9 mlxture of hexane and acetone was

;added and then 2. 6 CR of flnely powdered cerlo ammonlum‘

81'was dropped 1nto the mlxture 1n small portlons.

ThlS process was reoeated unt11 all aoproxlmately 10 ml

of the 1r0n trlcarbonyl solutlon and the 26 g (47 1

r

,mmol) of ceric salt had been added. The total addltlon-

requlred 30 mlnutes (Note 2).” The 1ce-cold reathonéi'

Vlexture was stlrred for an add;tlonal 30 mlnutes, by

u‘whlch tlme carbon monoxlde evolutlon had ceased, and
. . Q;tg
’-theﬂ was poured 1nto 320 ml of lce—cold water contalnlng

. u‘H

;25 g of. NaCl ‘ana extracted with ether (1 x. soo ml - and

L1

4 x 150 ml) The comblned extracts were washed w1th a

o

vl l mlxture of water and brlne (4ex 50 ml) and 1ce-cold

96

- brlne (24x 50 ml) and drled °ver anhydrous Nazso4. .:v‘(,\. e T

' Removal ;- the solvent on the rotary evaporator



gave . 3. 30 g of a mlxture of startlng materlal and ‘adduct. .

‘A suspensron ‘of this mlxture in 80 ml of anhydrous
,methanol was . heated at reflux. for 30 mlnutes under argon.

The resulting yellow solutlon was cooled to 40 45 C,

=

dfand tge? poured into 400 ml of 1ce cold ether, and ex—

Stracted w1th flve SO-ml portlgps of an aqueous solutlon,"

5% 1n NaHCO3 and 10% ln NaCl. The ether 1ayer was:
washed w1th brlne (2 x 50 ml) and dried over anhydrous
Na2804. Removal of ether under reduced pressure gave

2.15 g of a brown SOlld which? was subllmed (90° C, 25
‘mTorr) to affOrd 1.97 g~(60%7,of pure product.’

N

Phy81cal Data for 34 S - -L1' T

mp: 159 160° (tetraﬁydrofuran—ether)

:'vtlc- dlchloromethane, 0.4; hexanes- ethyl acetate (5 2), |

ir (CHCl;) cm ~: 3060 (w), 2990 (w), 2940 (w), 2900 (w),

2860 W) - 2340j(§),“2270 (ﬁ),'lsso (s), 1780 (is).
1650 (w), 1610 (W), 1445 (m), 1380 W), 12§zf(m), :
'1275 (s) s 1240 (m), 1220 () 1160 (w), 100 (mx,
1030 (W) o - o |
lﬂdnmr,-GO-mHz'(CDCl ) 6: 3.58 (dd 3=3 Hz and
| 2 Hz, 4), 6 oo (t, ,‘= 3 Hz, 2) |
. mass spectrum, m/e (relatlve 1nten51ty) '207f(1, M+l'),

206 (10, M+), 205 (0.5, M-17)

97



'Notes

. 1. The reactlon must be run in a well—ventllated

fume hood because of the evolutlon of carbOn monox-'

L 4

‘ide and the hlgh tox1c1ty of the iron carbonyl

complex.

T2, Shorter or longer addltlon tlmes con51stently 1led 3\'

| to lower ylelds of adduct.'

!

il 6- Bls-(hydromeethyl) trlcyclo[4 4 0. 0 ]deca—3 8-~

T

dlene 2,3, 4 5-d

4 (35)

To a. stlrred solutlon of 1. 21 g (5. 86 mmol) of the%

'anhydrlde 34 1n 150 ml of anhydrous tetrahydrofuran

.under argon,‘contalned in a 500-ml1, round bottomed flask,.'

yasladded drOPW1se,9.u ml of 1. 053 M LlAlH*-tetra-
~hydrofuran solutionl:fThe reactlon was exothermlc and
a'precipitate of aluminumhcomolexes was formed ’An
leff1c1ent reflux condenser was attached to the flask and.
the mlxture heated at reflux for 10 ha The reactlon

;was quenched w1th excess water (819 mg, 45 5 mmol) ‘in

o 250 ml of anhydrous tetrahydrofuran to’ glve a colorless,

1 fthlck suspenSLOn of llthlum and alumlnum salts.v After

heating" at reflux for 8 HW the warm suspension was.

flltered through a Cellte pad. The 1norgan1c salts were

'1washed w1th three 100-ml portlons of tetrahydrofuran and

S ::"." t ¢

RN
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the conbined'filtratesﬁwere*concentrated to dryness. onu.
the rotarv evaporator to afford l 00 g (87%) of a color-
less solid. | | R

The 1norganlc salts and Cellte Were transferred to
the reactlon flask 300 ml of tetrahydrofuran was o
added and the mlxture refluxed w1th stlrrlng for 10 h.
Flltratxnn and solvent rem0va1 gave 100 mg (8. 7%) of
solld. Repetltlon of thlS extractlon afforded an- addl-"
t10nal>46 mg (4%) of d101 The total amount of d101
; recovered was ' l 14 g (99%) | |

The product was dr1ed by azeotroplc removal of

water (anhydrous tetrahydrofuran-toluene) on the rotary

"l‘v‘

y%' L

| evaporator, and in hlgh vacuum (25 mTorr) over: PZOS and =

used in: the next step. :

3 Physidai”Data"for'§§' -
f»mp:- 134~136°-’ Ca - -,fJE P |
. ir (cnc1 ) cm ;3 3620 (s), 3340 (vs), 3040 (m), 2585'
(w), 2910 (s), 2870 (), 2840 (m), 2280 (W), 2220‘
(m), 1540 (W), 1430 (s), 1260 - (m), 1200 (w), 1120
(m),j104o (m), 1010 (8) o
1y nmr, 60 Mz (CDcl ) 6: 1. ss (m, 2), 2. 68 (a, 3=’
14 Hz, 2), 3.34 (s, 2), 3. 48 and 3. 98 (AB q, i _’
11 Hz, 4), 5. 97 (dd J =24 and 3 Hz,'Z)H;~

mass spectrum, m/e-' 178 (M 18 ¢, H,.D 0)-

1271074700 2

99 -



12-Oxa-tetracyclo (4, 4.350.0%/ >Jtrideca-3, §-diene-

el

. _2,3,4,'5—'94 (36) |

"An oven-drled 300-ml, 3- necked, round boftomedn

flask was fltted W1th an egg-shaped magnetlc stlrrlng

bar,htwo septa apd a orec151on—dropolng funnel (Note l) ﬁ

(1 3 ml 7 7 mmol 1 2 equ1V) of ‘2, 2 6 Gﬂ-tetramethyl-

]
plperldlne and 25 ml of anhydrous tetrahydrofuran were

' added tOJthe'ilaskfin that order.. The solutlon was.
'cooledAtolbetween ;20 and -25 C wlth a dry 1ce~acetone
bath and 4.5 ml (7 08 mmol 1 05 equlv) of n-buty1-~
a; llthlum 1n hexane was added dropw1s/;w1th stlrrlng. ;lhei
‘yellowlsh solutlon was allowed to warm up\tO\room tempera-f
-‘ture, and then cooled to -80°C.. A solutlon of=6§7\mg ‘
(3.24. mmol 1.0 equ1v) of d;Lol 35 in 10 ml of anhydroisv' |
tetrahydrofuran and 30. ml of anhydrous hexamethylphos-”
~phoric trlamlde were added wlth stlrrrng in a contlnuous
stream | The flask whlch had contained the lel and the '";
syrlnge were rlnsed wlth two 10-m1 portlons of tetrahydro-
'c furan whlch were added to the reactlon flask. When ‘the
addltlon was complete and the reactlop mlxture had cooled
sufflcrently, a colorle\k sol1d formed and stxrrrng be-

| came 1mpossrble. The dry 1ce-acetone bath was removed,

-



-«\.'( .

' the frozen hexamethylphosphorlc trlamlde melted and
“f;stlrrlng could be resumed _ The mlxture was allowed to

“’tgfwarm to room temperature to glve a llght colored homo-l'

geneous 301ut10n.. Whlle stlrrlng v1gorously,-a solublon

of 927 mg (4 86 mmol 0 7 equlv) oflp-toluenesulfonyl

”'chlorlde (Note 2) in 100 ml of anhydrous tetrahydrofuran

‘\llght yellow reactlon mlxture that resulted was po'

- was added dropw1se<over a perlod of 8 h (Note 3) The

°

:_i¢onta1n1ng 28 g of NaCl and extracted w1th.ether,(l x;-

Al o .

k~{'200 ml, and 4 'S 100 ml) "The’conbined'ether~eXtracts"”

were washed w1th 1ce—cold 5% aqueous hydrochlorlc ac1d |
(6 x 50 ml),,lce-cold brlne (6 x 50 ml), saturated aqueous

‘KH 3 (50 mllf\?d flnally Wlth brlne (2 x 50 mll - The

‘ organlc layer was- drled over anhydrous Na2804. Solvent

;1‘01‘ o

\h-removal on*the rotary evaoorator (Note 4) gave 3 S of 011. EE

A solutlon of the 011 1n 50

<

of anhydrous dlchloro—

'.;methane was. further drled'over anhydrous Na2804, flltered

'through a Cellte pad, and th solvent removed ‘in vacuum

(Note 4) to afford 990 mg of a cv r homogeneous 011 whlch

"showed two spots on’ tlc (Note 5).;.-

' The tetracycllc compound was chromatographed on 50/g

-of. slllca gel in a 3- cm dlameter column (Note 6). From
'the flrst 70 ml of eluent was recovered 198 mg of a color-‘

xless 011 whlch crystalllzed 1n vacuun and was 1dent1£1ed o

’fras p-toluenesulfonyl chlorlde. Fractlons 22 to 70 were

, .
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> o : ;; &;> }

(80 100°C, 20 Lonr)' :

mg (98%) of yellow 011. Dlstlllatlo‘

“‘ afforded 520 mg (90%) of pure ether '6 98-i¢1€§tom $ D. T

: Phy51cal Data “for 36.V;:~'5j?‘y N - . ‘ASV
bp:;'90° (10(Torr) Ll . b
ir (CHCL;) em™': 3040 (55; 29i§1(v3),l&84d.(ys);‘231b
v (w),‘2220 (;), 1635 (w), 1435 (S), 1365 (w), 1260
(w), 1210 (m), 1135 (W), 1115 (w), 1070 (S), llash

(s) , 970 W)

H nmr, 60~MH; (cpc13)L§=d'2;18'(df T =3 Bz, 4), 3.407ana

4(AB q, 3 =9 Hz, 4), 6.00 (t, J = 3 Kz, 2)

| ‘ pectrum:(m/e): Calcd for C12 10D4O m/e..-178.129§;,‘*
R - - o Found m/e: 178.1285
Notes

5 B L 3 "" . » : ”\M ‘

1. The funnel and magnetlc bar were drled overnlght in. _:~\.;_
*;_the oven at 120°C._”;f

2y VAcld free p—toluenesulfonyl chlorlde was used 1n_\

..these preparatlons.‘8 . . »
'Baker .quallty tosyl chlorlde, iO 0 g, was dlssolved\\'
”jiin 50 ml Of~bOlllng anhydrous dlchloromethane, the
solutlon allowed to cool and 250 ml of anhydrous fu'
.\n-pentane added to. prec1p1tate*1mpur1t1es.:‘The reflf‘il'w
hsultxng.cloudy suspen51on~was brlefly cooled‘toi0°c“
‘and filtered through a Cellte pad. The colorless

hf'flltrate was evaporated to dryness on the rotary
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geuaporator to give”BIO/g-ZOf'colorlesschard solid.

hThe compound obtained in thksJ%ashlon,_although

lthought to be of analytlcal purlty was subjected to l

subllmatlon (69- 70°, .25 mTorr) to afford in 3'h |
8. 7 g of beautlful crystals.' | )

A3.: ~An addition rate of ?éepdrops/minute Qas closely

‘maintained. R | .

4. ;ﬁThewtemperature of ‘the water bath was kept at 20-25°C

LI t

durlng evaporatlon of the bulk of the solvent. ‘Theu
-.tlast traces were removed at 10- 15°C and 100 Torr.,’_.
‘l.fs.v'hl%“Methanoljdlchloromethahe;'0.5, product; 0.9,"
| "tosyl chloride. . e ':‘ L |
";§.é¥;chhloromethane was used as eluent lO—ml fractlons

| were collected w1th the ald of a fractlon collector. ih';“
; -Tosyl chlorlde was detected by tlc-uv. The re-"~ -
. malnlng, tosyl chlorlde free fractlons were then

vexamlned by glc (10 ul) UC-W98, ~1n]ectlou portid
”\t200 C; oven program, 150 C for l mln, heated at "

'15°C/m1n to 200°C, 200°C for 1 mln.

4 13 Bls—(oxa)-pentacyclo[s 4. 3 0. 02 § 3 5]tetradeca-§§ L

ene-2 3 5, 6-d (37)

“A solutlon of 520 mg (2 91 mmol) of the dlene 36§1n

15 ml of anhydrous dlchloromethane was placed 1n a lOO—ml, h \".'



round bottomed flastc then 710 mg (l 2 equlv) of 85% .

m-chloroperben201c atvid in 35 ml of dlchloromethane

Zwas added dropwxse w1th stlrrlng over a perlod of 10 min.

The" reactlon mlxture was stirred. for" l h dlluted w1th

- 150 ml of dlchloromethane and extracted w1th three :,

50—ml oortlons of an aqueous solutlon 5¢ in Nazso3 and

_ 5% 1n KHCO3 The organlc layer was washed tw1ce w1th

.portlons of brlne., The resultlng colorless solutlon

50-ml portions of aqueous 5% KHCO3 and twice with 25em1 L

stas drled over anhydrous Nazso4 and the solvent removed.

':l

in vacuum to glve 580 mg of colorless 011. The epox1de~

was purlfled by column chromatography (Note 1) to y1eld;.-

551 mg (95%) of product 98 1 atom %:D'(Note 2);

*'PhysicaI“Dataufor.37-

bp: 80~ 85°'(0 3 Torr)

H nmr, so MHz (CDc1 ) 5 . 2.15 (d J = 3 Hz, 4), 3 3o (d
_'JV; 19.Hz,_2y, 4. 26 (d 3 = 10 Hz, 2), 5. 98 (t, J ="
’ljiﬁs) 2)

‘mass.spectrum (m/e): -caled for c12 o 4o2 m/e.,'194,1245'

.0

‘Found m/e.’ 194.1237

Notes ‘

3 S 'sThe crude epox1de was. adsorbed on 20 g of 5111ca

b'gel 1n a 2 5-cm column Unreacted dlene was eluted
'w1th dlchloromethane and then the epox1de was eluted ,

‘w1th 2% methanol-dlchloromethane. Fractlons of

104
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: lO ml were collected and the progress fzthe,chroma-
tography was folldWed by glc (10 ul) 98}:iné"
”fjectlon port 200 >C; oven program, 150°C for 1 mln,.
temoerature ralsed to 250 C at 15 C ber min then
" holding at 250°C ‘for 2 mln.’ | |
2; lThls product was dlene free but contalned snall p

-amounts.of a mlxture of diepoxides which dld not

| affect at all the result of the overall sequence.b

ARt

~

6 3,5

4, 13 Bls-(oxa)-pentacyclo[S 4.3. 0 0 Jtetradeca-~
8,10- ~diene-2,3,5, 6~ -d, (39) 'y'p“: . o

, To a stlrred solutlon of 493 mg. (2. 53 mmol) of
epox1de 37 1n 25 ml of absolute dlchloromethane was added.
‘fllobul of absolute ethanol. The mlxture was, cooled under

:argon to -lO to:—20 C w1th a dry ice- acetone bath and

-

27 ml (2. 7 mmol) of freshly prepared bromlne-dlchloro--

.methane solutlon (Note l) added dropw1se untll the bromlne

color d1d not fade.v The resultlng reactlon mlxture was

.Lallowed to warm to room temperature and further stlrred

“_‘for 5 mln, then dlluted w1th 150 ml of dlchloromethane

and washed with. three 50-ml portlons of aqueous 5% KHCO3 l; .

50 ml of brlne and drled over anhydrous Nazso The

4"
'solvent was removed 1n vacuum to glve 861 mg (96%) of

a colorless 011. The solld dlbromlde 38 was obtalned by

-
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thorough removal \T*dlchloromethanexgy codlstlllatlon‘ofv‘
.a solutlon of the oroduct in- dlchloromethane wlth n- |
heptane (Note 2). It ‘was drled by azeotr001c removal

of water w1th benzene and used 1n the next ctep.

~o i
<

Tﬁé*crude~d&brom1de was dissolved’ Ain 20 ml of an-'a

'_hydrous dlmethyl sulfoxlde. Whlle stlrrlng the solutlon

under argon, 846 mé\ivy53 mmol, -3.1 equlv) .of freshly ;' tc'
hsubllﬁed pota551um tert butox1de (Note 3) was added 1n ,;'x
d.small portlons. The warm reactlon mlxture developed

. a brown color W1th1n 5 mln,_and after 1 h stlrrlng at

‘room temperature, was poured ‘into 109 ml of 1ce—water -

and extracted with n-pentane (1 ; 200 ml and 4 x 100 ml); ;7’
iThe comblned organlc extracts were washed w1th 100 ml hr_/

of dlsfllled water, 100 ml of a l: l mlxture of water ; "" :
| and)brlne and 50 ml of brlne.- The yellow solutlon wa& |
drled over anhydrous Na2804 and concentrated to dryness

on the rotary evaporator to g1ve 200 mg (41%) of a: yellow

SOlld whlch was subllmed at 90 100°C (10 Torr) to afford

1180 mg (37%) of colorless solld, 98 l atom % D.'

'Physicalfbatagfor 39
mp: 86-88° (n-pentane)
% nmr, 90 Mz (cocly) &: 3. 28 (d J = 5 Hz, 2), 4 32

" @, 3=5mz, 2), 5.73 (m, 4) o

mass spectrum: - no parent peak
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Notes
'.l., Bromlne (15 98 g) was dlssolved in absolute dlchloro-
: methane in a lOO-ml volumetrlc flask to glve a

v

~ 0.1 M solutlon of reagent. : :r

‘gz.p':The crude product was examlned by lH nmr and thef

a'spectrum showed the c0mp1ete dlsappearance of theh‘

trlplet 51gnal at 5. 98 6.

3. }-Pota551um tert butox1de was subllmed at 140 145°C f
(50 mTorr).~;v_hs1g" \

- . .\.
— . ) . s !

12~ Oxa—tetracyclo[4 4.3.0. 02\5]tr1deca 3 7 9 trlene— '

.2'3'4'5_“94 (31a) SR

~ o~ . i 1

ﬂA'dry, So-ml three—necked, round-bottomed flask
equlpped w1th a thermpmeter, a mechanlcal stlrrer and a :
.rubber septum was flushed wlth argon ahd malntalned
”f,under a statlc argon atmosphere (Note l) The flask waS‘l"
‘ fcharged w1th 15 ml of anhydrous tetrahydrofuran and

'cooled to —60 to v65°C 1n a dry 1ce—acetone bath Tungsten

; - hexachlorlde8 (952 mg, 2 40 mmol) was’ then 1ntroduced

. all at once (Note 2). followed by the dropwxse addltzon .7:f"

:'Wltﬁ stlrrlng of 3. l ml (4 77 mmol) of n-butylllthlum in’

. .
o hexane whlle keeplng the temperature of the reactlon mlx*;V

7‘ture below -15° Q' The resultlng mlxture was allowed to :

':warm gradually to room temperature,' The green-brown
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v1scous su5pen51on became a dark- brown homogeneous solu-_
tlon whlch eventually turned green at room temperature.‘,

A solutlon of 230 mg (l 20 mmol) of the epoxlde 39 in I m]

':f'of anhydrous tetrahydrofuran was added rapldly. The re-dv=‘\
:1actlon mlxture was stlrred for 3 h, then poured 1nto o )

Y

50 ml of an aqueous solutlon, 2M 1n NaOH and 1. SM in'
.'sodlum pota551um tartrate The resul 1ng brownish'sus-h”"
pen51on was extracted Wlth n—pentane (l x 100 ml and 3 x
50 ml), the comblned organlc extracts Were washed thh
5% aqueous KHCO3 (5 x 20 ml), brlne (2 x 20 ml) and .
?drled over anhydrous Na2804. The n-pentane solutlon _'_
_was flItered and analyzed by glc (Note - 3) and tlc (Note
' ,4) and found}to be a- mlxture of three components,‘the
i_ma]or one'(90%) belng the de51red product. :
The solvent was removed 1n vacuum (50 Torr) to glve
>h340 mg . of clear yellow oil- whlch was 1n1t1a11y purlfaed _
h]fby tle (Note 5) Bu1b~to-bulb dlstlllatlon (60°C, 1 Torr):“

;prov1ded 90 mg’ (42%) of a pure colorles Eblld, 98 + 1

'atém g D.,_v ,r 5 :‘,a - ,.:. ,‘["
o o oo EE

. 4 s

':Phy51cal Data for 31a -

~

v‘vmp'f 33-35°"v o L S . nel
'i:_flr (neat) Cm';é"3620\(w), 2950 (w),azslo (w), 2840 (m),--t" |
- '.V 2210 (w),»l460 (w), 1245 (w), 1 10 (w), 1150 (w),:

j” 1of5 (m), 1035 (m), 970 (w), §2o (m), 890 (w), 880

(w), 835 (w),»760 (m), 730 (w), 700 (vs), 620 (w),

e
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'5i606 (m), 495 k&y; 420-(m5, 360 (W) S L
1n”nmr} 60. MHz (CDCL;) §: 3:49 and 4.09 (a8 q, 7 =
10 Hz, 4), 5.80 m 4 o '"'.:y'. AR
5040 m/e."i76;1i39 o
Found m/e. ©176.1135

mass'spectruma(m/e): Calcd for Clzu

‘Notes .
—_— » SR L
1. Dry argou was admltted 1nto the. flask by a hypo-
| dermlc needle through the rubber septum y A statlc
" argon. atmosphere was malntalned throughout the sub— 3
sequent reactlons. . ‘ o )
2. ADark blue crystals obtalned by subllmatlon (60 C,
25 mTorr) of. Ehe commercnal product (Alfa—VentrOn)

1n vacuum were collectedaprlor to reactlon.f A more

;hf;volatlle yellow 1mpur1ty condensed at the top of”
. »[ the condenser. The yellow—blue crystals conden51ng
jln the flrst few hours of subllmatlon were usually
g:dlscarded.p The flnal subllmate composed of only dark |
‘blue crystals was collected ln a dry glové—box,'
'Zhbwelghed in a drnylask under argon and qulckly
3gtransferred all at once to the reactlon flask.. »
]{'dyif'For the glc (10 ul) UC-W98-.1n3ectlon port, 200°C-
7g}oven temperature prOgram, 130°C for 10 mln, tempera-
_.ture ralsed at 15°C per mln to 250°C temperature
‘:malntalned at 250°C for 10 mln.d

:AQ}' Tlc-"3111ca gel dlchloromethane, 0 2 0 4, 0 6._
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5. The 01l.was taken ub in 2:-ml oF dlchloromethane,bﬂ ‘.

[

spotted 6n two 20 x 20 cm. square, 0125 mﬁ thick»tlc‘ 
51llca gel plates and developed w1th l% methanol
o dlchloromethane. qu second uv actlve band from
'>;y%the solvent,front; whlch Las about 2 cm w1de, was :

® . i

scraped off placed in a column and eluted Wlth

¢
-

100 ml of . 2% methanol—dlchloromethane to g1ve a
brlght yellow solutlon. Solvent removal on a rotary |

' evaporator (10 to 20 Torr) afforded 105 mg of a ST
chromatographlcally pure yellow 011 whlch showed l

two peaks on glc (Note 3)
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“Eigeiyyl 1,4~ CyCIOhexad1ened1carboxylate 3,3,4,5, 6 6— °
\ (54)

The dlester 54 was prepared accordlng o the known
procedure for the per—protlo analogue-75a DleISHAlder
"reactlon of 1 3- butadlene 96 (Note 1l) and dlmethyl
acetylenedlcarboxylate afforded an excellent yleld of

" the adduct (54), 98 + 1 atom % D.

¢

‘Phy51ca1 Data for 54

bp: .138—l409 (10 Torr) |
" ir (neat) cm'lf 73000 (w), 2960 (m), 2900 (w), 2840
(w), 2270 (w),.2240v(w), 2170. (w)., 2080 (W), 1725
fi(Vs),_1665l(m), l630 (mi, 1430 ks), 1336'(s); 1270
(s), 1240 (sy,'leo (s),-1065 (s), 1025 (s),.‘
_(Q);'gzo_(wy} 315 (m);_790 (w), 780 (w), 725 (m),
”.lﬁ'hmr, 60 MHz (coc1 ) 5-] 3.70 (s, 6)'(stand5rdg b

¢

d1 tert butylbenzene, aromatlc lH)

- mass spectrum (m/e) 1202 (M C 6D604) oo

- Notes
1. 1, 3 Butadlene-c_l6 was prepared by reductlve dechlo-'
| rlnatlon of hexachloro 1 3- butadlene._ The method of -

Cralg and. Fowler85 was, followed

Fal
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' mp: 147-148° (ethyl acetate)

34a’nmf, 60 Miz (ch1

112
1,4-Cyclohexadienedicarboxylic Anhydride-3,3,4,5,6,6-
. P ,

[ 4
..

;(55)‘

1&?

This compound was: prepared 1n the same manner

‘as. the per—protlo analogue 32. A solutlon of 10.11 g

(50 mmol) of diester 54 in 50 ml of 90% formic aqld ;
was,t:eatéd,ﬁith‘7 ml of-hethaneéulfonic acid.undeg're-i‘
fluxing conditions;’Workrup of the reaction mixturé- ollowed

by treatment w1th ‘acetic anhydrlde provxded 7 73 g ( 9%) of

:product 55 98 i 1 atom % D. It ‘was also obtalned by dlrect

85

‘Dlels—Alder reactlon of l 3 butadlene—g6 and acetylene-

dlcarboxyllc acid in dloxane at- 100 C.?Sb

> .

Phy51ca1 Data for 55

, N S .
ir (CHClyy em ': 2275 (w), 2160 (w), 2060 (w), 1850

}1(5), 1770 (vs), 1685 (w), 1610 (w), 1380 (w), *
1285 (s), 1190’(35;-1635 (w), 1060 (W), 1030 (w),
990 (m), 890 (s), 810 (m) o
‘ B;DMSO;dIS- ”negativé (Staaaa:d: S
Efdl—tert-butylbenzene, aromatlc 2H) | o

'masa spectrum (m/e)~a?157 (7 M+l ),'156 (100 0, u

CaD o) 155 (10 -1 CgHDO,) B

Calcd for C8D603 m/e: 156.0693 .

\'1?f“" o  a o B - ‘Found m/e- 156?0692J7"

&



ll;I3—Bis—(oxo)?12-OXa—tetracyclo[4.4.3.0,02'5]tri- '

deca-z,s-diene—7,7,8)9,10,10—96'(559_

The pure compound 56 was prepared and 1solated

in a manner 51m11ar to that descrlbed for the 2 3 4,5- "

a, analogue 34. - From 6.53_g (41,8,mmol).of anhydrldel_

55, 5.35 g (27.8 mmol) of cyclobutadiene-h,-iron
tricarbonyl“and 48 g (83.4 mmolf'of‘ce:iclammonium- '

nitratefinnljo'ml of 10% hexane-acetone~waé obtained

3.9 g (70%) of'yelloﬁish‘solid. Sublimation. (90°C,

25 mTorr) afforded 3.60 g (66%) of adduct 56 as color-

less crystals,,98't 1l atom %.D._

~ Physical Data for 56

Jmp: -159-l60°‘(tetrahydrofufan-ether)'-"' e

Cir (cnc1 ). cm ?-.1848:(s),'1785 (vs) /-‘

1

(t, J = l,Hz, 2)

’.':mass speotrﬁm*(m/e):_ 208 (M Clz 4 6O )

?;1,6+Bis-(hyardxymethyl—di)4tricyc16[4;4Lo;02'5

‘t13 8- dlene—7 7, 8 9 10, 10 (57)

' The diol #7'Was prepared by folloﬁing@the“procedﬁre

H nmr, 60 MHz (coc1 ) 8: 3.31.(t, 3 =1Hz, 2), 6.34 .

®ldeca- =

113

vdescrlbed for the 2 3 4, 5—_4 analogue 35. ' From 3‘42-9:,‘:

(16 4. mmol) of anhydrlde 56 and 40 ml (24 6 mmol,

. y -
[ P
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1. 5 equlv) of llthlum alumlnum deuterldé-tetrahydro—
furao‘solutlon in 200 ml of tetrahydrofuran, was/'
'obtalned, after quenchlng w1th 2. 5 ml of water in
500 ml of tetrahydrofuran, 3.22 ¢ (97%) of 57 as-'*

colorless SOlld 98__Al atom 3 D. | '< ) . o ;Dbl.'.

 Physical Data for 57 sho"

mp: 135-136°

ir (cHCl, )'cm‘?: 3620 (s), 3340 (vs) | L
_lenmr, 60 MHz (CDCl ) 5- 2;80-(@. J = 1 Hz; 2), 6.28 .

(d, J = l Hz, 2)

5 -

mass spectrum (m/e)f» 184 (M-18> C12 4 10 )

e

-'lZ-Oxa—tetracYclo[4 4. 3 0. 02 ]tr1deca-3 8—d1ene—.h va'. ‘,‘\\*4,

-7, 7 8, 9 10, lO 11,11, 13 13 d ‘58)

{ The cycllzatlon procedure developed for.the lsola—:‘

' tion of the. 2 3,4, 5 g; analogue 36 was followed.< The ”
ivdlalkoxlde was prepared from 3 21 9 (15 8 mmol 1 0 equlv)joflp
diol 57, 5.35 g (6 4 w1, 137.9 mmol 1. 2 equlv) of |
“2,2,6, 6-tetramethylplper1d1ne and 22.6 ml (34.7. mmol,t‘.

l51 l equlv) of a hexane solutlon of n—butylllthxum'

“fu81ng 250 ml of tetrahydrofuran and 140 ml of hexa—'
emethylphosphorlc trlamlde as. solvent.” Whlle stlrrlng

"l”under argon, 3 76 g (19 7 mnol, 0. 62 equlv) of pf'.f

,‘toluenesulfonyl chlorlde in 200 ml of tetrahydrofuran
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thv was added dropwlse to the dlalko£§de solutlon over a
perlod of l& h.‘ Aqueous work-up and chromatography On
51llca gel of the reactlon mlxture provxded 2,81 g _ ":,% l

(96%) of colorless 011 98 1 atom % D
R A -
Physical Data for 58 .

bp: 90° (10"chr)9
'ir‘(CHClbl cnfl ‘ showed the complete dlsappearance of
the bands at 3620 and 3340 due to ‘the startlng dlol
ta nmr, 60 mHz (CDCI., 3) 6- 2 83 (d 9 =1Hz, 2),6.26
@, 31 8, 2) |
masspspectrum (m/e):_ 184 (M‘ C12H4D109l»-
13 3;5

4, 13-Bls—(oxa)—pentacyclo[S 4. 3 0. 0 _ltetradeca-

’8 10-d1ene 8 9, 10 ll 12 12 14, 14 (61)

The dlene 58 was subjected to a 51m11ar epox1dat10n—:
bromlnatlon-dehydrobromlnatlon sequence as was used for..
the: 2, 3, 5 6= g4 compound (36) Thus, from 2. 81 g (15 2
..mmol) ofpdlene 58 was obtalned 1. 35 g (45%) of epoxlde

ﬁgl as a}yellow SOlld, 98 i 1 atom * D 3 R ;_‘.7;,” d:ﬂ
: | » ) ‘,6 . ‘ . : ' . ., ) - ) , ." . l. /
..pgysica1fnata~for,siﬁ a | | R

'mpﬁw'87488‘ (n-pentane)f ’ R v
la nmr, 60 MHz_(CDCl3) §: 2.73 (@, J = 3 Hz, 2), 3.98
(@, J-— 3 Hz, 2) | o T

mass spectrum .no parent peak n’ S ) ?<.U
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12-Oxa tetracyclo[4 4.3. 0 02 ]trldeca 3 7 9- trléne—‘
.7,8 9, 10 ll ll 13 l‘3---<}_8 (3321)
| The epoxlde 61 was derygenated with Sharpless
'-reagent (WC16—2n—BuL1) 1n the same manner as; descrlbed
for the 2, 3,4,5- 94.ana109ue 39 Startlng w1th 730 - .
'mg (3.72 mmol) of freshly subllmed 61 was obtalned after
Laqueous work-up and purlflcatlon, 300 mg (45%) of
 "c91or1ess sol;d;_98 + 1 atom,%va
Physical D;téfferggé':
 mp: 34-35° "'_‘ |
 l11r (neat) cm 1:5 3b9o fw),'édao xw), 2950 (W), 2260‘

'~ : (W), 2200 (W), 2070, 1300 (m), 1150 Am) , 1050
), 1035 (m), 985 (w), 960 (W), 9oo (m),‘870 (w),
"820.(m),-805 (m) 790 (), 726'(5), 675 (vs), |
';575'(vs)) 340 (m) __.~_ TN - ;ﬁ;' TR

: 1H nﬁr, 60 MHz (cnc1 ) 8:..3.20 (4, 3 ="14Hz, 2),
630 (@, 3 =1 Hz, 2) FRCIEE "'

Vv maés.spectrum_km/e) Calcd for C12H4D80 m/e.' 180 1390

S L ~ Found m/e- 180 1394
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"Phthalan (24a) - BT oA

7o a stlrred solutlon of 233 mg (278 ul, 1.65

'mmol) of 2 2,6,6- tetramethylplperldlne in 20 ml of

2

anhydrous tetrahydrofuran 1n a 250—ml three~necked round-

[CINN

1bottomed flask (Note l) was ‘added 1 0 ml (l 54 mmol) of

n—butylllthlum 1n hexane whlle keeplng the temperature
*between -10 ‘and -20°C.v The resultlng clear yellow N

' mlxture was allowed to warm to room temperature, strrred‘
for 20 mln and then recooled to —80 C. A solutlon of

95 mg (0.68 mmol) of diol 4la (Note 2) in 10 mi of

btetrahydrofuran and 10 ml of hexamethylphosphorlc trl-*

”v“amlde was added all at once w1th stlrrlng.t Thevtrlamlde o

"prec1p1tated and stlrrlng ceased. Tne reaction'mixture-

lwas warmed to approxrmately *40°C the SOlld melted
fand stlrrlng was resuTed On warmlng to room temperature;
a clear solutron was‘formed and 2.59 mg (1 36 mmol) of

'Eftoluenesulfonyl chlorlde in 30 ml of anhydrous tetra--

ﬂ”-hydrofuran was added dropw1se w1th v1gorous stlrrlng over |

' - a. perlod of 2 h. The golden reactlon mlxture was poured

7,1nto 300 ml of water and extracted w1th ether (l x 100 ml,‘
2 x 50 ml) The comblned ethereal extracts ‘were washed

' succe551vely w1th two 50—m1 portlons of 5% aqueous NaOH,:
"of 5% HCl, of brlne, ‘of saturated KHCO3, and flnally of
35br1ne, The colorless ethereal solutlon was drled over

:vanhydrous NaZSO4, concentrated in vacuum to l ml and
‘ )

_punfled by tlc (Note 3) ‘to afford 80 ng (98%) of color-'

7
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'less oil‘(NoteMQ);

Phy81cal Data for 24a

~ .~

bp:, ,(20 Torr) - |
ir‘(neat;‘ en™l: 3080 (w), 3030 (4), 2940 (w), 2850.
C(m), 1465 (m), 137o.<m);,1330“(w); 1265 (w), 1040
(vs), 900 (s), 740 (vs), 690 (W) | .
'8 nmr, 100 Msz(CDC13) 5: 5.00 (s, 4), 7. 24 (s, 4) |
_.mase‘epectrum,-m/e'(reiative~intensity)} 121 (l M+l ),

120 (10, M%), 119 (0.5, M-1%) -

1. all giastare andAtﬁe magnetic:Stirrinczbar were -
Jdrled overnlght in the oven at 110 -120° C.?
‘n2,_3vPhthalyl alcohol was prepared by llthlum alumlnum <
V hydrlde reductlon of freshly subllmed phthallc
’anhydrlde.ss e
3. The concentrated solntlon was spotted on a 20 x "fixf_f
20 em, O. 25 mm tthk 5111ca gel tlc plate and de-""
.fveloped w1th dlchloromethane. The band with- Rf-0 5

was scraped off placed in a column and eluted

;wlth 100 ml of 2% methanol dlchloromethane.\

,l q

4. The or1g1na1 oreoaratlon of phthalan 1nvolves de- _b ‘, g

'T'hydratlon of phthalyl alcohol over alumlna at 300 C.87

-
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Phthalic Anhydride-d, (40b)
A 250-ml, : ree-necked; round—bottomed.flask was |

fltted with a reflux c"'enser and a_magneticvstirring

bar (Note l) and charged w1th g (92.5 mmol) of

sodium methoxide (Note 2) and 40 ml of d& erium oxide
- (99.8 atom % b)‘ To the resultlng “hot solutlon was |
'added 1.00 g (3 5 mmol) of tetrachlorophthallc anhydrlde
(Note 3) whlle stlrrlng vlgorously to effect solutlon,‘_
then 5 5 g of N1/A1 alloy in small portlons were added

over 30 min (Note 4) The stlrred reactlon mf§éure was

heated in an 011 bath at 75- 80°C for 3 'h (Note 5) and

flltered whlle hot through'a-51ntered_glaSS»funne'
(lOQZOAu). ‘Thelmetallic residue was washed with three

30—m1 porthnS of hot water and: the clear colorless

flltrate was allowed to cool to- room temperature beforetrlh““
belng aCldlfled w1th 25 m1 of 10 M- hydrochlorlc ac1d at

5°C .(Note 6) . The cold aqueous solutlon was transferred

_ to a 250-ml separatory funnel and extracted w1th ether

(6 x. 50 ml) The comblned extracts were drled overnlght o L

(Nazso - to glve, after solvent removal on the rotary

.evaporator, 596 mg (100%) of colorless phthallc ac1d §4 .

- The crude materlal was dlssolved 1n 50 ml of warm

anhydrous tetrahydrofurau, flltered and the solutlon con-'
centrated to dryness.d_The re51due was recrystalllzed o
from 10 ml of water to afford 476 mg (80%) of hard crystals,_

mp 180—185‘C_(dec).. ThlS pure ac1d was refluxed in 50 ml :1;
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of anhydrous benzene contalnlng 612 mg (6'mmol)1of7'
acetlc anhydrlde untll the 1ast traces of solid drs-l
solved then the volatlle components were.remOved in |
vacuum at room temperature.4 The re51dual’acetic acid
or anhydrlde ‘wWwas codistilled - Wlth toluene to glve 425 mg
(80%) of 40b as colorless solld 88 975 s o 2 atom 3

D.

hPhy51cal Data for 40b

~ o~

mp. 128 130° (benzene’cyclohexane) S K

*11r (CHCl ) cm l: 1865 (m), 1845 (s), 1785 (vs), 1390 .

' (W), 1370 W), 1330 (W), 1250 (m), 1220 (s),‘1155 (w),~

, 1065 (w), 940 (w), 900 (vs),_860 (W), 570 (m) |

'iln nmr , 100 MHz. (CDc13—DMSO—g6);_nnegatlve (standard
o, 2-dlchloroethane 2m) e

mass spectrum_(m/e): 152 Mt C8D 03);v1Qée(c5b40))'80

| (CeDg)s 52 (gD ke

il

‘Notes |
1.. 'All glassware and the magnétlc stirrlng bar were. (ﬁﬂ\:

kdrled 1n the oven at 120°C for 48 h then allowed to

cool to room temperature under a p051t1ve Dressure~—*-' »
SRR T : L e

of argon.~ SRR

e

"?f’ Sodlum methox1de was prepared from sodlum and anhy—
drous meqhanol The bulk of . the excess methanol was

J» di 111ed at atmospherlc pressure and the last,

aces were ?@moved at room temperature in vacuum ~L BV
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ufThe solid was collected by cracking the fdask iﬁ??ﬁe_
.oral glove —-box under argon 1n the presence of P50 )5 and |
Vwas then reduced to a flne powder uSLng an oven
drled mortar cooled under argon. The resultlng'
.SOlld was drled for 32 h 1n a drylng plstol (reflux?
alng toluene) over P2 5 (50 mTorr) ,
.3.' Commerc1al tetrachlorophthallc anhydrlde (15 0. g)
| contalnlng some’ free acid was recrystalllzed from
275 ml of anhydrous 1, 2—d1chloroethane and 12 ml of
- acetlc anhydrlde to glve 13 7 g (91%) of colorless ‘
prlsms, mp 254. 5 255 0 C. R
,4;- Vlgorous reflux1ng'of the~reactiontmixture:tOOh tv,li,f

SN

place on each addltlon and care should be taken to

prevent the foamlng suspen51on from overflow1ng._ An kov

’1nduct10n perlod was, observed at flrst and it is best
to warm up the reactlon mlxture before any more Nl—Al
alloy is added :;" ': o _l o S ft\¥g--_1\

| , _ . N

5. ngher temperatures gave malnly completely saturated -

.q", product whlle at a lower temperature some partlally

reduced chlorlde was recovered.,' - | |

"6,: The - acid’ was cautlously added w1t 'Stlrrlnglinll;ml;pmd

. .portlons; The alumlnum oxrde tha formed upon' |

lneutrallzatlon dlssolved in ac1d1c medlum and then dl
-3 ml of the concentrated ac1d was added Coollng was

“Uv‘necessary due. to dlsprooortlonatlon of AlCl3 lnto

“Al.0. and HCl 1n the hot reactlon mlxture.'::,‘
2 3 . o BN
o o v s RSN

w



' quenched w1th an excess of water (57\ul}

S
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Phthalyl Al¢dholﬁ3,4,s,6-g4 (41b)

A solutlon of 100 mg (0. 65 mmol) of phthallc anhy—
‘dride—d 1n 10 ml or anhydrbus tetrahydrofuran was Dlaced

in a 100 -ml, round—bottomed flask and w1th stlrrlng, di'

© 0.7-0.8 ml of 1.05 M 11th1um alumlnum hydrlde tetra—
BN hydrofuran SOluthn was added dropw1se.. The resultlng

';fcolorless suspension was stlrred at room temperature for

RN

Sh to glve a transparent co%Prless soluflon which was’ -

The thlck

P

~

f suspen51on was stlrred at room temperature for 3 h,‘v

1f11tered through a Cellte pad and the solld rlnsed w1th

two S5-ml oortlons of tetrahydrofuran. The comblned
_flltrates ‘were concentrated to dryness in vacuum to

' afford 75" mg (81%) of colorless SOlld | The lnorganlc

'-:salts were transferred back to the reactlon flask

suspended 1n 20 ml- of tetrahydrofuran, and stlrred‘at

' room temperature for 3 h. The suspensxon was flltered

as above and thlS sequence repﬁafgd once more. Solvent

removal from the comblned flltrates gave 14 mg (15%)

fpof solld. The crude materlal was purlfled by tlc (Note

”'fmp- 62-64° ©

'Phys1ca1 Data for 41b 5

1) affordlng 83 mg (90%) of colorless crystals, 97 .8

0 2 atom % D (Note 2).

Lo e —

ir (chigf'cmfl 3620, (sy, 3340 (vs) ff3“(o“;: e

- ‘5/"‘«\



L.

- '8 nnr, 60 Mz (coc1 ) 6._ 4.40 (s, 2), 4i64 (s, 4)

mass spectrum (m/e). 124 (100.0, M-lB c8 R D,0), 123

b-(77 7"C8H3 40), 122 (11.0,,._834 30),_95 (7Q-Q(=

>
g

Notes
1. The dlol was drssolved in 2 ml of dlchloromethane

‘and spotted on two 20 x 20 cm, 0. 25 mm thick tlc

‘Blllca gel plates, whlch were developed*w1th2%awf//f' . —

4methanol in l l hexane-ethyl aCetate. The slowes#

mov1ng‘8v actlve band was . scraped off,~placed~rn~a*\v/f” .
;7column and eluted wrth 100 ml of 5% methanol—ethyl
,bacetate;: Solvent removal in vacuum gave the pure . -
f.jProduct.:e'p.'r' o o ;._;‘gv,_i . f'lw";y'pfp:gr

2;___Thls materlal was drled bv azeotroplc removal of -
water w1th chloroform—benzene.; The resultlng solld
\

Zwas ground to a powder and further dr1ed at room :

temperature 1n vacuum ov%r P205u

[V

l'l 3—D1hydrorsobenzofuran-3 4 5 6-d (Phthalan 24b) _yl¥;}%$

ThlS compound was prepared ln the same manner as lg"f-\

'-1pvthe per-protlo analogue 24a. From 83 ng (0 58 mmol) of the
:‘correspondlng dlol 4lb was obtalned 60 mg (83%) of a 7_7"

'pcolorless 011, 97 8 0 2 atOm % D._fh



e -

":of tetrahydrofuran was then.added A very thlck

,v;and refluxed overnlght w1th stlrrlng.; The warm tetrahydro—

mass spectrum (m/e) 124 - (40 Mt c.u,D 0), 123 (30,
_ 4% .

.prec1p1tate formed and the mlxture ‘'was stlrred whlle

PN | . .k o e o oo 124

" Physical Data for 24b : S : ",',.E\;

~ o~

bp: - 80-100° (10 Torr)

ir (neat) cm‘lf*-2950 (W), 2850 (s), 2270 (w), 1590 (w),

E3

b 1&7S~4w), 1360 (s), 1295 (m), 1165 (w), 1135 (m),.,,

_ 1060 (vs), 1000 (s), 900 (s)/ 860 (m), 830 (w),v
785 (w), 665 () B .
la nmr, 60 MHz (cuc1 3) §:c 5.12 (s, 4), the Signal.atl';
7. 25 Was undetectable (standard- l,2—d;chloro—--
| ethane, 2H) S ' - j_'. SO .l “'15
874"

8H D, ), 122 @, cgn 730),595.(100,-C7H3D4),j94

3

(40 C H D )

Phtha1y1°A1cohof—1l,i',2f,2*4§4 (4lc) .

~ o~

R . . - s

An oven-drled 100-ml, round-bottomed flask was
_charged under argon Wlth 140 mg (3 3 mmol) of. solld i

llthlum alumlnum deuterlde (99 atom % D) whlch was Sus—

. pended 1n 30 ml of anhydrous tetrahydrofuran. A solu-. y:b

»tlon of 444 mg (3.0 mmol) of phthalic anhydrlde in 10ml

heatlng under reflux for 7 h The resultlng yellowlsh

'”:Suspen51on was quenched wlth an excess of water (260 ul)

i_furan suspen51on was flltered through a. dellte oad and

LN

’~"”ﬂ‘". jh‘ LYy o . S ‘ - N
7. : S : - L S . S , R

' . . i o ~ N T . .- . - i .

h Lo N R A o " v ' . L . N N s oo . o
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" the solvent removed in vacuum to give 388 mg (90%) of

vyellow1sh crystals. The 1norgan1c salts were trans-
-~ m’

* ferred back to the reactlon flask suspended in 50 ml
rfof tetrahydrofuran, heated to refluxlng for 3 h, then
flltered as: descrlbed above and thlS sequence repeated
.‘once'more. .Solvent removal from the comblned flltrates

; gave 21 mg (6%) of colorless solld., The comblned crude

materlal was&purlfled by “tlc (Note 1) affordlng 388 mg v.'.

(90%)_of“colorle55 crystals, 99,£ l atom ‘$ D- (the 2)

9. . A

Phy51cal Data for 4lc

~ o~

mp: 62-64°

"ir (CHEL, ) cm ;;’ 3630 .(s), 3320 (vs)
1

H nmr,*GO MHz (coclééoMSO;d6)36¢‘f4.éb (s, 2), 7.30 o ..
(m, 4) B g
mass spectrum (m/e): 124, (M 18 Cg 4D40) |

1. The dlol was dlssolved in. 4 ml of l% methanol—A
dlchloromethane and spotted on three 20 X 20 cm,“_v\I
l 0 mm thick- tlc 5111ca gel plates, whlch were _ “15J

developed W1th 2% methanol in l l hexane-ethyl w[
‘ ?Pux
acetate. The fastest mov1ng uv actlve band waS/mw.
A[

scraped off, placed in a column anﬁ eluted W1th 150‘

‘ml of 10% methanol—ethyl acetate to glve upon solvent

) . BNy Nt ,
removal the pure product. - o e
. ] : RS R
A

2. This materlal ‘was’ drled by azeotroplc removal of
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_water withsanhYdrous benzenem_'The resulting'soiid
. mass was reduced to a fine pbwder and further

: drled at room temperature in vacuum over P205. }

' -1,3-Dihydroisobenzofuran-z,2,7,7 (Phthalan 24c)

X -
_ The pure compound 24c was: prepared and 1solated in
R e

a manner 51m11ar to that descrlbed for the per-protlo

’ .phthalan (24a) 'From.d42 mg (1.0'mmol) of phthalyl- ;

~ o~ -~

falcohol—l',t ,21, 2'—d (41c) was obtalned 90 mg (87%)

" of yellowish eil, 99 + 1 ‘atom % D. R ‘hﬁg e
Phys;cal Data for 24c ‘ °
"~tbp: ' 80-100° (10’ Torr)

ir (neat) om’l: 3080 (w), 3050 (w), 3030 (w), 2180 (m),
2120 (m), 2060 (m), 1480 (m). 1460 (s), 1330 (),
Jiulgio_(w)f]izss'(wi, i2407(&))-iiésw(er,il°°h(3)?d
'F~iqaojxw);dib§57(551r 1020 (w), 1000 (W),f9405(§);hj"w

,_83‘0: (m), 725 (vs)_, 680 (W) BRI

"1H_nmr; 100 MHz (CDC13) 6; the 51gnal at 5 12 was'

undetectable, 7.25 (s, 4) (standard: 1, 2- dlchlo”o—’ o

“ethane, 28) Gy i

"mass'spectrum'(m7e):' 124 (100, M csn4 40), 123 (10,

Cg 3D4O),.122 (50, Cg 4D3o), 95 (70, C7H D), 94
Y : ’ ’

(90 C 3) n”“
oo



~ e~

Phthalyl,Alcohol-3,4,5;6,l',l',2';2'-d (4ld)

The lel 4ld was prepared by reduction of 100 mg
(0 65 mmol) of phthallc anhydrlde—c_l_4
(0.71 mmol) of llthlum ‘aluminum deuterlde (Roth, 99;

‘atom $ D) suspended 1n‘tetrahydrofuran;. The’same'l

1 lpurlflcatlon procedure as for\diol‘glg was followed .

“to glve 80 mg (88%) of-colorless crystals,_96,8hi 1

_atom % D.\

L PhYs1cal Data for 41d

~~~ Co . F

"mp.. 62 64°

ir (CHC13) cm 1; 3620v(s), 3330 (vs)
1

vyobserved (standard. 1, Z—dlchloroethane, 2H) ;;
mass spectrum (m/e): 128 (u-18* c8 g0)

‘l 3 Dlhydr01sobenzofuran—2 2 3 4, 5 6 7 7—d

The phthaLan‘24d was prepared follow1ng the procedure

~ o~

tfdescrlbed for the per—protlo analogue 24a. . Thus from

o~

'f67fmg ko 45‘mm01) of phthalyl alcohol 98 was obtalned

750 mg (86%) of colorless 011 96,8._~l.atom $ D.

-,Phy51cal Data for 244

~ e~

‘_vbp,] 80- 110° (10 Torr)

1

ﬁj;irjinéat);ém 2 2280 (w), 2190 (m), 2180 (m), 2100 (m),

(40b) w1th 30 mg

""H nmr, 60 MHz (CDCljf: no detectable 51gnals could be

127

dg (Phthalan:24d}~ip



. 128"

2070 (w), 1590 (w), 1410 (w), 1370 (w), 1360 (W) .
1300 (m), 1200 (m), 1180 (w), 1110 (w), 1090 (w), |
‘f104s7(vs)} 1030 (m),,980 (m), 860 (w), 810 (s), 730

' (s), 660 (w), 568 (vs)

“H nmr, lOQ;MHz (CDCl ) negatlve (standard 1,2-di-

chloroethane, 2H)

mass spectrum (m/e) | 128 (1oo M c8 80), 126 (20 c8070), .

.124 (40 C8 60), 98 (80, C D7)‘, 

~



“‘fllr (neat) cm

:Szn¥Cyclobutandiene~Dimertha 625)'

A 250;ml round bottomed flask. w1th four vertlcal
o
"necks was fltted w1th a mechanlcal stlrrer, gas 1nlet,

‘Clalsen ;ube and gas bubbler (Note 1). A solutlon of

bf]fl 0. g (5 2 mmol) of cyclobutadlene-h4-1ron tr1carbonyl77 78

‘1n 10 ml of acetone and 2 ml of water was transferred to

E fthe flask (Note 2) The golden mlxture was cooled to

0°C and w1th violent stlrrlng 10 12 g (18 22 mmol) of
.;powdered cer1c ammonlum nltrate was added in 0 5 g
sdportlons over. 3Q mln., The reactlon mlxture was further

| stlrred at 0°C untll no more CO was evolved (30 mln), and
then was poured 1nto 120 ml of 1ce-cold brlne, extracted v
:{:w1th three 30-ml portlons of n-pentane, washed w1th

oy

rwater and drled ‘over anhydrous NaZSO4 1n the cold (5 C)

’fThe bulk of the solvent was removed at atmospherlc pressure'.

e

; 1n a splnnlng-band dlStlllathn column (011 bath 40°C)

and the 011y re51due was trlturated w1th 2 ml of n—“f

lpentane, flltered and purlfled by preparatlve glc (Note'__'”

‘*f3) The product was collected at llquld N temperature;

'Q_to g1ve upon warmlng to room temperature a colorless,r";-}-

clear moblle 011 1dent1cal in all respects with x —‘

,_tr1cyclooctad1ene.5;5f‘QV':jvfd"’i"’f".7' '-le

| ?hySicalvData:for 29“h

'?vbﬁﬁuA (50 Torr) .uff7f:'ﬁ1,

L 3130 (w), 3040 (m), 2980 (m),.1550 (w),.

129
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1290 (s), 1180 .(m), 1160 (w), 1000 (w), 955 m,
815 (m), 790 (vs), 745 (m),'740’(m), 445 (m)- |
Y4 nmr; 60 MHz (cDCly) 6% 3.85 (s, 4), 6.20 (s, 4) .

mass speCtrum'(m/e):_ 104 (M C )

B AR o B T R o N
- Notes | | | | L ‘
‘vl;d The reactlon was carrled out ln a well ventllated

fume. hood.; B ';'1“_ R T ’

2. The apparatus had been prev1ously flushed w1th nitro—"'
’v':fgen and was kept throughout the reactlon under a. _f$
statlc nltrogen atmosphere. :\1v.4 i E
T;3}*p;Glc (SO ul): ;UQ‘W937 LnJectionuport;.60470bc;.oven;k
' ?sothermal; 50f60°bﬂ-detector, 50°C-'carrierhgashvp.

helium;'flow,rate) 60 ml per mln..:

o %‘CYclob'utadlene ‘Dbi‘mverv_d. (45) T

“." .

The per deuterlo compound was prepared 1n the same |
'fmanner as that descrlbed above for the per PrOth
» fanjlogue 29 Startl g w1th cyclobutad1ene-§4-1ron ’

carbonyl (1 0 g), a clear, colorless moblle 0il was

\

~

Vu'obtalned after glc purlflcatlon under the same condl—:fuf o

s

‘tlons as for the per—orotlo compOUnd.;

'Phys1cal Data_ for 45 T

vbp: 48° (40 Torr) | . B

ir (neat) cm ?; 2278 (W), 2250 (m), 2225 (w), 1490 (w), .
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1152 (w), 1150 (W), 1142 (m), 1028 (w), 1008 (m),
855 (w), 840 (m), 769 (s), 722 (w), 710 (m), 668 (vs),
628 (5), 612 (m), 590 (m), 382 (vs) = o
-_l_H nmr, 60 MHz (CDC1,) i ﬁegativ’é '.(S‘tand’a‘rd:v "p_-;c.ii—t_e_z;t_:;-
lbu't‘y'lbe'nze,né,: aromatic ZH) | .

' mass spectrum (m/e): 112 (M' CgDg)

T
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Y

‘ l 6 Bls-(methoxycarbonyl) tetracyclo[4 4.0. 02 5.07'191—

_deca 3,8~ dlene 2 3 4,5, 7,8,9,10- (42)

~dg

A 500—m1, round bottomed flask wlth three vertlcal oo
'necks was fltted w1th a mechanlcal stlrrer, gds 1n% |
—,Clalsen tube and gas bubbler (Note 1) Under nltrogen,

1 2.94 g (15 0 mmol) of cyclobutadlene 94;1ron trlcar-vf
, ibonyl (33); 852 mg (5.9 mmol) of dlmethyl acetylenedl-h
dcarboxylate, 54 ml of -acetone and 6 ml of hexane were ,
"transferred to the flask The resultlng solutlon was
cooled in an‘lce—water bath and w1th v1olent stlrrlng,
27 g (49.2 mmdi) of flnely powdered ‘ceric ammonlum : .
n1trate was added in small portlons over a 20—m1n perlod.d},}‘
‘The reactlon mlxture was stlrred for an addltlonal 30
min, then poured 1nto an 1ce cold mlxture of 300 ml
vrof brine and 75 ml of water, and extracted with 51x So—ml.
"portions of ether.’ The cohblned extracts were washed -
with water (3x 50 ml) and ‘brine (3 x 50 ml) . and thenj'
:drled over anhydrous MgSO4 ‘Ether removal 1n ‘vacuum
: gave 1. 79 g of a llght brown 011. The pure product was :
1lsolated by column chromatography (Note 2) affbrdlng -

1790 mg (52%) of colorless solld 98 + 1 atom % D

'Phy51cal Data for 42

,~~

v‘mp:v 64-65° (n-pentane)

‘-1r (CHC13) cm 1: 1720 (vs) _ s _
Iy nmr, 60 MHz . (CDCl ) 6 3.60.(3, 6).(standard:‘-naleic
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'ahhydride, ZH)V7 o : {r d"- | 15' _‘e.' “.5
mass spectrumv(m/e);' 254 (M c14 eD ) | ‘
Notes
-_1.'” The tox1c1ty of the ironhcarbony1h.end e&clved
| bcarbon monoxlde’require_this;reactioh7todbe-'.
_carried-OUt'in a well ventilated hocd-' |
2. _‘The reactlon mlxture was flrst chromatographed on
| '30 g of 31llca gel, elutlng with dlchloromethane,'
dto yield 700 mg of solid crude product and 356 mg
'fi_ of brownlsh 01ly mlxture. The 011 was rechroma-
'tographed on 30 g of 51llca gel elutlng w1th dl-
'.chloromethane,gto give an additlonal 197 mg of
crude crystalllne product.x The cOmblned crddé -

e

"product was further purlfled by column

,}raphy on. 10 g of 51llca gel elutlng w1th
hexane and;yleldlnggthe chromatographlcallydpure:

 product as a colorless. solid.

1, 6 Bls-(hydroxymethyl)-tetracyclo[4 4.0, 02 5 07 °1aé¢a-’

3, 8-d1ene-2 3 4 5,7, 8 9 10- (43)

" A solution of 790 ng’ (3 10 mmol) of the dlester '
_42 in 70 ml of tetrahydrofuran was placed 1n ‘a 200-ml,-
_oven-drledj'roundfbpttomed~flask-fltted.wlthva refluxu,,f T

~condenser. - While stirring at room temperature and main- -’



f/

talnlng an-argon atmosphere, 6‘4 nl t6 85 mmol) of
fllthlum aluminum hydrlde in. tetrahydrofuran was added
dropw1se (Note 1). _The resultlng suspensxon was further‘
stirred at 50°C for 2 h to give a colorless transparent
tsolutlon whléL was quenched w1th 1.0 ml of water in ‘
20 ml of tetrahydrofuran. The mlxture-was stirred at
room temperature for 5 h, filtered.throuqh a Celite.
pad and the 1norﬁa\i£/salts wasﬁedfwith“sevent20~ml

4

© portions f;yérm tetrahydrofuran (Note 2). The combined

‘ filtrates’

616 mg (99%) of colorless powder, 98 l atOm % D (Note

b

Phy51qgl Data’ for 43

A~

mp: 157- 159° (sublimed'at,60—80° '25'mTorr)

ir (cnc1 ) cm 1:,;3620 (s), 3330 (vs)

lH nmr, 60 MHz (cnc13-omso ) 6: 3.60 (s, 4) (standard:

v

malelc anhydrlde, ZH)

mass spectrum’(m/e)zr 180 (M 18

12 14D ‘),_

- The temperature o n mlxture was kept

between 40 and 50°C due to’ the lablle nature of_ ’
wboth startlng materlal and product T

4

. 2. FThe llthlum and alumlnum salts were transferred

to the reactlon flask and then were trlturated with '

20 ml of warm tetrahydrofuran, flltered and thlS

~

ere”evaporated to dryness in'vacnum'to afford

134



' sequence repeated a total of seven times.
3. This compound was sufficiently pure’to be used in

the next step. It was dried in vacuum by'azeothPiQ;
, : ; _ A uum by 2 Sop

‘,'removal of water3Witn anhydrous-benzene.‘.'jv !

o
o .

2,5 7,10

. 12-Oxa-pentacyclo(4.4.3:0.0.27%.07/10 trideca-3, 8-diene-

2,3,4;5,7,8,9,16—g ;(44)_

{

. '\ o . . :
To a 250-m1 three-necked round bottomed flask

Mfltted W1th a magnetlc stlrrlng bar, 50-m1 dropplng

t_funnel and two serum caps (Note l) were transferred l 10 g i

x.

f(1 32 ml, 7 82 mmol 2. 5 equlv) of 2,2,6, 6- tetramethyl-"
; plperldlne -and 14 ml of anhydrous tetrahydrofuran.,\The
-resultlng solutlon was cooled w1th stlrrlng to —30 to‘
df_—35 of w1th a dry 1ce-acetone bath and 5 3 ml (6 83 mmol,;*”
2.2 equlv) of n*butylllthlum 1n hexane added dropw1se.4(

‘.The mlxture was allowed to warm to room temperature and

;then cooled to —80 C.. A solutlon of 616 mg (3 10, mmol

2 0 equlv) of d101 43 in 10 ml of tetrahydrofuran and

10 ml of hexamethylohoSphorlc trlammde was added dropw1se

w1th stlrrlng. The reactlon mlxture was’ gradually warmed

L J’

e to ambient temperature to glve a 11ght yellow solutlon

¢

(Note 2) Whlle stlrrlng V1gorously, 1 19 g (9 96 mmol,‘

' 3 2 equlv) of o-toluenesulfonyl chlorlde (Note 3) 1n_v~h

~7‘22_m1_of tetrahydrofuran.was;added dropw;se 1nto the -

N
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‘solutlon qyer a perlod of 4 h.: The golden’réaction

v

"y,mlxture was'stirred for an addltlonal 3 h, then poured

" into 565 ml of 4% aqueous NaCl and extracted w1th ether

.(6 X 50 ml) The comblned etheral extracts were washed

with’ 15% aqueous NaCl (3 X 50 ml) and wrth 50 ml of

'vbrlne, and then drled over anhydrous Mgso4. Removal”",

of the solvent on the rotary evaporator gave a llghtly

'Ucolored 011 whlch was purlfléd\by column chromatography

TR 1 atom 8 D.

”fPhySicalhData forﬂ44

. mp: 45-46°

N

(Note 4) to afford 403 mg (72%) of colorless SOlld

\ -

t

3 mass'spectrum (m/éy;"Lso (M C

'H nmr, 60 MHz (CDCly) 6: 3.59 (s, 4) (standard: maleic

anhydride, 2H) .;7-_.‘,
anhyd e :

12 H4D °)

"<.',“’-_-

Notes

1. j,All the apparatus used fbr thls reactlon was drled

1h the oven at 120°C for 48 'h, assembled and allowed

f'to cool elther in a de51ccator or un er a stream
-of argon. A statlc argon pressure was malntalned

'_throughout the experlment

o 2;g:iHexamethylphosphoric trlamlde Solldlfled 1n the cold‘“

':'lireactlon mlxture and warmlng to approx1mately‘-40°C

M]:was necessary to allow stlrrlng ‘to. be resumed., CE

?”3;75¥Tﬁe commercral grade product (Baker) was used w1thout»5"

136



further purification;"‘f S .”_ L S

- 4. ,The reactlon mlxture was percolated through 20 g !»;'

©

of 5111ca gel w1th dlchloromethane yleldlng 345 mg “ib
*of crude solld product and- 143 mg of- an 01ly mlkture. ‘
" The oil- was. chromatOgraphed on 13 g of 5111ca gel _' }/ |
- elutlng with 10% ether—hexane to afford 97 mg of - re_‘

§; addltlonal solid. The comblned crude product wasp,”'

-

’kthenlchromatographed on 20 g of sxllca gel elutlng'
Wlth 8% ether—hexane to prov1de pure 44

o

= 12-Oxa*tetLacyclo[4 4 3 0 0 ]tr1deca—3 7 9 trlene—ji
. l Py *

-2 3,4, 5 7 § 9 10 d (31b)

~ o~ o~

A mag etlcally stlrred solutlon of 403 mg (2 24

ﬁf mmol) of th pentacycllc ether 44 in 9 ml of toluene

,k-r was heated o 105°C under argon for 3 h (Note l) Theh

' mxxture was.allowed to cool to room temperature and was

subjected ti';

vumn chromatography (Note 2) to glve‘

€8 ‘mg (91%) of ‘Pure product Wthh was bulb—to-bulb'

._ﬁidlstllled (55°, 0 3 Torr) t° afford 343 mg (85%) ofd

“31b as colorless solld 97 9 : 0 2 atom % D. . f'fgtv : ”‘JYJ.V

T c-a

"t

”;Phy51ca1 Data for 31b A'dil'« Lo 7_l‘3fpe_dfjg;.,»;f’[3*;ﬁ

T~ o~

- mp.f 37- 38° f e ,;g_.;;gﬁ ﬁ_‘g;_-“.i,_ff' LE e

f‘uv (methanbl) Amax 264 nm- (€ 2509) 'th“;}ff-:”,*V"”_ o
| ir (neat) en” -1, 2)960 (m) . 2925 ), 2860 (21, 2320 Gl



| 2280 (w), 2245 (w), 2220 (w),.1570- (w), 1475 (w),

1465 (w), il , 1248 (m), 1210 (w), 1180 (w),
R . « : o~

1170 (w), TTH9#%w), 1120 (w), 1083 (s), 1074 (s),

1010 (s), 990 (w), 930 (s), 898 (m), -760 ‘(m), 750
(m), 732" (m), 694. (m), 650 (w), 640 (w), 610 (vs),

. 585 (vs), 495 (w); 370 (m)
1
4) (standard-' malelc anhydrlde, 21) lxi
| mass‘spectrum (m/e) : .180 (10, Mt C12H4Dg0) ». 179 (5, o

c12 3D803, 178 (2, c12 4! 70), 150 (100, clluzpa),

| 149 (40, C; HDy ), 148 (60. c

11 11! 2D7)

- .\

" Notes.

'8 nnr, 69 Mz (cnc1 ) 6: 3.48 and 3. 77 (aa, J =9 Hz, -

138

"‘ 1,“_The reactlon progress was followed 'by tlc and a clean» :

.‘conver51on (95% or better) reSulted after 2 h and
30 mln..b
2. The'yellowish eolution was edsorbed-bn 20'g of

. 5111ca gel and eluted w1th hexane untll toluene ‘was.

,removed then the polarlty was 1ncreased w1th 10% - ; )

!t
.

"“ether-hexane. _ L ‘
| > co
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Cyclobutenedicarboxylic Ahhydride-(ZS)

1

' This compound was prepared by benzophenone sensxtlzed
photoaddltlon of acetylene -and malelc anhydrlde accordlng
52
to the known procedure.‘i Alternatlvely it can be pre-

-

‘89
pared from c1s c1s—mucon1c anhydrlde.

Physical Data.fongS , e -
¥ . .

mp: . 94- 95° (benzene-cyclohexane, subllmed-‘_60-65°;

o 3 Torr) ' , i

'
"

ir (CHCLy) cm 1: 2990 (w), 1865 (s), 1780 (vs), 1605
W), 1270 (w), 1255 (m), 1230 (s), 1160 (m), 1070
" (vs), 855 (s), 610 (w) R |

1y hmr' 60 MHZ (cnc1 ) §: 4.19 (s, 2), 6;52 (s,léy'

mass spectrum (m/e) 80‘(15;0; M;44 C5 40), 52 (100;0;-‘

-~

,'” Malelc Anhydr1de-2 3- d2 (46)
To 4.26 g (30 0 mmol) of dlmethyl acetylenedlcar- : ;’“{
; boxylate in 100 ml. of ethyl acetate c0nta1ned in a 250~».

ml Erlenmeyer flask was added 200 mg of hydroqen—free~i8

Pd on. charcoal (Note l) | The stlrred suspen51o was
.dtreduced w1th D2 at 25- -30°C and l atm for 30 mir ind. then

was flltered and c?ncentrated 1n vacuum to give . 4 38 g

(100%) of colorless 011 3 Thls crude materlal was . heated '

at reflux for 4 h w1th 10% NaOD in" 75 ml of deuterlum |

- // . s - - ' s



1

oxide (Note‘él. éhe‘resultin§4solution kNote 35 was
allowed to‘c00l tovroom temperature'and‘subjectedvtod
oontinuous extractiondwith-ether_(Note 4). The last
thfee ertraCtsvwere oombined; the‘solvent reﬁoved on
the rotary evaporator‘and;the resulting solid reorys—
tallized from ether to give.l;Bzﬁd (50%) of maleic
-acid-2‘3—dé as colorless orystals, mp'l35-l36°.

. To a stirred suspen51on of 1.34 g (ll 3 mmol) of‘
~the above malelc ac1d—2 3- d2 in 15 ml of ether under E
argon was added 2. 8 g (1 90 ml, l3 5 mmol l 2 equlv)'-
,of trlfluoroacetlc anhydrlde.i The reactlon mlxture was
,stlrred at room temoerature for 30 mln and the solvent
removed in vacuum to give a colorless SOlld whlch con-
talned a re51dual amount of trlfluoroacetlc ;nhydrlde

v-that was removed by repeated codlstlllatlon ‘with carbon

_ .tetrachlorlde.f The reSLdue was: sub]ected to subllma-

- tion (60-65°, 20 Torr) to afford 1.03 g (90%) of colorless t

‘vmaleic_anhydrlde—2,3ed2 (461, 8v_vl atom %.D,d‘:

Physical Data for 46

mp: 56 57° .
H.nmr, 60 MHz (CDCl ) 6:' negative (stahdardi ,cyclbéd
butenedlcarboxyllc anhydrlde, 2H)

l_mass spectrum (m/e) ' 108;(M C4DZQ3)-

 Notes . -
1. Hydrogen—ﬁree;S%iPd-onfcharcoal Waseprepared byd

@

140



‘Moz;ndé(s method 90
2. 1dSod1um h?droxrde—d was made from 4. 0 g of . freshly
2y

tut sodlum and 75 ml of deuterlum oxide (99.8 atom

% D). An lce-water bath and an-lnert‘atmosphere?was-r

used'\

i3, JThe solutlon presumably contalns dlsodlum salts of

acetylene dlcarboxyllc ac1d (mp 180- 187° dec), malele
‘aCld 2 3- d2 (mp 134-136°), fumaric ‘acid-2,3- d2 : e
(mo 299 300°) and succlnlc ac1d—d (mp 187- 190°)l:.;

141

'4L‘ The DH’ of thelaqueous solutlon~was adjusted gradually .

from 4. 5 to <l 0. over a oerlod of 24 -h by addlng
-‘concentrated HCl (1nd1cators.' pH 12 to 4.5, 1nd1—
’,cator,paper; 4 5—3 0 bromophenol blue, 3,0-1;2,

thymol blue; 1. 2 tor <1. o, thymol blue).

Q.
—_ , : : . A Ay g
b - . .o ) e e o . e -

L DO

. .5 " N ‘:,:u".
B e o e
,Cyclobutenedlcarboxy11CgAnh-ydrlde-d_4 (47) 1¢~ﬁ3”

A pyrex photoly51s flask was’ charged wath a solutlon -

. of 520 mg (4 81 mmol) of malelc anhydrldef-d2 and 350 mg
IR
»of benzophenone 1n 12 ml o; acetone (Ndte 1) and then

ol "374 v,

fcooled to -78 to -80°C w;th a dry aee—methanol bath under
o ' ‘,in;|a..,
a slow stream of nltrogen (Note 25 R A,cetylene-dz55 s;__

(““'

810wly bubbled 1nto the solutzon for 1. 5 h (Note 3), the.

(‘

PR " 4,0
;acetylene generator was dlseonnected and a slow stream

. Lof)nltrogen was passed through the solutlon for 2 mln'ui

23

(Note 4) then both 1n1et and outlet valves of the reactlon

&
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- ‘flask were closed 1solat1ng the system. ‘The . pressure
b ,

.in the flask was monltored by a mercury manometen.‘-iye

'\" -

cold mlxtu£e (NOte 5) was: phoﬁtoly‘zed for.l.S h 'Wl'_th_fa‘.“:ﬁ'

medium ¢ ressure Hanov1a mercury lamp (450 W). 521 The . E J1f

-yellow1sﬁ-réactlc‘ mlxture was warmed to room temperature’
; in a well—ventllated hood and most of the acetylene

, escaped .Removal of solvent using the rptary evaporator
-followed by bulb- to-bulb dlstlllatlon (85 90°C 0. 6 Torr,
'trapped at dry ice” temperature) gave a colorless solid .
(Note 6) Recrystalllzatlon from benzeneqcyclohexane

'prov1ded 334 mg (50%) of . 47 as colorless needlés, mp

91- 94°c 98.5 +. o .5 atom % D. -_f'—,:

~Physical Data fdr 47
'mp;:»94-95°_(benZeneecyclohexane;fsublimed: 70” 0 6 Torr)

ir (CHCl;) cm™l: 1855 (s), 1790 (vs),. 1265 (m), 1230\(5),,
“ 1155 (w), 1000 .(w), 970 (S),'QOS'(w),.SQO”(s), 850

o ‘(w), 810 (m), 710 (w), 610 (m), 550 (m)
".j1H nmr, 60 MHz (CDCl ) 6 negatlve (malelc anhydrlde h2

._as standard 2H).'

mass Spectrﬁm}(m/e)z 84 (11 5, M-4a* C5D4O),\56 (100 o,
1. . - Reagent grade acetone_ﬁasddried with<K2CO$‘and"dis4 L

tilled. . -



N 143
B4 | . . . o
2.0 Nltrogen gas-was bubbled through the cold solutlon
| :ﬁor 26¢ min.. o T ‘ 7 |
'? 3.,: Acetylene—dzlwas generated from 5. 5 ml of deuterlum
~oxide t99 8 atom % D) and ca1c1um carblde."Theh
acetylene generator was kept at lce-bath tempera-

ture wh11e deuterlum ox1de was added dropw1se over

'a 40 mln perlod. It was shaken after each drop wasl:
y:ﬁ%dded to prov1de a new surface for the next drop._
The - generator was . then warmed to room temperature'
’ anddwas kept connected to the system for further
| 30 m1n by which . t1me the generatlon of acetylene—d'
‘became very slow. Dry nltrogen was then swept
through the generator for ‘20 m1n to carry most of

_ thevrema;n;ng;acetylene—dQ;to the photolysis flas‘

' The method descrlbed prov1des 50 60% of the theoret1~
411ca1 amount of acetylene---d2 and for this experlment |
approxlmately 30 tlmes excess of acetylene over -

malelc anhydrlde 92 should be present in the photol— a

.ysls-flask,

The brand of calclum carblde used affected both thel

fg_ﬁ‘v deuterlum content and yleld of the generated acetylene._‘

N ~.

Flsher Sc1ent1f1c product (Mesh 20*30) was unsatls-"'
factory s1nce lt contalned very llttle actlve carblde
Baker and Adamson oroduct (1ump 3/8") was qulte

satlsfactory when actlvated 1n the oven prlor to use.



‘through conc H

. mass‘spectrum,(m/e)? 82 (14v0,\M a4t C

; The generated acetylene d2 was drled by pa551ng '

ZSO& KDH pellets and soda llme, and
w A

1ts deuterlum co@$ent was éstlmated 1n control

experlments by trapplng it w1th malelc anhydrlde—
“

‘52 ‘as 1ts photo—adduct whlch showed the follow1ng

4

phy51cal data.

Cmp: 954955 (benZene—cyclohexane)

1 .

©dr (CHCly) en™l: 1860 (s), 1785 (vs)
1 : v ' ’

H nmr, 60 Mmz (CDCl3) §: 4.10, (s, 2), 98 % 0.5
"atom % D (standard Efdl-tert butylbenzene,
2H aromatlc) '

sH 2 O), 54

B (100;0,’C4H ), 53 (23 0, CqHD, ) c H D), 52

(20.0, C4H2 Cy Hy C4D2),_51 (19 .0, C4HD, ;v
4H ). 50 (8. o C4H2, C4D) .

s -

tThe slow stream of nltrqgen was requlred at thls.l

Qa

'»_stage to prevent the E%Tutlon in the photoly51s

'.flask from belng sucked 1nto the 1nlet tube.‘ Nltro-_
| gen by passed the acetylene generator for thlS

operatlon. S

dThe solublllty of acetylene in acetOne at. —78°C 1s
- very hlgh and the volume of acetone 1ncreased over'd

"_100% when the acetylene had been bubbled.

-

‘144

The dlstlllate con51sted malnly of the deSLred photo--u.7

adduct and benzophenone (glc-; UC-W98 SE 30)._

LR

i/



a=Pyrone (30) - L g ' ‘ B R &

C N . i
e . . RuEd

The method of Ban and co—workers53 was.preferred for

the preparatlon of a—pyrone.

@

Physical Data for 30

bp:  60-70° (llTorr)

ir (neat) cm-l; 3130 (m), 3050 (w), 1790 (w), 1740 (vs),
1650 (w),.1630 (s), 1590 (w), 1550 (s), 1440 (m),-
1380 (w), 1260 (s), 1190 (w), 1135 As), 1095 (s),
1080 (s), 990 (w), 955 (m), 855 (m), 790 (vs), 730

1y nmr, 100 MHze(CDClT) §:  6.24 (m, 2), 7 39 (m, 2)

&

574
C5H3O ), 68 (61.5, C4H O), 42 (l16. d C2H20), 40

' mass spectrum'(m/e)-' 96 (40 5, m" c.H 02), 95 (8.1,

(32. 5 C O), 39 (100 0, C3H3)

Sy
4

-

._3-Oxoglutaric Anhydride (49Y

To an 1ce-cold mlxture of 50 ml of acetlc ac1d and
' ‘14 0 g (0 13 mol) of acetlc anhydrlde under argon was

added with stlrrlng lO 0 g (68.4 mmol ) of 3-oxoglutar1c oo

. ac1d The resultlng suspen51on was stlrred for 5 mln

and allowed to warm to. room temperature, and then was
"ﬁfurther stlrred for l 5 h (Note l)._ The mlxture ‘was,
cooled 1n 1ce and the prec1p1tated anhydride was collected

‘:and washed several tlmes thh anhydrous ether.* The
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“flltrate was evaporated to dryness under reduce 3 ressure>

to afford addltlonal crystals The yleld bf total.

v,

anhydrlde 49 was 8.0 g (91%).

. X ¢
' . o : » .
g . - .
o : . ' . . ]

Phy51ca1 Data\for 49

mp: 133-134° (dec, tetrahydrofuran ether) Note 2)

ir (tetrahydrofuran) em -l 1797, 1740, 1643 T 'g%?

1y nmr, 60 MHz (Acetone a )6 3.65 (s, 3), 5. 35 (s, 13

. v . $
/ . . >t

- NOtes
1;:v5If a larger excess of acetlc anhydrlde is used or -
o the reactlon time is prolonged lower ylelds may be

;thained due to acetylatiOn'of the'desireggkroduct.
2. The;product ispdecompbsed'to~starting ﬁaterial if
ﬂrecrystallizationpis attempted:from acetic,acid.gz.

a—PerQe-d4 (§§).'m S N; N “Kﬁﬁ-'
g Awsolutidn'Ff'2.05'9“(16.o,mm01) of 3-oxo-glutaric

'h'drlde in 10 ml of anhydrous tetrahydrofuran was

) treated w1th 10 ml (10 5 g, 172 mmol) of freshly prepared
'acetlc ac1d d (Note 1). The mlxture was 1mmed1ately

"_evaporated to dryness 1n vacuum at room temperature.- : e

'The above treatmeyt was repeated four tlmes requlrlng
15- 20 m1n to evaporate the solutlon each tlme (Note 2).

- The resultlng 3-oxoglutar1c anhydrlde—_4 (50) wa503“

_suspended 1n 40 ml of anhydrous carbon tetrachlorlde and



P, o _ - . '%47
= - _ , _
o , '«ﬁ ‘

in a nltrogen-purged P205—dr1ed glove bag was transferred

7 1l g (34 mmol) of freshly subllggf phosphorus penta— (

u‘gder awon overnlg%

chlorlde.b The mlxture was ﬂglrr
at . 45°C and the resultlng br wnlshqholutrﬁh—?ﬁ

~

in, Vacuum. The re51dual ca@bon tetrachlorlde wa§ go- ¢ ‘
i SR S A
dlstllled with tetrahydrofuran and the re51due contaln—'ﬂ,?wwy

ing dlchlorldefﬂ. was then suspended in 30 ml of tetra-"'
hydrofuran, and 7.80 g (42.6 mmol) of KI (Nogg,3) added I

'l

.The mixture was stlrred overnlght under argon at room
temperature to afford the correspondlng 1od1de 52 whieh
was reduced with 6 g of zZn dust (Note 4) and lO ml of
acetlc ac1d d at 0°cC (Note 5) - The res;dual sollds were
flltered 200 ml of ether and 20 ml of water added then
- the reactlon mlxture was neutrallzed w1th excess K2CO3 B
flltered and washed with two—50 ml portlons of water o
¥ and with 50 ml of brlne. ‘The ethereal solutlon was
;drled over anhydrous MgSO4 and’ concentrated in vacuum tolz
: approx1mate1y 50 ml then was percolated through 5 g of :J
e3111ca gel elutlng w1th ether and the sol;ent evaporatedk
’at atmospherlc pressure.' The volatlle part of the_: :ﬂ‘h
‘.re51due was collected at 80°C under reduced pressure'
"v91V1ng 350 mg (20%) of yellow 011 which was subsequentlyhd

_dlstllled (100°C 20 Torr), 93 5 i 0 5 atom % D.

; ‘*Physical Data for §§?

bp:  80-90° (20 Torr)

ir (neat) cm 1;_v2315-(g);fzzgs,(w);w17aq (vs), 1675 (w),

LV

Lo



L, Commerc1a1 KI was. drled in vacuum over P205 for 24 h.,

1

'1 2; g H nmr analys;s (Acetone-d ) 1ndlcated the complete

1605 (w), 1590 (m), 1525 (s), 1300 (m) , 1235 (m),

1070 (S), 1005 (w), 948 (w), 882 (w), 830 (m), 782
<m>, 735 (m) | ! |

H nmr, 100 MHz (CDCI3)‘6- re51dua1 31gnals at/é 20
6.32, 7 32 and 7.50 were observed (standard-”_27

dl tert—butylbenzene, lH aromatlc)

mass spectrum (m/er’ey’bo (72 3, M C_D 02), 99 (11. 4

574
CSHD 0, ), 98 (12 7 C5 3O ), 72 (77 6, C4D4O), 71

(12.6 .C4HD‘O),"44 (43. 4, 2 20), 43 - (7 3, C2HDO),A
42 (100 0, CZDO), 41 (lO 2, C HO), 40 (20.6, C20)

Notes ,‘ ' o ' S 4
Notes $

1. TO 58 ml (62 7 g, 0 61 mol) of freshly dlstllled

acetlc anhydrlde was added dropw1se with stlrrlng
H'll 0 ml (12 2 g, 0. 60 mol) of deuterlum ox1de
M(99 8 atom $D) . The mixture was heated to reflux-.d
. ing for 2 h and then the product was fractlonally
'7;'dlst111ed to glve 70 g (95%) of acetlc ac1d a,
‘bp 115 116°C 98'1 1 ‘atom % D.
Y

'dlsappearance of th SLgnals of the anhydrlde 49

"

EfDl tert butylbenzene (lH, aromatlc) was used as

@

P

',.standard

ER
¢

"4.tr Actlvated Zn dust drled for g# h over P205 1n

”vacuum was used

Q

148



\ Acéﬁic'acid-g;was added d?ﬁpwise‘over.z h, the mix-
‘_ture was then_stirred at . 0°C for 1 h and at room’

= temperéture-b&e:hight.

149



"It is best to do’ ‘things systematlcally, e

31nce we are’ only human, and dlsorder 1s

.our worsF enemy."

HESIOD (8th CENTURY B.-C.)

1507
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EXPERIMENTAL APPARATUS AND OPTIMUM CONDITIONS FOR THE

’and construcéaon of the equipment The parameters, B __.‘

'151

PREPARATION OF MATRIX SAMPLES

Thls sectlon contalns a general descrlptlon of

=Y ':;‘,:,.
the apparatus used for the matrlx work performed

the course of this research and the data and basrc‘ o e

pr1nc1ples that Led thls author to' the selectlon, desrgn

flgures and facts that have resulted in the achleve-,
f Y

ment of . reproduclble exper1mental condltlons are also
. . . "v . . . . -l‘,..,' . '

reported

LN

; Fortunately, the matrlx 1solatron technlque has -

been the SubJECt'Of several books and numerous and
. ' - 44,93-100

The book by
Meyer93~has a valuablt er’ on experlment detalls, R
some of whlch are reproduced here for the sake of _:f *Q'

clarity ohly. The book edlted by Hallam94 focuses

4
4 2,1 ¥

‘ on V1bratlona1$§?e%?rosqopy. Of partlcular 1nterest e ;_ ;}gﬁr;'

1
Pt

is. the book bngradock'and Hlncﬁclrffe because thesevsehkf¢‘

O two authors descrﬁée very precrselx and clearly.tpe.:'

maln factors gqvérnlng the experlmental cdnditiongﬁlead—f'

IR
S

lng to repreduclble results. o fn;y'~“'

| The matrlx 1solatlon method was develobed 1n 1954 | ::J;V;v"'”

by P1mente13: to permlt the lelsuredy Spectroscéplc study

PO R TR IR P A P

N




)

of extremely reactive sgeeiés-33 -In -essence, the method

involves'the trappingrat high dilution\of the reactive

>

spec1es or: lts photoprecurSer in. an 1nert enV1ronment

‘at’ cryogenlc temperatures. Under such condltlons, mole—,

=

cules that normally have short llfetlmes can be~pre-.

served 1ndef1n1tely, o 1 S

i

Afgiock dlagram of the equlpment needed formcryo-

.

genlc Studles is represented in Flgure 22. "‘7 Co
The' matfix 1solatlon technlque necessarlly in—“l

volves a, comblnatlon ‘of several technologles. The_low

."«
s »

temperatures needed to form rlgld matrlces requlre

1cryogen1c technology, wh1ch in turn 1nvolves the use

5 Lo

-»of hlgh vacuum, otherw1se 1ow temperatures cannot be

/,

convenlently malntalned Thus only spectroscoplc /
methods can be used to study-matrlx-lsolated spec1es.m
. V v. . o - - ) S . ! ’ N ‘_// ’ G
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APPARATUS | o |

Cryostat and‘Accessories R

7

Matrlces are formed by the condensatlon of a gas
beam on ‘a cold target or w1ndow. The beam contalnb a
very. dllute solution of the " guest“ species in a “host"
matrlx gas. . Only the rare gases and molecular nltro-r‘
-gen were both cgemlcally.lnert an suff1c1ently 'g:‘
-transparent 1n the 1nfrared to be sultable as host

‘ﬂmatrlx materlals ‘in the present study., The formatlon

" of matrlces from the rare gases requlres coollng of the”

L AE s,

%
target to temperatures between 9°K (neon) and 55° 9

(xenon). Temperatures below ‘77°K, the lowest tempera-»

.'

tture used in COnventlonal chemlstry, can be reached

with S&Tety u51ng llquld hellum and a double—Dewar'
lOl 102

~Ncryostat or a contlnuous flow cryoStat. ¥ In these

.cryostats the arget to be cooled is mounted on the
bottom surface of an‘1nner chamber. quuld hellum is :v
}transferred 1nto thlS chamber by pressurizlng a storage
"“Dewar w1th hellum gas, thereby forc1ng the refrlgerant

, lnto the 1nterlor of the cryostat. The cold target 1s

Kseparated from the atmosphere by ‘an evacuated area.a.

:The vacuum (v1de 1nfra) must be hlgh enough to prevent

) *"-
'heat leakage.' :
N r “v .

ThlS crlter&on is usually met at approxlmately 10 4
§ . . S : S R P

;Torr. ‘ f v -“'.5 R f

o ﬁ'r, ' '

- .

./;

*
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An alternatl\re way of. achlev:mg Jow temperatures

. ‘ ! "'
1":"w1thout uslng llquxd helium is, by means of a closed-*

i

102a, 103

'vcycle mlcroref gerator. These systems are .

adequate for most-matrix work and . for this resea'rch a.

Dlsplex mlcrorefrlgerator,’ Model CSW—202 made by Alr o

,Productsloz-a was chosen (Flgure 23) | W:Lth this system,

temperatures of 7 8°K were readlly reached and ma:.n-“

talned for days at a- tJ.me, greatly extendlng the tlme-

i_scale of the matrlx-lsolatlon experlments.

The temperature of the cold end of the Dlsplex was |

".measured us:Lng an 1ron-doped gold (0 07 Atom %) vs.

chromel termocouple. ) The e.m.f. produced by the thermo—

: end untll 1t was greater than the rate of coollng.

R Temp'or'atu}g -

_. ‘Deviation,

"\7"4_': N .
55%@

Y . . Sensor Selector.

"couple was monltored on a Dlgltal Mlcrovoltmeter, Model

' DRC-S madq,%by Lake Shore Cryotron:t.cs.:mi4 Temperatures

above 7- 8°§ were ach:.eved by adjustlng the rate of

’heatlng prov1ded by a small heater surroundlng the cold

]

~‘The des,lred temperatures Were malntalned u51ng ‘an Alr :

o

MODEL APD-C

v

- % HQl_at,o r POwer

‘ '—""Temperature Set -
o (9)

Automahc o o
L Temperature Controller o '
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. ’ *
Products Automatlc Temperature Controller, Model APD C
. w1th germanium -and platlnum sensors.‘ These sensors
prov1de the temperature controIier with input generatlng
;' heater current proportlonal to the dlfferenCe between . | .

}the de51red temperature (set on a dlal) and the measured

‘ﬁmtemperature. Temperature~}

guda&lon,to O.I?K.was,

easily»obtained | ';: %
. The Dlsplex expan51on unlt (Flgure 23) was mounted

on ﬁhé base plate of an horlzontal sllde which 1tself was

ﬁ‘imounted on a. vertlcal sllde, so that the optlcal center

of the target could be moved pre01sely 1n the vertlcal

v; and horlzontal dlrectlons. Thls,facllltated‘the'allgnfl

.mentlofbthe,target w1th respect‘to the infrared’spectro—‘

photOmeter.' The entlre cryogenlc assembly, 1nclud1ng the'_

leSpleX compre551on unlt (Flgure 23), the temperature |

monltor and controlleg, and a‘vaﬁﬁum monltor (NRC 856

_Cold Cathode Gauge Control), ‘was" mounted on a carriage,.

"w1th soft—rubber doughnut wheels to allow easy access:

.of the unlt to the spectrophotomeufr.

ke
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ngh Vacuum Pumplng Systemlo§

The malntenance of low temperatures for the for-

matlon of’ solld matrlces frOm the rare gases requlres

the. use of hlgh vacuum for 1nsulatlon (v1de supra)

This makes it relatlvely easy to build up matrlces by

condensatlon of the 1nert gases Qn\the cooled target.

However, the cold surface w1ll also act’ as a cryotrap for

air from any leaks and for substances w1th1n the system

‘ whlch evaporate as the pressure 1s lowered

Evacua—'

‘tion of the agparabus to\a;gressure of about_lofs Torr

ensures'the'detectionfof appreciable-leaks which can

then‘bersealed and removes traces of gases and vapors'

adsorbed on. netal or glass surfaces.

To attain pres—,

sures in.thls'range, it is necessary in matrix work to °

use‘a two—stageepumping system.

l . >

A common arrangement

— T —
' . Rotary oil

Oil;_Mercury

e T

Jrutp | & | ton pump |-
I |§f§ i -pump 3 Diffusion pump - '
8 3 L (a) (b) (e) - /o

: | Chemical .Insulatibn? Matrix )

Usefu - . | Purification, "100°K or' |Deposition,|

'for-g oy wSuBlimation, »‘lower _Molecular s

‘ - | pistiliation | - .~ Beams

1 3 é?}s -

"FIGURE 24. Pressure Ranges Necessary for (a) Preparatlon B

and Purlflcatlon of Chemlcals,

—log P(Torr)’

(b) Insulatlon

ﬂof Cryogenlc Vessels,_and () Productlon of :

Molecular Beams.
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'isdthat of a meChanical,pump,.which can provide_an
ultimatevpressure ththe‘orderpof ].0-'3 Torr, backing
‘an oil—diffusion pump, The latter reduces the‘ultimate e
'pressure to 10 “6 rorr and 1ncre%ses the speed of - pump- ;7;f:fmﬁf:
‘ing near the lower pressure 11m1t of the rotary pump ‘l:4 i
(Flgure 24). For the work descrlbed here, a Varian fi'_ti_%:fli
VHS 4 011 dlffu51on pump (Flgure 25A)and a 10- CFM - | J.p';3 f%ﬁ;
(300 11ter/m1n) Welch 1376-B mechanlcal pump were - ‘
'selected.' The dlfqulOn pump was: connected to a Staln;‘

less steel main manlfold (Flgure 26), built and de51gned

~in thlS Department tp‘oEgh -a Varlan 1293s- 4 (Flgure

25B) pneumatlcally op ‘j ed sllde valve (V ). A

Varlan 362 4 Long-llfe Cryotrap (lquld nltrogen) was
'1nstalled to protect the target from re51dual gases
,from the Oll dlffu51on pump _ The main valve Vl allowed l i*y"
,vthe dlfqulon pump to be lsolated from the system sO
:that the pump could be c0nt1nuously operated whlle
Vlthe maln manlfold and ltS connectlons were open, were _"i *-,
’belng prepared for re—pumplng or were belng evacuated
'( roughed“) w1th the mechan1cal pump (Flgure 26)

The three Varlan components, dlfqulon pump,

'l_cryotrap and sllde valve (Flgure 25), were factory ‘ 'd_f -

- “assembled and cart mounted to glve a compact unit w1th

. a pumplng speed of 460 llters/sec (alr) and ‘an ultlmate
pressure range of 10 7 Torr (Flgure 27).--
- The. Lhermocouple vacuum gauge TCl (Flgure 26)

L
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,mounted in theimain manifold lndidated the brogress:ofv;
the‘initial:stages,of the evacuation ofithe apparatus
(atmosphere to ~100 mTorr). ,For,thish"rOUgh pumping"
only_the-mechanical pumpvwas used‘and valves'vlyand Vs
were’closed and;valve Vz-was ngﬁﬁz During‘this time | ’ﬂﬁ
'the difquion pump-continued tordischarge%gases into:
the sealed -off volume of foreline between the pump
_and valve v3 : The r§51ng pressure in. thlS volume was
A

,1nd1cated by the thermocouple vacuum gauge TC2 and 'was’

not allowed to exceed 100 mTorr to av01d damage to
. “t . »

- the difquLOn pump. ThlS gauge also reglstered the

backln fpressure malntalned by the mechanlcal pump

“in thejforellner(Flgure'ZG) when valves vl and V3 were,v_‘

b

Open an 'Vz was closed (pressure in the maln manlfold ff
»<100 mTorr); °The final stages of the evacuatlon were ‘
Jmonltored by a hot 1onlzat10n gauge (Bayard Alpert)
”mounted in the main manlfold. : | |

Operatlon of dlffu51on pumps at too hlgh a. pressure

V,or sudden exposure to- gases can lead. to 011 loss.v In‘

‘ rthe system belng used the consequences of 011 splllage

“would have been 80 severe that the entlre vacuum
N system would have requlred dlsassembly and cleanlng.'
rFor thls reason, the main hggh‘vacuum valves (V tO'V4) fh{““
‘ were equlpped for automatlc operatlon thus fac111tat1ng
fautomatlc "fall safe arrangements._ A Varlan 971- 1016

',Automatlc Valve Control was 1nstalled 1n conjunctlon



.

X o . Auto Mode
. Start-Stop Controls-

Cantrol System Schematic ~ Auto-Manual i
’w.th Valve Status Lights / ' Air Release
, i A! . p4 y/

o ol . O iaai
e @ | , A
4 : | )

: ! ! -, Co :

Power on Switch .\ \ -
“Mode Indicator - .Mosd:'tS:rl‘ector‘ - Manual - .
Lights: . T Valve Controls o

ant Panel . o

Varian 971-1016 Automatic Valve -Control

with a Varlan 843 Ratlomatlc lonlzatlon Gauge Control
.Unlt.' The latter srgnals the valve control when
':the pressure in the system is low enough to sw1tch to,‘
the" dlffu51on pump. ThlS valve control prov1ded auto-
v'matlc valve cycling of the vacuum system from atmosphere
?\to hlgh vacuum The unlt sequentlally operated four |

(forellne, roughlng, alr release, and hlgh vacuum)

.pneumatlc valves (Flgures -25B. and 28) whlch were elec- S

'trlcally actuated w1th complete protectlon agalnst

k-3
. ./_
-operator error or power fallure.

W1th thls system, extraordlnarlly "clean" vacuums_

'Labove the cryotrap were obtalned and pressures of 10 -7

'_5‘Torr, de51rable for matrlxlwork were fea51ble.z Vapor-

- water) adsorbed on metal or glass surfaces (outga551ng)

-

‘1zatlon at low pressure of gases and vapors (partlcularly

164
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:‘:} - ‘ ! ,
. L ° o o - b Lo
makes it 1mposs;ble to ‘reach such pressures.. Outga551ng

' was av01ded by malntalnlng ‘the vacuum system at low -

pressure, and so preventlng the adsorptlon of polar sub- )

'stances.. ThlS is partlcularly lmportant when a cryostat
part ‘is Stlll cold 51nce moisture condensed on a cold
‘part desorbs ery slowly. When 1t was necessary to
break the vacuum, the system was fllled W1th a dry gas;
The pumplng system and accéssorles, 1nc1ud1ng the
‘spray—on sample preparatlon line. to be~descr1bed below,

L . <

were mounted on ‘a carrlage with soft‘rubber'doughnut

wheels to fac111tate the relocatlon of the unlt..vThis s

»carrlage was stablllzed at the approprlate locatlon '(

by ralslng On four Jacks. The mechanlcal and dlffu51onv
’ ".t‘
3pumps (the self-containlng un1t descrlbed abovq, Flgure :

R’

27) werewmounted on a subcarrlage which- was’ lndependentlylﬁ'

/

Jacked to 1solate the glass manlfold (gas 11ne) from

-.ythe natural V1brat10n of the entire’ system. i -?_ T

o o2 ﬁ_v-‘ +

.. ¢o

X K

166"
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{

" Gas Line for Sample Preparatlon and, Spray-on

The use of gaseOus materlals as matrices for low,

v

temperature work requlres external gas handllng
_ apparatus in addltlon to the cryostat and hlgh vacuum
pumplng system. The gas llne sketched 1n Flgure 29 was -

de51gned and bUllt w1th the hlghly skilled technlcal

R 7 . )
, help of the Machrne and Glass ‘Shops ln thls Department.

, @

The prlmary (Al-A4) and secoudary (B -B ) hlgh vacuum
s 4
- valves used in the assembly gEre Hoke valves (Zero

Leakage Bellows Valves, 4300 Series 3lGSS and 4200

-Series: 31658 respectﬂbeLx, Flgure 30) Nupro SS 4H

Y

bellows valveszyere useduas auxlllary valves (C -C4)

It is convenlent to mix the materlal to be 1so—.
. . s

lFtedt(precursor) w1th the matr;x gas before condensa-
i tlon of the mixture on “the' col ‘¥arget (deposrtlon)

\ The rate of the mlxlng of the matrlx gas and precursor
depends on the gases 1nvolved lequlon through heavy
gases (llke xenon) is partlcularly slow and adequate.e

m1x1ng requlres elther a long tlme or a very turbulent

Y

gas flow.' Therefore, 1t 1s usually more satlsfactory
\\ to allow the matrlx gas and'stable precufsor to mlx 1n

%y.; a large sbherlcal bulb than srmply to 1n]ect one. gas Lo - ) o

\\

1nto a stream of the other. In the work belng des-*:ﬁg

s ~. [
B

crrbed here the matrlx gas and volatlle precursor were ):_x“
. mlxed 1n a 2 llter round bottomed flask u51ng the m1x1ng

pump F°‘ The matrlx gas (argon or xenon) was led 1nto the

u?\ .
M
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'-imonltored with a Valldyne106 DMS6A Dlgltal Manometer

: perlmental condltlons.f~ ' féf : "" L

~

y

C“)P S , .
Y co . . o S
flask throughrthe liquid nitrogen (argon) or dry ice--

~

acetone (xenon) trap I (Flgure 29) ~Volatile precursors,

hav1ng a vapor pressure greater than 250 mTorr at room
PR

temperature, were transferred under vacuum to cold- trap Jd
:and hence to. the m1x1ng flask. When m1x1ng was complete,‘

'the gas was allowed to flow 1nto the spray-on gas llne.

The rate of deposrtlon of the matrlx gas was dependent

‘-upon the pressure in thlS lrne. The desrred pressure
'i_was malntalned by regulatlng the gas flow from the gas-

mixing bulb w1th a Whltey 22RS4 mlcrometerlng shut-off_,n

valve, D ‘in Flgure 29 (cv = 5 x 10 1/2 turn) It*‘

was mo ltored by both a thermocouple vacuum gauge
(0- 1oooj Torr) and an Edward s Compensated Barometer, H

(0 20 Torr) ; The gas flow was measured by observ1ng

-

Tthe small decreaSe 1n pressure in. the gas reserv01r (2-3

llter flask) durlng deposrtaon. The pressure drop was o

3

(AP—lO Absolute Pressure Transducer, G 1n Flgure 29

;-;i‘and CD23 Dlgltal Transducer Indlcator, Flgure 31) ~ ~The
t'pressure transducer,and Eﬂ‘ard's barometer have beenf

hjof 1nvaluable help 1n the control of the Entlre dep051tlon

' v
:process and ao 1n'the achlevement of reproducfble ex-

y 4
. . " .

SN L e ’ B : . R $-

e

Precursors whose vapor pressure was less than

mlSSlng bulb but were placed 1n the flnger L and warmed

4
ol .

171

':"lOO,mTorr at room temperature were not 1ntroduced 1nto the S
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"'meterlng valve D and the resultant mixture was con-

';._‘about 10

?t‘flow occurs (most molecules w1ll need to make at least

173
in a bath of hot liquid‘until the.vapor pressurebwas‘
b between 10 -and 100 mTorr. 'Where‘a bath temperature
greater than 60-7Q°C was.requfredf'the entire spray-on’
line was warmed (80-100°C)'b§ wrapping the tubes with
- resistance heated nlchrome tape todprevent condensatlon

» of the precursor. The sample vapor effusrng from the

flnger was led 1nto the stream of matrlx gas from the

J—
densed on the cold target to.form thevmatrlx.////f_

Connectlon of the Cryostat and Gas Llne to the Main

Alegh vacuum Manlfold

When operatlng a system at pressures of less than
-4

- Torr, the ultlmate pressure attalnable and

the speed at whlch 1t can be reached are hlghly dependent

on the geometry of . the system.105 Any constrlctlon

or: bend markedly reduces the effectlve pumprng speed

l.at pressures below about 10 5 Torr where "molecular

:one wall—colllsron to pass the obstrhctlon) . Therefore,‘

'ﬁ.the system desagned for the currentvstudy was arranged )

80 that as far as possrble the 1ow pressure gases move

FT"along stralght llne paths. However,'51nce the vacuum»

r i
port of the cryostat (DlSplex mlcrorefrlgerator) protrudes
N LI A 8
at rlght angles to the vertlcally mounted vacuum shrOud,-

'one 90° angle in th‘?connectlon between the cryostat‘




. ~ e . * Lk
o » -

.and‘the pump was unavoldable.‘ The entlre‘evacuatlon T’
tubes connectlng both thf gas llne and the cryostat toit';‘
the pump were also kept as short and as w1de as pract1cal.i~
All coupllngs or . flexlble sectlons were contructed so -
. that they would not act as constrlctlons. The cryostat
and gas 11ne were connected to the ‘main vacuum manlfold
through Varlan “Stalnless Steel Roughlng Hoses | These
;'were two 18 1nch long, l 1/2 1nch OD hoses made of thin-
walled bellows covered w1th flexlble brald ﬁor extra
trenggh’and protectlon.\ AIl hlgh vacuum permanent con-:
"v_lnec‘qlons were made through 2. §/4 -inch oD ConFlat®
.Flanges and oxygen—free hlgh c0nduct1v1ty c0pper gaskets;
’Varlan Stalnless Steel Flttlngs were used where requlred
'(Flgures 29 and 32) The flexlble hose#@ f@bm the pump
.to the cryostat was equlpped w1th a rOughlng valve (F)
,mounted on a two s:Lded ConFlat® flange. ThlS roughlng
‘valve was connected through a Varlan Molecular Sleves:fl:

’

Trap (Flgure 33) to an auxlllary 2.5 CFM mechanlcal v

. pump.- ThlS connectlon was made w1th a short plece of

;latex hlgh vacuumrtublng.. The cryostat 1t5elf (A) was

'.'equlpped w1th a: Qgpro Bellows-Sealed Butterfly Valve 3
}{.BV ) and a cold cathzhe vacuum gauge C (NRC 524 -2 Gauge
w1th Flange) connected to a Varlan “T“ flttlng (D), as.»{f '
_~111ustrated The purpose of the cold head vacuum gauge
was to monltor at all tlmes the pressure in the system

‘ 'tas close as.: possxble to the cryostat., Flnally, the‘g - f

B
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c0nnectlon.of the cryostat to the flexlble coupllng
411ne was achieved w1th a CaJon Ultra—Torr Coupllng
Unlon, G (1. S" OD) through glass on ConFlat ®flanges

', (H and H ) ‘

o The use of only stalnless steel and pyrex and thev
permanent Vacuum c0nnectlons descrlbed above, prov1ded a

r.system with a very low .rate of outgas51ng making pres—-‘

sures of the order of 2 x 10 s to 5 x 10 7_Torr/readlly,

. acce531ble.

‘ Cold End ‘and Vacuum Shroud

The target on’ whlch the matrlx gas mlxture was ton-

: S
: densed con51sted of a hlghly pollshed CsI plate (25 mm

oD X 3 mm) mounted in a DMX—l nlckel—plated COpper .\
’optlcal sample holder supplled by Alr Products.loza f\‘ - e

_ ‘ o~
hThls target was afflxed (matlng thread) to the tlp\of / i

- MATING
- THREAD'
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.

the'coid'end of the Dlsplex mlcrorefrlgerator. Thermal ‘

/

, contact between the cold tip . and the CsI plate was
T‘malntalned w1th 1nd1um gaskets (Flgure 34) . A standard

':Alr Products radlatlon shleld was mounted on the flrst e
.expan510n stage (44°K) of the Dlsplex cold end, and |

thermal contact between them was ensured by u51ng

>

- Cryo—ConCD grease.» After belng 1nstalledi/thg,radiatlon

DL"

shleld had t0‘be uﬂscrewed by no more than half a turn"

e

© in order to allgn 1ﬁ§w1th the CsI target wlndow.

7 ' e
i The cold end was. surrounded by a DMle general pur- .

pose vacuum shroud also supplled by A1r Product% (Flgure s

’34) Thls square—shaped shroud was fltted with hlghlyr__}d 7%‘T'
‘:pollshed CsI w1ndows f33 nmnOD x 6 mml’pn,two opposmte

51des and on the remalnlng s1des w1th Spectros1l quartz

2

“wrndows (33 mm OD, x 3 mm), all;mounted»on V;ton‘“O"-rlngsv’gf
(Flgures 34 and 35a) ‘ ; : L o
J The matrlces were dep051ted onto the cold target
‘plate by. spraylng the sample beam from the gas lln
(Flgure 29 p. 168) through a short plece of 1/16" OD soft

stalnless steel tube (deposltlon needle) 1nserted 1ntor«;_j-’

Qo s
The w1ndow mounts were made 1n the Machlne Shop of

‘thrs Department‘ The Glass Shop supplled the Spectros11 -
'vquar\h plates and the CsI plates were purchased from hv‘.;f'
: _InternEtlonal Crystal Laboratorles, Ellzabeth New “;ﬁf§*}7

.o i

Jersey 07206 ";f::r:‘f=gj'.ff.f;f-i_""y'j-' SRS ,:y.if ST
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- one of the gas- 1ntroduct10n ports of the vacuum" shroud
(Flgure 34). The dep051tlon needle was’ 1solated from

“,the atmosphere or: from the spray on.gas llne by means .
"El'of a Nupro SS- 2H bellows—sealed shut off valve (Flgure : .
?'35bl. This valve was vertlcally mounted on a holder | |

throughvthe two-threaded holes at~the base. The holder'

‘was then clamped onto the lower end of thg vacuum shraud,ui‘:
vﬁjust above the optlcallJlndows. :
The Dlsplex vacuum shroud fitted as descrlbed above
'lf could be rotated whlle malntalnlng the vacuum in’ the'\
h_jcryostat The optlcal w1ndows were kept 1n an atmosphere
v_of argon when the cryostat was not 1n serv1ce. uhf;a”
i.demountable transparent plastlc box was used for thlS
fpurpose. | | . ' Sl |

The connectlon between the spray—on gas 11ne and

the cryostat dep051t10n shut—off valve was made w1th two_
'1/4 1nch OD ‘Cajon flex1ble-bellows stainless steel and a

'?glass tubes Wlth the approprlate qulck-coupllng flttlngs.fT

e
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‘afln 75-90 min, and of 7-8°K in ~120 min.

~.

<t

FORMATION OF MATRICES'_ };" Do -

-‘COOllng of the Target and Preparatron ‘of the Matrlx-,f

)

Precursor Mlxture : i ,.h C ;A:r v
In preparatlon for the dep051tlon of a matrlx, the
Dlsplex sample chamber and the spray—on gas 11ne were

evacuated for ~18 h at room temperature wlth the marp

”cryotrap f111ed w1th llquld n1trogen. Pressures of

»;»2 b 10 % to 5 x- 10 -7 Torr (measured w1th the cold cathode

vacuum gauge) were achleved S0 that re31dual gases were'*

lremoved The Dlsplex compre531on unlt was started w1th
”the dlgltal m1cro~voltmeter temperature read-out and B

.
.automatlc temperature controller in serv1ce,_and the_

-

) target was thereby cooled to the de51red temperature.'

,-A temperature of 77°K was reached Ln 45*60 m1n,,ofplO°K‘

;' Durlnb thls COOllng perlod trap I (Flgure 29 p 168)

ffﬁof the gas llne was also cooled thh llquld nltrogen -

"*(for Ar) or dry 1ce—acetone (for Xe) and then the gas

11ne was 1solated from the maln vacuum manlfold (valves'

.;Al-A4' B3, and D closed_ valves Bliand B2 open) and

from the xryostat (s

tdoff xs}ve of the dep051t10n

needl closed) . The sa les of precursors whlch were"

‘ﬁvolatl e &t or below room‘ﬁemperature (vapor pressure

'ir>250 mTorr, 25 c) were degaised (p- 205) and vacuum

f}ﬂtransferred to trap J throughiralve 02 (valve 82 closed) i

PR
-

182
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N Trap J contalned llquld nltrogen to keep the sample
' frozen. Wlth valves Cl B1 and B2 open and By and b

closed, argon or xegpn was . 1ntroduced through trap I

1

) Llnto the m1x1ng bulb (2 llter flask in Flgure 29) t0“
/* : .
a pressure of 40 to 70 Torr. The bulb was lsolated*

'from the rest of the system by c1051ng valve B2
‘the l1qu1d nltrogen bath- was removed from: trap J and*"
- the vaporlzed sa@ple and noble gas were stirred wlth'

"the'mlxlng pump F for 30 45 min. The resultlng pressure r

- was: recorded and used as the startlng value of the;

o The-choice of“ratio of-precursor-to"noble gaslwas:-'

governeo by the followlng factors. ‘A’hlghly dlluted .
‘mlxture (l 1000 or 10 000) 1s de51rable to ensure sup-i'v |

;tpre551on of dlmerlzatlon of the photoproduct, cyclo—W'
butadlene.' However,~1n order to observe weak absorpe
'tlons in the spectrum,'lt would then be necessary to’ de-»h

p051t a’ tthk matrlx. Such matrlces tend to crystalllze-f

“and. usually scatter the photolytlc radlatlon to an V”hu_ifvjﬁf“V*

o
v“\uhggceptable extent (thls lS partacularly severe in the

et

Matrlxto"uest ratlos of 100 to

; Lcrlbed work




hpressure of the reserv01r.

',110 100 mTorr measured wlth the thermoc0uple gauge)

(2N

_uof cold surfaces at 4 2 or 20°K is more eff1c1ent than a &

. vtemperatures have been reached.

Dep051t10n of the Matrix-?reCursor Mixture

184 -

!

v;In the case of precursors whlch were non-volatlle

‘ kat roﬁm temperature (vapor pressﬁre <100 mTorr at 25°C),
,the sample was 1ntroduced and degassed (p.,205) through

‘mth "flnger L.” The sample vapor (vapor pressure of

' effu51ng from the flnger warmed to the approprlate
‘temperature (p 173) ‘was in thls cases mlied durlng

fdep051t10n w1th the stream of matrlx ‘gas flow1ng from L

the meterlng valve D " | ‘1 _ ”v'-;:_? S " h::.'i
When the target had reached temperatures of 20°K or

below, all valves connectlng the cryostat to the otherim

’]5parts of the system were closed.- The cryopumplng actlon L

¥
~

quuld nltrogen trap or dlffu51on pump, therefore it

1s better to Operate a statlc vacuum system once those

To ensure that there had not been_anf

serlous con- .

‘)\5 v

. )
tamlnatlon of the CsII target plate durlng\the\ggollng

process descrlbed above, a "blank“ 1nfrared spectrum was"ﬁ«

L e

*dalways run before dep051t10n was attempted

Thefspray-on



vvalve was evacuated (valves A3, A4 and B4 open) and

' then 1solated (valves A3 and A4 closed and valve B

3
open) The flow of gases from the m1x1ng bulb was.,

regulated with the mlcrometerrng valve (D) untll a

. readlng of. 2 0 to 2 =3 SCC/mln was observed 1n the:.
_ o v

"flowmeter E.. The shut—off valve of . the dep051tlon

needle was opened\to allow passage of the sample beamfv

1when a pressure of 2 5 to 3 0 Torr (measured with the';'

"Edward's barometer H) was reached in the spray-on"
jﬁgas 11ne. For non—volatlle precursors, before the

‘1sample vapor was allowed to: effuse, a 2 5-3.0 Torr'

3:.gpressure of matrlx gas was reached in the llne., The_id

b il

*"flnger" contalnLng the sample ‘was then warmed to thev
gde51red temperature (vapor pressure of 10 100 mTorr)

) and the shut—off valve was opened (thls prov1ded

1.,

i

" 185

N (a homogeneous gas beam) The beam was thereby fed 1nto'”'

Mfipthe cryostat through the dep051tlon needle. Some of .
o flt condensed n the cold target to form the matrlx and

%izfany that escaped 1mmed1ate condensatlon was removed by

5the cryopumplng" actlon of other cold parts of the

as\was.rntroduced

apparatus. The rate at whlch the

* L el
If exce551ve pressure rlse 1s allowed t' occur heat

transfer across the cryostat may become too great and

“fﬁ;the experlment mlght be aborted (v1de 1nfra)

r

S e _ *
rcrometerlng valve. - =
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33

The %fp051trpn needle was p051tloned ‘at rlght angles

to the target by " rotatloﬁ of the vacuum shroud and was

then barely 1nserted 1nto the openlng of the radlatlon

shleld (the t1p of the. needle was held at approx1mately ‘

3 cm from the CsI target plate) The needles used pad

orlflces between 0 8 and 1 0 mm 1n dlameter. ThlS

\

L snow",fv

-arrangement produced a gas beam that was unlform over

the 20—mm w1dth of the CsI target plate and allowed to
pass 1- 2 mmol (4 -7 Torr) of gas at room temperature . .
per hour when the. pressure in the spray on. gas llne was"_' <

—

of 2. 5 to 3 5 Torr.

thlmlzatlon of the Cold Target Temperature

Q).'
The den51ty and structure of matrlces depends on

the temperature gradlent dep051t10n speed heat of -

Subllmatlon of the matr;ces, and many other factors

/-
(Table 7). Slow dep051t10n rates caused amorphous

,.-v‘

SOlldS w1th crystals imperfectloﬂsW S “ve rise’, to.}ﬂﬁ«vffr’

| heavy llght scatterlng educ1ng enormously th observed

‘\4

quantum yleld of the sample.. The resultlng spectra ,

‘were usually broad and il1 deflned. ,Exceptlonally high’

At slow depos1tlon speeds and very cold temperatures - R
(4 2-10°K) both the guest and the host are. trapped at orh-_'

‘near the p01nt of contact w1th ‘the cooled surface.p Thlg'

o

: causes crystals 1mperfect10ns,,latt1ce vacancies and

i Ve

v6~.°
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(

 flow rates,,on the other hand led to con51derab1e 7 '}
- , i

warmlng of the Surface of ‘the grow1ng matrlx and - thls;

3

'fvresulted 1n an excess1ve pressure rise in the cryostat '

(> 5 % 10 -4 Torr).v

The collectlon efficiency is also a factor to be :

)

considered It is expressed as. the stlcklng probablllty"
.?of the molecules to be condensed (the proport10n of mole-f
» .
_cules strlklng the cold surface that actually condense).c»
,Slnce.the stlcklng coeff1c1ent" of most. condensable'
materlals approaches unlty at around 20 'K, the tempera;‘
»ture of thg cold t1p of the Dlsplex mlcrorefrlgeratorl' :

used in thlS research was’ optlmlzed between ca.’ 7 and ¢

Q2O.K.' Temperatures between 16 and 18 K have been found

tto glve clear, glass 11ke argon matrlces w1th a gas flow

';rate of 4-7 . Torr (1 =2 mmol) per hour and a statlc vacuum

"zln the cryostat of 5 x 10 4 to 5 X 10 -5 Torr.

- The matrlx gas has a poorer thermal conduct1v1ty
&

7g'than the CsI plate or the copper sample holder so. that,

‘e

Tngas ‘the thlckness of the matrlx lncreases, the con-'

"hPrdensatlon of the 1ncoming gas beam becomes less eff1c1ent

and a- gradual loss of vacuum occurs in the lsolated ’«7,'7'

cryostat.. Under these c0nd1tlons the pressure in the
;'cryostat is a functlon of both the flow rate of the\;hi
f:gases belng 1ntroduced and the temperature of the cold

target._ Slnce 1t 1s more convenlent to operate W1th a .f'i;.

. \.

_ constané flow of matrlx materlals, thlS 1ncrea5e 1n



V:Thermaﬁ CohauctivitY'Of Rare Gases? -

B Thermal COnduct1v1tyb L N Max1mum 2
4.2°k 20 4°K  77°K . value A ] T (°K)

: Rare‘Gasp

.Neon . 41 37 B a7 . 3 4, |
Argon '/ 11 tiaz s oy e,
pKrypton A u5.2 f 'lel_ ﬂ“3_5{,

P

17 ;'_‘11 5'

a: Data from G.K. White (1956) and Pollack (1964).93

L b A in mW/cm degree Kelvxn. : H‘-; o

IR

'a'pressure ln the cryostat durlng dep081t10n was controlledlf

;'a:by stepw1se lowerlng of the temperature of the target

(temperature controller) in such a way as to malntaln a

.pressure of 5 X 10 -4 ‘to 5 x 10 -5 Torr.

-,

/

The deposmtlon process was monltored and controlled

| v;by closely observ1ng\the values of the followlng para- '

oot

meters.

Lose Lo e e

Al B . .
. P

ST S S ’ Cold: ﬂp Temperature ‘ AR o
g._'  Reservoir Prei-un Tlow Bate unc Pressure  Controller Readout Pressury . -
(forx) . ISCCIill !ch) e K)o gverx)

s .

N\

"To achleve reproduc1b1e exper1mental cond;tlons a close‘\

v‘j;record of these values at 10~ 15 m1n 1nteﬁvals was kept.ufftt\*”

No more than l 2 mg of precursor were deposzted



ih aﬁy bnewexﬁeriment- When the deposltlon ‘was- flnlshed‘”'

(1 3 hours),,the témperature of the target was graduallzl’”

.lowered to t'

_31s~was be‘ An lnfrared spectrum of the startzng

B materral was‘taken durlng thls coollng process. _

—

1n1mum value (ca. 7- -8°K)_ before photolyQ;

198
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o _-PHOTOl;YSIS..OF._ THE MATRIX-’-ISQLA‘&D. PRECURSORS-

IS

‘Cyclobutadlene was generated by photolysxs of. the

- _matrlx—lsolated precursors.. The matrlces were 1rrad-'

3‘;1ated as. lndlcated 1n Flgure 36. The progress df the

' photolys1s was monltored spectroscoplcally at
'iidlfferent time 1ntervals. Slﬁce the quartz w1ndows on}”””':r,-i
| the Dlsplex vazéum shroud were arranged at rlght angles
"'to the spectroscoplc w1ndows, the vaé%um shroud was

‘rotated through 90° for phOtOIYSlS and then back agaln

obefore the progress of the irradlatlon could be monltored
't;If necessary, the photolytic process ‘was. completed by

f'lrradlatlon from both 51des of the matrlx w1th two

'flldentlcal lamps of the desxred wavelength (medlum

L

‘ﬁlow preSSure mercury vapor lamps) -Some warmlng of the

. 7
Wi‘cold tlp was- usually observed durlng thlS process but

the temperature drd not rlse above about 10°K
| 081ng a set of fllters (Table 8) 1n conjunction }

‘with the Quartz cryostat w1ndows, radlatlon bands ofi"
‘gbdlfferent energles were selected for each precuqsor to

hy optlmlze the yleld of cyclobutadlene whlle mlnlmlzlng

”"the formatlon of 51de products.,.The energy dxstrlbutlon

- e

:jfor the Hanovxa medlum pressure mercury vapor lamp~~.=€1

H(l40 W) whlch was. used for the photoly51s 1s glven xn.i 'irp; {5?7“*

"Tablf— SN T S
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N

Filter Type - ... - ' High~Energy Cut-6ff (nm)

vycor (7910) . ., .. . o 220" ‘
Corex (97100)2 270 (~2200®

R ?yrex (7740) E o | o 290.

" Uranium gléés' \ o ‘ "330 '
R S - =

107_repor£'a‘éﬁéhgé

. 7 'Maleski and Morrison

3

" ‘properties of Corex.

'v‘;"\’ .




1

'

Wavélength (&) . Energy_(W)

\gavelength'(x)'

Energy (W)

Ultraviolet .

1847 (reversed) 1.5

2482 | 0.7
12537 (reversed) = 1.g
2652 - ",’? 1.2

2804v. I Y
2967 1.3

3025 © 5,

3130 4

3342, T

3360 .. 8.0

' Vi;IEle

4045
4353Q
5461

5780

Infrared
“‘_

10140

11287
13673

-

3.4 violet
6.3 blue

_7.6>§reeh

6.2 green

(The Southern New

e}

TABLE 9. Energy Distribﬁtion for;the.l40

Medium Pressure Mercury ramp.

England Ultréviolef.Co.)

-W Hanovia
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' Results’of Photolysis

Irradlatlon of a SOlld within a matrix poses many

4

problems. Absorptlon of the 1n01dent ultrav101et

‘-llght by the matrlx raises the substrate molecules con-

a
¥

talned within (P) to a electronlcally exc1ted state (E).
° The ex01ted state may elther re- radlate the absorbed

. ;energy (a or b), lose energy w1thout radlatlng (c) or.

dlssoc1ate 1nto several fragments (e) Dlssocratlon
- Recombination —— e S . ' . . *
L £ EXCITLO STALE _ TP-T): L L UNCHLD FRAGMENTS j ) E - ) - g
‘_ A ) (@ 1 |s>og| tion N ’ ] ) . ( o
R Isomerisation  * [Recom- L‘oS;:ofcxccss
: - ' bination encryy
. Absorption LO‘Wef. N :;;:.‘*:g)‘ loss k. -
g : T ™~ 1
+hv |, . ' - S
c-tadiation - TABLE ) . . .
St by e T > decomposition
. ’ 2' : .
- () b
I P GROUM) STATE o rxr.cuxsvr‘)xv g ’ —] Lo { I ‘
ey .~ (Prom reference 44)

'leads to formatlon of the des;red compound but the in-

3'1t1ally formed fragments are essentlally 1n contact,

AN

iﬂ'trapped 1n the cage occupled by the precursor and one

'

Oor more fragments w1ll be exc1ted. Recomblnatlon

.of theSe reactlve fragments can be av01ded only 1f one

-5

.-



.of them 1s an 1nert molecule and/or the exc1tatlon
' energy can be removed rapldly from the system. The
‘exCess energy can be lost by d15$1patlon through the
'-_matrix tohthe coollng block It is usually transmltted
across the matrlx in. the form of "lattlce v1bratlons" .
whlch are low energy processes, and therefore con-

siderable local’ warmlng may;result,

- The Effects of Contlnued Photoly51s

Prolonged 1rrad1atlon mlght be expected to result
_fln complete conver51on of the precursor to products,
'eVen if most 1nd1v1dual precursor molecules have to be
hexc1ted many tlmes before formlng the de51red product.;l:.

ThlS 51tuatlon is precluded by (i) the formatlon of

by~ products, (11) the absorptlon of the exc1t1ng radla-""

tlon by the de51red product leadlng to 1ts decomp051tlon, B

"*and (111) scatterlng of the photolytlc radlatlon by the'
matrlx. No bulld-up of the de31red product w1ll be seen

>

'ceeds the probablllty of formatlon (K > K i see<abovet
. ‘ o

,dlagram). Under certaln c1rcumstances, (K- >vK2) a’
"steady state" concentratlon of product w1ll be . formed/.

If 1t 1s poss1ble to flnd a wavelength of llght absorbed

k-

-fenough to surv1ve in close proxlmlty tQ the exc1ted

fragment.losr

1f the probablllty of decomposrtlon is equal to or ex- ‘1__

: In some cases, even molecular nltrogen is not unreactlvev

196



by the precursor but not by the product (selectlve

photolys1s), then an almost complete photocOnversmon may"\

reSult. : _ fx T %331;

‘-

exploratory experlments proved rather dlsapp01nt1ng

Yleldlng 1ncon51stent results.v ThlS was. at least partly.:tf R

d,due to the low concentratlon of cyclobutadlene whlch

-.,could be formed W1th1n the. matrlx.t The concentratlon

. " :
. was llmlted by two factors, 1ncomplete photoly51s of

precursor 1solated ln thlck matrlces ("scatterlng"vof-
.‘vphOtOlyth radlatlon), and destructlon of the\molecules.
-already generated by photocleavage to acetylene. slnceh
'there were weak features in the spectrum whlch it was
necessary to detect and 1dent1fy, the use of a dlsper81ve
"vlnstrument w1th lmproted ;erformance standards was
warranted. Therefore, a serles of 1nfrared spectra of :
- the photolysates of all precursors were recorded plotted
uand stored ‘using a Nlcolet 7199 FT- IR Spectrophotometer v
:and the deSLred features\were successfully observed
* The Nlcolet Spectrophotometer was also of 1nvaluab1ej

a\'

.‘»‘



. N ':‘,

L

-.‘

help 1n determlnlng w1th accuracy the 1ntegrated .ab-

{iintegrated 1nten51ty (cm

oL

*i}fsorptlons of the bands asélgned to cyclobutadlene. The

-1

o

.by assumlng a Gau551an band contour and then relatlng

V_h the 1ntegrated 1nten51ty to the absorbance at the

absdrptlon max1mum (A )} and the half-w1dth (A

~ This allowed the computatlon of thefrelatlve lnten51t1es

ax1 wl/7 *
.fA(w)dwp.a At b wl/2

- Of the bands (Table 3).

“‘The ba51c components of the Nlcolet 7199 FT IR o

g

Spectrophotometer are schematlcally represented in.

Flgure 37.,

)1 I ‘;fA(w)dw, was estlmated

198 .

109

Fourle\ﬁ¥}ansform (Multlplex) Infrared Spectroscopylll'

"exceeds the performance standards assoc1ated w1th hlgh

1‘ quallty gratlng-lnfrared spectrophotometers. _The

_advantages of FT—IR Spectrophotometers are threefold-

3 ‘1‘.

' .3'.-

‘The detector‘ sees" the full lnten51ty of the -

vsource w1thout an entrance Sllt ‘The 1mprove—‘

ment is roughly a factor of 100 o »4'u

_The 51gnal to-n01se ratlo is theoretlcally

improved by’ a factor of Nl/2 for an 1nter—‘,j

3 ferometer, where N is’ equal to the number of

resolv1ng elements._
An.adequate;Slgnal-to#noise ratro-for this

L
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) N

study requlred approx1mately 2 min u51ng the_

'Nlcolet Interferometer, as agalnst 50 mln
uslng the dlsper51ve spectrophotometer.

The software and data handllng fac111t1es of the

ercolet were also a merlt, as well as such features

as constant resolutlon over the range of the instru=

ment, photometrlc accuracy, automatlc callbratlon,

fplottlng.accuracy, computer storage of datavand direct’f

_plottlng for‘sllde preparatlon. The'interferograms

(100 500 scans) were computer stored averaged and

F

AFourler transformed 1nto the uSual frequency spectrum.~

./'/

"WARM=UP" EXPERIMENTS

'vWarmfng\the argon“matrices to about 35°K‘caused'
the cages to lose thelr rlgldlty allow1ng the cyclo—'

butadlene molecules to dlffuse and so dlmerlze._'The

reSultant spectral changes alded the a551gnment of the,

absorptlons to 1nd1v1dua1 specxes.

Rigidity of Matrices®3

Matrix Temperature®

Matrix e

©4.2°K° 12°K 20°K° 40°K 609K 77°K
Ne 1749 g2 o -
 ar U5 14 24 a7 S 92
KD 4 0 100 17 3 52 66
Xe 3 7 13253 > as

-

a Expressed as percentageﬁof-matrix melting point,,

Y

s
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Thus -"warm—up" experiments.were helpful in the selec-
tlon and a551gnment of 1nfrared bands to cyclo—

butadlene and were carrled out as follows. After pho-

toly51s was complete or the de51red degree of photo-

conver51on had been achleved the matrlx was warmed to
/

a predetermlned temperature whlch was, held constant

for a perlod df tlme.. ThlS tlme and temperature was

governed 1n each case by the react1v1ty and mObllltY

of cyclobutadlene in the presence of the other trapped

spec1es Warmlng of the matrlx caused the pressure 1n

the statlc cryostat to rise (v1de supra) . For this

reason warm—up" experlments were always closely

followed and carefully executed The spectral changes

. bbserved were represented by graphlcal plots of band‘

"1nten81ty (1ntegrated absorbance) as a functlon of

...‘

dtemperature and/or tlme.'

E}

o

Diffusion Controlled Dlmerlzatlon

The dlmerlzatlon of cyclobutadlene 1n the warmed'

matrlx is a dlfoSlOn-llmlted bimolecular reactlon. The .

apparent rate constant for such reactions is tlme

(W(D +DY)t) 1/2

[X],[Y]; concentration of reagentsy

Dx,'DY = diffusion coefficients

A/

'_dependent_l12 and the . follow1ng Xate equation-has‘heen
derived.ll3_ .
S d[X]= ._ ' - . Lo ‘ : . -
_ T 41rr° (DX+DY) <1 + . ) [x][Y] |
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~To = X-Y separation below which reaction is

ensured.
. -, . . . . :
In the case of a dimerization process,

. 2% ——xy

x3_ _- 1 |
[X;l, A[X )1t + 2ab[x°]tl/2 +1

.‘v.ro

T G

il

where a

D is Lhe dequlon coeff1c1ent of X:and for spectrOSr‘

[x']

° coplc,data =T equals ii, the 1ntegrated absorbance
-] ) .

'ratlo,ll4w e

An extremely crltlcalrasoect of. the klnetlcs
experlments w1th dlfoSlon controlled dlmerlzatlon of
*matrlx Isolated cyclobutadlene was: the ablllty to
'determlne accurate temperatures of the cold tlp durlng
l'one run and to- ensure temperature reproduc1b111ty be—i‘
tween dlfferent runs , Accuracy and reproduc1b111ty of

svtemperature measurement to better than =3 0 25°K was

. s

de51rable. Also requlred was the rapld attalnment of -

‘a chosen tempe ture and stablllty at the

’_temperature; In: thlS author s experlence, the most

'0” - dIx] _ 87r ﬁ (l‘+” ‘.rs [X]‘2
et B s v B

warm-up
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satisfactory ekperimental combination waS»that of the

closed-cycle helium mlcrorefrlgerator (equlpped w1th a

. 44°K radlatlon shleld) coupled to a proportlonal tem- C

eperature controller and a dlgltal mlcrovoltmeter. Wlth

o

this arrangement temperature reproduc1b111ty and
stablllty of better than + 0 l°K could be‘achleved so
110ng as warm—up tlmes were of the order of lO sec/° .
(ca. 7.5- 20°K), of 20 sec/°K (20 30°K) or of 30 sec/°K

(30- 40°K) .
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EXPERIMENTAL PROCEDURES FOR THE MATRIX WORK

Purification

In matrlx 1solatlon work lt is cruc1al that the

materlals to be used ‘be of very hlgh purlty.’ Traces

@

of oxygen or nltrogen may cause 1 rare gas matrlx to

crystalllze whlle any re51dual water vapour‘may

W destroy reagents or mask the infrared spectral reglons
of 3500- =-3000 . and 1650 1550 cm =1 where water absorbs

strongly
_Removal of Oxygen Y

"Okygen was excluded from all samples.' organlc"
materlals were - degassed before use and the matrlx .
gases used were of altra hlgh purlty. ,:‘

' Dega551ng of theasample was accompllshed in-
vacuumN The materlal tovbe dep051ted was cooledvto tghb'
77°K (llq N ) or 195°K ‘dry 1ce-aceZone), dependlng _ ‘

'on volatlllty, and the llne was eva uated Meltlng of

e
the sample, at room: temperature or above removed most
of the adsorbed gases.' The resultlng llquld was

,Arecoo]ed to the chosen temperature and evacuatlon was

o resumed ’ W1th volatlle :mpounds;care was taken to

mlnlmlze loss of compound by subllmatlon or. dlstllla—"
£
tlon 1nto the vacuum llne. Thrs overall sequence was
. ,* .

-/

'always repeated at least tw;ce.

W
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Remowal of'Moisture‘"
| M01sture, a common 1mpur1ty, was adequately re- -
moved from the lquld and ;olld photoprecursors used
in thlS work by storlng them 1n a de51ccator over.a I ' S
\*\;Shemigal/dearccant. Since these materlals are thermally#:jfﬁ:' ’
unstable and llght and oxygen sen51t1ve, they‘werei‘ B
kept under an' argon atmosphere at 20 to =-25°C in the
dark ' Transferrlng of the sample to the dep051tlon-~
llne finger was carfaed out under a. stream of argon.
‘Re31dua1 m01sture 1n rare gases was removed by _
pass1ng the gas through a' cold trap. A dry 1ce-acetone
trap was used for xenon, argon was dried through a

~.

liquidknitrogen trap.’

General Purlflcatlon N

o

The follow1ng paragraphs deal w1th the methods
used to purlfy the precursors to a degree adequate

for ;solatlon w;thln a matrix. *j'- S R CRT .

Dlstlllatlon was usually satlsfactory for matrlx

work prov1ded the process was carrled out carefully

and no volatlle 1mpur1t1es were 1ntroduced.e~

S

o Recrystalllzatlon, a- popular method for purlfylng .

M

BE SOlldS, was found to be a poor method for preparlng

“These desiccator containers were never opened in’air

| ‘while"~ Stll]ﬁ CVO‘,bld.:':», T



‘.fsented in the precedlng EECtlonS.h»

Y
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_solvent-are;always occludedvin»the crystals and, - unless

the’ solvent was volatlle enough to be completely “a

removed by dega551ng, it was co—dep051ted w1th the

’ sample and caused stray spectral effects o

Vacuum subllmatlon prov1ded samples free of

volatlle components and when used *n conjunctlon W1th

recrystalllzatlon, very pure samples ‘were obtalned

Preparatlve gas chromatography prov1ded pure samples

- of volatlle substances. The product was collected in

wrrﬁa U—tube cooled to the approprlate temperature (see

en not to condense volatlle

e

- pages.z Descrlptlons of the procedures have been pre-.ﬁ

J.’ :

A
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TABLE 10 : - :

‘CONSTANT TEMPERATURE BATHS 23

Temperature

- Temperature - -
- (°C) - Slush or Bath?
o mIce—wétera
0 to -20 Ice-NaCl, HC1, or CaCl2 solutlona
-9 Methyl sallcylate ‘ :
=-12.0" t-Amyl alcohol
-14.0 S Benzaldehyde
-15.3 Benzyl alcohol
-22.9 Carbon tetrachlorlde
~~33 to -45  L1qu1d ammonla
~-35.6 ‘Ethylene dlchlorlde :
-45.2 Chlorobenzene _ . L o -,
fSOJO A Ethyl malonate. | |
-63.5 " Chloroform? .
"-73.5P Dry ice- acetonef
-83.6 - '~ Ethyl acetate
-95,0" - Toluene )
. =96.7 5 Methylene cgiorlde o
' ~97.8 o Methanol . '
- -1lll.6- vcarbon_dlsulfide 
-119.0 Ethyl bromide?
-126.3 . Methylcyclohexane
-131.5 '~ n-pentane =
-138.7 - Ethyl chloride » _ e g
~150 ' Chloroform, 18,142 ; ethylbromide, 41.3%;
‘ ' 'ethyl chlorlde, 8 0%; trans-1,2-di-
chloroethylene, 12. 7% aH trlchloro-,
: ethylene, 19.9% . . _ S
=.3J.5 _Isopentane 5 "_ S R
-183b - . Liquid oxygen -
 —18§,7b : 'Liquid argon
f196b-. " Liquid nitrogen®-
Nonflammable . S 9 - e ‘

. R
S }..
3

dapsndeaﬁ.qnwatmospherlc pressure. R

7
s ‘o
2 .
i

i

B s pendy Ak et

VTP LRI
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A\‘ -

%Cyclobutadiene—g4 (1) from lZ-Oxa—tetracyclo—

[4-4\3.0.02 ]trldeéé 3,7,9- trlene {23a) Isolated in

—

van Argon: Matrlx

 a)”

b)

e

‘ Interferometer)

tCooling of the Target

Pressure in the cryostat-' 2 x 10 =6 Torr’

'Temperature controller settlng. -220;00 Q,.c

L Germanium sensor

’Cooling time- 105 mln
‘Temperature read-out. 10~ 15°K (potentlometer)
'Dep051tlon of the Matrlx-Precursor Mlxture.

_Substrate temperature°: "flnger 40 =50°C

llne, room temperature

‘Deposited: 12 7 Torr of Argon in 80 min

o« E (Table ll Flgure 38).
w4

'aPhotoly51s of the Matrlx Isolated Precursor.

'Lamp- low pressure mercury vapor.
:Filter° . Vycor . _ ' _. . ' - ,n- I
',.The progress of the photoly51s was - monltored by

vlnfrared spectroscony, Flgure 39 (Nlcolet FT- IR
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‘Irradiation Line

- Time .(min)

<, o

0w

i w)

Q)

30 - 1523.3
X 1239.9

723.5

572.4

75 1523.3
| | 1239.9-
723.4

- 572.4

120 1522.8.
: 1239.9
723.4

572.3

Line Position

" (Average)
1523
1240

723

. 572

pi

Warmeup-Diffusidh Study.r

Pos‘ition.(cm-Tl

Integrated ";l‘ Relative
Absorbance (cm ) Intensity
X 103.>
27.6 1.3
835.8 ™ 40.2
251.3 o 12.1
©2,077.2 “ 100.0
. 38.8 1.4
1,204.4 o 44.0
.. 300.0° -, 11.0
"2,735.1 © 100.0
52.2° - - 1.5 .
1,348.6 39.1
488.6 - 14.1

3,448.4 - - 100.0

'~ Relative Ihtensitj '

' (Average) 1
1.4

41,1‘

12,4

©'100.0

The temperature of - the Dlsplex cold tlp was gradu-
"ally 1ncreased form 7 8 K to 35°K._ The effects
'of the warmlng on the comp051tlon of the matrlx

twere also monltored by 1nfrared spectroscopy,_Flgure

40 (Nlcolet FT IR Interferometer).



R

60" (33°K) 1522.5 . . 44.8 - 1.5

211

"Warm—up‘ L Line = ‘L ;'Intégfated ' - Relative
* Time (min). -Fosition (cm

1y Absorbance (cm” ) Intensity

1 : — - —

i 3 T
. % -10 e R .
{ Sx |

60 (28°k)  1522.9 © . si.00 . - 1.5

1239.8 . +1,240.0 - 36.4
723.3 . a80.0 . 14.1
' 572.2 . 3,400.0 - .100.0

1239.9 1,173.0 ©39.3
~723.6 . - '381.8 . 12.8
572.1 ' 2,981.8 °  100.0

60 (35°K) 1522.4 - 30.2 - 15

1241.7 - 810.6 . . 40.3
724.0 . 204.5 .. 10.1
573.6 ., 2,009.4 . 100.0

90 (35°K) . 11522.4 . 19.2 L1

1242.8° . " 666.1° 39,7
- 724.0 ©163.7 9.7
.. .573.8 . 1,677.3 1 100.0

The integrated absofbénceS'of,bandé‘AéD'dﬁringx'

~ irradiation and warm-=up are:grabhicéllyﬂrepresented'in

Figurg 41,

Leand

Pty
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4
Irradiation (overall time) L
. , . ,
.a) 30 min - L
b) 75 min o | S
. ¢) 120 min ° N
'Warming’-"
d) 28°K (60 min)
) 33°K (60 min) .
f) '35°K (60 min).
g) 35°K (90 min) ‘
'S
'FIGURE 4l Inten51t1es of the Infrared Bands A-D

;Durlng Irradlatlon and Warmlng (Photopre—'
"CUrsOr 23a).'The Integrated Absorbance

-1,

(cm '),15 Expressed in Logarlthmlc Scale..

AN




222

(cn3‘1) -

Kl

2

integrated Absgrbangé

£

=
]
-h

10 4

10

—




223

Cyolobutadiene—g4 (28) from 12%0xa-tetracYclo—

14.4.3.0. O ]tr1deca-3 7, 9 trlene 2,3,4,5, 7 8, 9 lO 28

(31b) Isolated ir.an ArgonrMatrix

‘a)“fCooling of the“Térget;‘
Pressure in the cryostat. 6 x IO_G“Torr
Temperature controller settlng. 220.00'ﬁ;
o ' | _ Germanlum Sensor
Hcooliné time: 60 min £6x§7°x 75 min to 10°K _'
ST i
-'Tempereture read—out~ 10-15°K (potentlometer)

b) Dep051tlon of the Matrlx-Precursor Mixture.‘

'e. Substrate (" flnger") and llne ‘at room temperature

i,DeSQSlted{ 15 1 Torr of Argon in 120 min e
| (Table 12, Flgure 42)
c)”fPhotoly51s of the. Matrlx—Isolated Precursor.;
'Lamp. low pressure mercﬁry vapor.e"'“
.Fllter. Vycor -
VTTQ The progress of the photolys;s was monrtored w1th

.": the Nlcolet FT-Infrared Spectrophotometer (Figure 43)

B , ﬁ .
‘Irradiation Line - :‘rf;ir -Integrated f”_i't”Relative'ﬂf
. Time (min)/ Position (ecm ™) Absorbance (cm )-_Intensity r
B T x 103 TR
%0 fm-»14§6;of-.;jjf"" esls 2
R 1 1043.1 . 4g0.4 . C19:7 ¢
609.3  398.8 1g.q4
420.5 - . . 2,431.9 o .+ .100.0
270 0 umseo 0 g4lg S 300
S o oe10431 7021 a3l -
609.2. . 5050 ‘. " 1g.p .
421.3 . 3,14807 "~ 100.0 o
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Line Position D Relative Intensity

, - (Average) ' . (Ayerage)
A" 1456 ERT SR O

9; s Lo 15fé
oL PE L oo .

d) - Warm~up lefu31on Study.~ :
R The temperature of. the matrlx was 1ncreased‘gradu-f
' ally from 7-8°K to 35° ff The effects of.. the warmlng

on the photolysate were monltored by 1nfrared spec-
troscopY, Flgure 44 (Nlcolet Interferometer) |

Al

A Warm—ué..d; _Line »f-',;l-, Integrated -1 -Relative
"~ Time (min) - “Position (cm ) Absorbance (cim ),_Ihténsity‘ '
” ~ . e U 3 B

x'10°

60 (25°k) 1455.6 . 82,8 ‘ . 2.8
= R 1043.5 . . - 909, 0 . 233
609.5- - 495.¢° S 16.5

- .420.0 s, 0o0o0. 0j 010040,

60 (34°K) . 1455.5 - 7507 L 3l
. oo1043.4 0 0000 S 22.8
v '609.4 L7 4004000 . © . 16.0
- 421.2 0 499.9 7 10040

.60 (35°K) 1455.1 L gy 5 o 2le
o - 1043.5 4050 20.5

1 609.7 3210 . 16.2-
421.3 - - 1,970.8. - 100.0

20 35°k)  14ss.0 - 48.8 o301
: o lo43.e . S332.0 9303
. 609.8 o ousn Cron 15.7..
.. a5 1.552.0 " 100.0
. 1207 (35°k) 1455, & 277 3,1
N f~1043 7 22500 25,3
'610.3 47,0 9675
421.5 - 890.1 45070
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 The intensities (integrated absorbances) of bands

~

A'-D' on: irradiation andkupon‘wa:m-ﬁp-aré graphically

' represented in Figure 45.
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.Irradiation (overall tihe)v

'b) 270 min

“c) 25°K 1(60 mln)v“
o d)’34°K‘i(60 fnin)

N,

NI

a) 90 min.

: e) . .35.°K~ (60m1n) . ‘7 -‘ H
£) 35°K (90 min) |

g) 35 K (120 mln)

Inten51t1es of the Infrared Bandslé_—D'_'w

v,

'Durlng Irradlatlon and Warmlng (Photopre-ﬁe] o

"f?qursorv31b). The Integrated Absorbance

. (cm

R

2 0y

% e \ T,

') is Expreased 1n Logarlthmlc\Scale{

T
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o

Cyclobutadlene h4(l) from Cyclobutenedlcarboxyllc

Anhydrlde (25) Isolated in an Argon Matrix

a):

b) -

‘c)

Cooling of the Target.

Pressure in the cryostat: 2 x 10 "7 rorr - .

.Temperature controller settlng-% '100.00 @,

Germanium sensor

Heater: 20%

Cooling time° "70 min

‘ Temperature read—out- 180°K (potentlometer)

Dep031tlon of the Matrlx-Precursor Mlxture.'

: Substrate temperature ( flnger surrounded by a

'

water bath) 75-85 C
Llne temperature (nlchrome heatlng tape) monltored

o

w1th a thermocouple at four dlfferent p051tlons

f

-Position: 1 ..~ i:sl-.
1 s | )
2 7580 |
I '80-85 N .
4 | "55496" |

~
.

._‘ . ) . 4 :/_‘4\4_'

' Deposited: 12 1 Torr of Argon in 115 mirn (Table 13, .

Flgure 46)

,Photoly51s of the Matrlx—Isolated Precursr
v'Lamps- two medlum pressure mercury vapor.

r'Fllters' VYcor 19 S [f?§fa’* 7“"'“7"‘;:
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The progress'of the:photdlysis'was monitored

spectroscoplcally w1th the Nlcolet FT-Infrared

Spectrophotometer (Figure 47) -

Irfédiation

'Intégratéd”,

Relative '

Time (min) gégftlon (cm Absorbance (cm *) Intensity
| - x 107 | |
. 1528.0 R L
FEreed .0 39.9
' ;igfg" ' 11.§ 9.4
31s.s 120.2 '19630
300 i? i§§2:g ®-2 2.7
foe 8 390
Lty 2.3 T g
8. 226.3 100.0
450 "152318225;7 2 7.5 1r;{7
g oo e
_;7;’:71,;3 7 9.0
fggé‘g o | 44;Q6 100.0
P 152813255;7 3 "1778i 2.5
B % LN 38.4
B s 8.2
’591.0. - .f714;5 | LCOJQ

576.5
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a)

"H H -."o'., 7 8°K H

o 238
" ,
Llne P051t10n‘ﬂ‘ R  Relative Ihtensity

(Aver@ge) ¢ &,
- 7 \

(Average)

1530° . S o -
1528-1527 . - . 2.2
".1242.‘r : 38.9
721 -
718 9.0
591
576

Warm—up lefu51on Study

The matrlx temperature was - increased gradually to A
about 28°K then to 32 33°K and flnally to 35°K and;
kept constant tlll no change could be observed 1n

v

the 1nfrared spectra.-

v . :
» _‘.’ - g
L . )

“-_, Y .Vycor .~ I.ﬂ l

H-CZC-H
¢ (minor):

25 Lo 1 /-

LY
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Cyclobutadiéne—g4 (28),from Cyeloﬁutgmedicsibgé lic

Anhydride-d

“4 (47) Isolated ép

an Argon Matrlx

a)‘

bf

Coollng of the Target

PreSSure in the cryostat.

B Y
1&% \." LN

1 x lO‘7 Torr

Temperature c0ntroller settlng. 100.00rg,

Heater: 20%
Cooling time: 75 min

Temperature read—out~ 16

Germanium sensor
&

, . .
4 K (dlgltal lndlcator)

Dep051tlon of the Matrlx-Precursor Mlxture.‘

.'Substrate temperature ("f

water bath) 75 85°C

1nger" surrpunded.by a

Llne temperature (nlchrome heatlng tape) monltored

w1th a thermocouple at.Tive dlfferent p051tlons

Position | i:gl_
o o :?5'f'
2t 75-90

3 e
s 90

" Deposited: . 20.1 Torr of Argon in 180 ‘min (Table 14,

';Figure'48f

Phot01y51s of the Matrlx-

Lamps- two medlum pressure mercury vapor

gFllterww Vycor

Isolated Precursor.'

~z
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,

\

'irradiarigr Line -1 Integrated = _ ‘Relatiye
Time (min) . Position (cm ) Absorbance (cm Intensity
o "x 103 .
s e e
BT i
S e
E 2;2:; 148.6 100.0
Rl 7 s =
s08-0 se 27.8
645 » izgg:g 7..“9; | ._3.'5.‘
'igzz:g' 45.8 -féo.ze
G 8w
e o S ey
e s s
hais STs s 229
CEE M e
Y

. The progress of the photoly51s was monltored by 1nfra-;r»

red spectroscoﬁy, Flgure 49 (Nlcolet Interferometer)

s .
i B A e T

AR

i
|
[
i



Line Position

_(AVerage)

1464
1460

11046
1044

. 609
608

. 432
425

)

Warm—uptDiffusion Study.

246

"

L

~

Relative Intensity

(AVerage)

3.6
oy

20.3
27.8

100.0

_The base temperatﬁreunf'the _cryotip (7-8°K)

" was 1ncreased stepwise to the following temperatures-

l

creased to a maxlmum of 36°K

5,20, 25, 30 and 33°K.

vmalntalned at 33°K for about 30 min and finally ln—"'

Then, the- temperature was

The dlffu51onicontrolled dimerizatioh»of'eycio-

butadlene—g4 was monltored contlnuously by 1nfrared

spectrOSfopy. S
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Cyclobutadlene h, (l) from Photo—a-pyrone—§4‘(18)

&
v .
.

0 -
~wIsolated in an ArgonuMatrlx p

()
p—e

‘ Matrix—isoleted'photo-a—pyrone was prepared by

irradietion of:a;pyrone through Pyrex using‘two medium

pressure mercury\lamps. The reSulting photolysate was

‘ converted 1nto cyclobutadlene (maln product) and

acetylene (mlnor by-product) by 1rrad1at1ng through

Vycor.

'v‘e)‘ 'Coollng of the Target.’

‘Pressure in the cryostat-‘ 5"x_10-7 Torr .

Temperature_COntroller setting: 230.00 @,

ﬂ.

Germanium sensor

Hegter:‘ off -
:Cooling’tf%e;' 90‘min‘

Temperature read—out.~ 10°K (potentlometer)

- b)- 'Dep051tlon of the Matrlx-Precursor Mlxture."

Substrate‘tempereture,: ‘"flnger ; 0 -5° C (1ce—water

252

bath) 11ne, room temperature-

c)' ~Photoly51s of - Matrlx—Isolated a-Pyrone.~
Lamps~' two medlum pressure mercury vapor'v
'tFllters. Pyrex

Irradlatlon tlme-' 18 h (Figure 51)

o 4d) 3Photoly51s of Matrlx—Isolated Photo—a—pyrone.

- . A K Y

ﬁamps.' tw0'med1um_pressure mercury.vapor
g Fl;ters- Vycor*“

The generatlon of cyclobutadlene was monltored

s

s el
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the'Nicolet Interferometer (Figure'52)f
Irradiation Line _ Integrated ' -. "~ Relative

“Time (min) ~Position (cm ) Absorbance (cm™ ") Intensity
. x 103 - i

‘ R
90 1531.6
~ 1529.5
1243.7
¢ 1241.0
721.7
719.5
. 576.0

4.0 1.3

100.3 339

270 1530.4
| 1529.2
~1243.6
1241.2
$721.3
719.5 .
576.1
574.4
420 1530.9 e
o  1529.4 BT TR |
1243.8 | S s
1241.2 L E 350 T
720.8
7192 -
57640
' 574.5

R T M
L4633 . 1500

_vLinefPositiOn‘ o S } ‘;Relativeantensig§‘

L]

o werage) e
1531 - e L
152.9‘ : N R v;v ‘ o 1‘74, s

1\3’4 :

1244

- 1241 ~35.0

tw

721 S
ng S o 6.8

tQ

574 LT

S

c
o
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G
e) "Warm-up lefu51on Study..
pThe temperature of the matrlf was. gradually in-

‘vcreased to 35 K whlle ‘the effects of thls warmlng ‘e
were monitored by 1nfrared spectroscopy (Nlcolet
'Interferometer)

1 Pyrex, H. H .4 Vycor -
H x>2900 R >0 Y o, H_ ~ _H Y
B - , —r _A>2200 A ] |
" 2537 8 — 0 0. - A
. Ar H.ow 772 H H -
©7-89k 18 o1 '
. a 0 . B , -
hv | I A>2900 A SRR .
| T
v H-CSC-H
- (minor) - .
L SN
e
2
q Y -



255

L=

ST 19Vl

g0TXs . . 0% o 9'z-stz o0tTz . o0tz

oTxz o, e 2 T et

) .Wl

A 8T 9vz-grz. o8'se . ozet
oTxg o ST st g T g
g-0T X T° ST-0T . gg.0ez =~ ov¢ .‘_ oz N R shreT

: A o : - _ Auouos MOTF -
(1301) " (e) ) (xx05) - (.~=ﬁ5\uomv.,.. p Auuobv

munnmoum - 3nopwey I8T10I3UCH 8ansssxg mcﬂq .93vd Molgd ou:-.onm u«o>uonom - ouTy,
uuvuoxuo_ eanjexeduey d1r piod T SR




256

»

. GYIAWUNANIAEM

ue cﬂ_vmumHOmH.ﬁmmv vllmcouamnoamomwuuummm vmumuw:H,-om mmstum e

00g o8 00Ol DQ2l DORD . ONgl 0081 0QDZ

(

22

BRSO
3INY8HOSEY

g8’

0T°T 03 oo.,wmamom munmnu0m34

88"

 *XTa3eW uobay j.. L

= 011



2\

257

>

SHIBUNIALH

3

‘ mHJ o3 ww..».,\"ma.mum .mo.c.wnw.omﬁ. -

_0Qot  oger . o@mH,_g gst ;_, J»ooam,

. oB0' 080"
- 3ONUEHOSSY |

oac

081"



258

T e

e St e 2at N TR T

s
o
(O

SHIGWNNIAGM

gat

L

LN

-~ one

- ogol  ogzl oght

0T°T ©F 00° "mamowwwocmnHOmnﬁ.@

", %

pgst o

™~

~ -

.Amﬁv_chH%mlcwouosm pa3e{osI-XTI3eH 3O mu»ommm,ﬁmumumﬂH..Hm_mmDWHh_

'_v—-a.. ~
Piat

23 |

gy

CRR
JONDSHOS

gg’

I

EEM

,icjtf';;’




259

SHIBWANIAEN

L

0O8  0gol 0021 - 0ghl 0gsSt  0OB1 . 0OO

- (8T) ouozAd

T ldlouonmm.mmﬂu.ﬂ..m.um .

=]

_._nﬂ. 03 Z0° “uﬂmom wuamﬁHOmna.‘ 

:O[I{* wUB0' ‘:DSOYa“Oagin{
- 33Nosdosad =

oRT”

AL



260

oog.

. SYIGWNNIAEN

" pggt

. T & o
o p - .;n_
f@ﬁ?

o m

g 0gol 00210 Oghl

03:00"

Amav mcoymmlc ouosm @mumHOmHleuumz

30 (utw omvv wummxaouozm mzu Jo. muuowmm @wumumcH

~
. {

19TeDS °dURqIOSqY

 ogoz

,Nm mmDQHm

‘ 051}, :OLQ.   QOD;'

aie’

g8z

30NdBHOSEY



261

. sw3muaN3AWM
DOk DOS  0Q8  0gDl 0021 Dghl DQST . ODBL 0002

.<.

0L0" . oRa"

© 30NUSHOSSY

oo1°

ost"

el

é .

m 8T mo,mumm>H0pocm_

o m& . 03 ¥0° “dﬂ_m._om wonmnuo.mﬁm@

o081



_pl”d)a PhotOIYS1s of. the Matrlx—Isolated Photo—a—pyrone—g_4 A‘JH

o

-CyclobutadienerQA‘(ZB)'from Photo—a-pyroneig4v(48)'

Isolated in an ArgonfMatrix;‘

Photo—a-pyrone—g4 was - prepared in an argon matrlx

1

by 1rrad1atlon through Pyrex of matrlx-lsolated a-'

: pyrone—_4 u51ng two medlum pressure mercury lamps.- The -

Vresultlng photolysate was further 1rrad1ated through

'Quartz u51ng low pressure mercury 1amps.

a) Coollng of the Target..

| Vacuum 1n.cryoseat. 2 X 107 4 Torr'

| Temperature controller -and heater.r'off -

.cool;ng tlme:‘ 90 min - : e
Temperature read—out* 13 0°K (dlgltal 1nd1cator)

bf;‘&Dep051tlon of the Matrlx—Precursor Mixture.
Substrate and 11ne at room temperature‘yr‘a
Dep051ted-- 27 Torr of Argon “in. 60\mrn (Table 16,

e Flgure 53) /

ac)i" Photoly51s of the Matrlx-Isolated a-Pyr’one—g4

e

Lamps'> two medlum pressure mercury vaporA
Fllters-3 Pyrex L E
"Irradlatlon‘tlme:; 17 h LFlgure 54)4?;;
Lamps-v two low pressure mercury vapor
N Fllters-{ Vycor | A o v
. The progress of the photolys;s was monltored by 1n-

frared spectroscopy,‘Flgure 55 (Nlcq}et Inter-
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TR S
Irradiation “Line . ¢

Time (min)

Position (cm

1  Integrated

v

Relative

) ‘'Absorbance (cm ) Intensity

130

22¥%

E]

T

1044.1

1455.4

. 1047.1
© 1044.3

609.2

'1455.2
11450.4
1047.2.

1455.0
1450.1

1047.2

609.3

608.4
426.2
423.3

1450.3

608.1
. 426.4

423.2

1044.1

-

b

» 7 608.0

426.3
4234

609.3

- %" Line Position .

1455

1047 |

';,1044:.'
609+ .

426"

e

—

1450

-
R

. 404.2°

. “kelatiVe}fﬁteQSi;y.'

X 193 \
5.6 o 2.5
44,3>1 i 19.7
6.3 :20.6
225:0Ji_: '~;".ioo.o

8.3 2.5

79.60 - 23)9

67.3 -~ 20.2
333.4° - 100.0 -

.
]

-

\

| (Average)

2.5 %

5

©21.8

1263

- 100.0° )
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e) Warm-up'Diffusion Study.
,The temperature of the matrlx was gradualky in-

* creased to. a ‘Mmaximum of 35° K, then was~ma1ntained'

: at»35 K unt11 nerfurther change’ could be observed

'in the lnfrared spectra. U : ;
d .vr.d J
, a‘J
‘ y et
2l ~ ' ’
2 - S‘;
o hv.
b+ D 0. Vycor D
A>2200 A )
=0 ==
o. -co, -
48 e 28
Sy i
‘hy,
- . D . P
- PO . o D-Czc-p
& o y oo ._(minorxr
. - 3 " N
£ v i . !
K\;' .
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)' R o \'

Cyclobutadlene Dlmer-h8 (29) 1nfahrArgoh.Matrix

a) Coollng of the Target. o

: R

-Pressure 1n the cryostat- 2 x 10 Torr. !
Temperature controller sett1ng~ ZOOfOO'Q, Gy 1( '
' Germanium S S
Heater: 43 - . R T
P - R e S 8 o
',Cooling time: 60 min ) ' R '
‘Temperature read-out: 10f13°K)(potentiometer) a v v%%

The tw1ce degassed dlmer 29 (400 mTorr), was vacuumz
'transferred into the m1x1ng bulb and dlluted w1th about ?;,

30 Torr of dry argon.' The mlxture had an equlllbrlum

pressure of 31.6.Torr, . L
: . o : o m : : o :
~b) bepositioh of,theTGuest—HdstTMixture, ‘ e r”'

- Deposited: 15.2 Torr of.miXture in 140 min (Tahlé-l?) o

1,

ir (Ar 8°K) cm ;' 3110 (w), 3040 (m), 2900 (s),

11545 (w), 1290 (s)i 1179 (m), 1155 (m), 1000 ).

P e

1960 (m), 820 (m), 7955(5), 750 (m), 740 (m), 450 (m), K

”420 (w) J; t
s ey S .
L
: |
. 2 -
L @ © :
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Cyclobutadiene Dimer-gé (45)' Isolated in an Argon Matrim

a) Cooling of the'Target;
_Pressure in the cryostat- 2 x 10 6 Torr

-Temperature controller Settlng. 225.50 Q,

Germanium;sensor.
Heater: ~off
: Cooling‘time° 105 min i

'Temperature read—out- lO°K (potentiometer)

v

~

The dlmer 45 was degassed three(tlmes and vacuaum

transferred into- the m1x1ng bulb to glve a pressure of _ \

500 mTorr at room temperature. About 30 Torr of dry B,

'argon were added Upon mlxlng ahd equlllbratlon at ',_ \

|
room temperature the mlxture had a pressure of 33 4 Torr ‘\‘

\
1

S e T - SRR
-Deposition of theﬁGuest—Host Mixture}A

~Deposited:. 7, 5 Torr of mlxture in 60" min (Table 18,

,jACetylene-hz Isoiated in angﬁrgon Matrlx e _' 2

N : Cc’dt.l@g Of the Target \ . o : e

#*10\!

: : =Y ‘ o

. \?PreSSureeln the cryostat.i 2 X 10 7rTor‘J:’”

- » . \ L ) .. L
\“'Temperaturé-controller settlng . 210 op Q‘f175 mf»'
L B ’a?ﬁ¢*°5”"

: “":'-. | Germanlum sensor

. . it s : . R : Crern
RO _ o R A T
- L PR L . .. 3

'Jf' Flgure 56),'\ “;[. = l2;7‘~‘* e to&@
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- 278.
Cooling time: 90 min- ' ' . R ;a- s .
¥ Temperature-read*out:' 10-13°K (potentiometeryz '
e ) . N ] S P

“Acetylene (100 Torr) was vacuum transferred thrOugh a
' A

l'dryvlce acetone trap lnto a 30 ml reserv01r hav1ng a
‘teflon 1solat1ng valve.v The gas ‘was frozen (lquld N')
dto glve a colorless SOlld whlch was degassed tw1ce and

i'then subllmed lnto the m1x1ng bulb.- An eqU1llbratlon

o \ .
"‘pressure of 500 mTorr was obtalned at room temperature.

fdebouQ/42 Torr~of dry Argon were passed.anto the reserv01r

'so that the.mlxture hadfa pressure of 44 7 Torr at room

'b)  Deposition oﬁ?the:Guest—Host Mixture. . ,tif,t/fﬁyfﬂ”d”’fﬁﬁ

Ce L . ' . . . . PSS

\
CER
Cq

‘Depositedzoslszorrdof miképre'in &;\min.(Table 19) -
ir (Ar, 7-8°K cm ':.-3240 (s), 1395 (W), 765 (vs)



(2101

ET-0T  00°0Tz

,a. (Ae) . _.. (v)

6T @AVl

.:ﬂexoomv

(2301) °

svie
ot

Banssaig

\v;xu%umnuu&a.cusuauoasoa ‘dTL vﬁoo

Inopesy uoﬂaouu:oo ousumwum 0=ﬂq 0uum :lo ousn-oum_wao>umnum

a

s/

-
K

mwwsﬂa



. a) F. Sondhelmer and- R Wolovsky,‘J Amer._Chem. C,

”_A.*Kekulé 1b1d., 162 77 (1872)

fg\.

"REEERENCES

€

"stc., 84, 260 (1662). S

h) F. Sondhelmer, Accounts Chem Res., 5

—

, 81 (1972).

A. Kekulé Ann., 137 129 (lBGGJ

- e
~ o~ o~

W.H. Perkln,iJr., J. Chem. Soc., 950 (1894), chem.

Ber., 26 2243 (1893)

\

” R. Wlllstatter and W. von. Schmadel Chem. Ber., 38 o. }C'xg”i
1992 (1905) e ‘f AT 72 ' fg R ’7CC o '?
E. Huckel .Phy21k 70 204 (1931) Also see J. Dv ‘} -_vb
‘hRoberts,L"Notes on Molecular Orbltal Calcelatlons" | )
vBenjamln, New York N Y., Chapter 5 1962 and~P J._' f
'eGarrat, "Aromat1c1ty" Mch%w-Hlll London, 1971 /a‘: é
3 R Wllletatter and E. Wase, Chem. Ber., 44 3423~ jé
,(1911) | | “ 5
H.C. LOnguet ngglns and L E Orgel J,&Cheﬁ;NSoc),, !

o lses. (1956)..

,:R Crlegee and G Schroder, Ann.,

623,71 (1989);

._" .

Chem: Soc., 87




12 o

14,

15.. -

'_:b) N.L. Allingerzand J.C. Tal, Theor;fthim}iAota)

a1, 789 (19é9).3

220 (1937)-“AISOQSée‘R;G:_Pearson) J: Amer. .Chem.

- 1966. Sk

»fT P. Wllson,.J.(CJem. Phys., 11 369 (1943)

d) M.J. s Dewar,and c. de Llano, J. Amer; Chem..sdb.)

281

L ‘ ‘ v

'Soé,}_91 4947 (1969)“ Fi,ﬁ SRS

-

L.C. Snyder, J. Physr Chem;, 66 2299 01962) : 5£5

%<

Saléh '"The Molecular 6rb1tal fheory of Con]ugated LR

'SYStems" Benjamln; New York N Y., . 466 and ff

a) ‘M.J.S. Dewar and . G J. Glelcher, J Amer Chem.’f

soc., 87, 3255/ (1965). . - - i
R ' ' R T T s

12, 29 (1968)

- e

J

T-C)jN L Alllngeq C Gllardeau and L W Chow,'Tetra;

”hedron, 24, 2401 (1968).'

/

e)eM'J S"DeW#r, "The Molecular‘orbital'Théory of -

e fOrganlc Chemlstry"; McGraw-Hlll NeﬁpYork N. Y.,

'~’p. 463, 1p69.-_. "‘r | fjwf:"a aw'w o 7_f, :1';f1ff

7

-~ £) R. Breslgw and W Washburn, J Amer. Chem..Soc;}'ﬁf"

/ S v vY - CW

92, 427 (1970).,,
s 220

AR S

:__9) H. P FLgeYS, Tetrahedron, 26¢T52é5e(1970)w~ L

“lj).R Bresloo;

fh).R Breslow, R. Grupbs and S;-I. Murahashl, lr

TN Amer. Chem..Soc., 92,,4139 (1970).

;T}M J‘S Dewar, A%gew. Chem. Int.“Ed. Engl., lO}ffV'

Aecountk Chem ;Res.

6, 3937(1973) ;.

“~‘Pure Appl. Chem., 28 lll (1971L, R



R

k) M J S. 'Dewar,,M C Kohn ‘and N Trlnajstlc, J. Amer.

Chem. soc., 93, 3437 (1971) et

o L e

1) B. A. Hess and L 3. Schaad, -ibid., 93, 305 (1971);

‘-‘ag" Tetrahedron Lett., 5113 (19%2)

-le}vfw G Rlchards anva'A -Horsley, "Ab 1n1t10 Molecular,‘

- Orbltal Calculat;ons for Chemlsts ,jClarendon.Press,_.i

Oxford 1970. S :f"n;

'.g"

=l7}' R S Mulllken in Pr, ress 1n Theoretlcal Organlc

!-ff-;”"‘—“’

Chemistry; VQL.'?@

e S

"Appllcatlons of MO Theory 1n

’ I,G._Csizm@dla (Ed;), Elsevier,

: Amsterdam, 1977. | | | |
"5l8; R J Buenker and S D Peyerlmhoff J. Chem. Phys.,
a8, 352 (1968) . | l
\7i9. ’Ai:Krantz; c. Y Lln, and M. D Newton, J. Amer. Chem.':{‘vj
: SOC.; 5., 744 (1973) Also see. M. D. Newton 15 |
ﬂ *"Nodern Theoretlcal Chemlstry", vol. 4, H. F.
" ; Schaefer III (Ed »e Plenum Press//New York, N.Y.
_: \\\pp.~223 -275, 1977.f .,5- SR R
- 20. S:i:asamune, Pure Appl. Cheﬁ;,iééf 961i(1975)g N

21. S Masiiune, N. Nakamura, ML Suda,'and H. Ona, J.

| o Amer. Chem. SOc.,.95, 8481 (1973) .
- 22; :

H Klmllng and A. Krebs, Angew. Chem. Int Ed Engl.,'

.

11 1932 (1972). Af‘ffll's' >;¢j~'r

- 23. L T Delbaere, .N.G. James, N. Nakamura, and S.

, f"Masamune, J. Amer{ Chem. Soc., gz, 1973v(1%75' :
'“.»24;;5H. Irngartlnger and HI Rodewald Angew Chemu “Int. in
: W )

J T T Teo 282/
A r p . . . ) N . o . N ‘- . \_ ‘ v., .4A —

BDRCRNSI Ay e s X e L



25,

26.

27.
. 28.

29,

30.

31.

32, a

33,

~dand S. Masamune, Can ‘J Chém;fjsz, 767 (1973); H.
‘_Gunther, Schmlckler; H. Konlgshoten, X. Recker,‘and

E. Vogel Angew. Chem. ¥nt. Ed. Eng*., Eg, 243 (1973).
Y Kobayash};'I ‘Kumadaki, A. 'Oﬁéawa, Y. Hanzawa,
E. Hedaya,‘ R.D. Mlller, D W. M’cNell, P.F,. D' Ax;gelo, L e

..and P. Schlssel J. Ayer. chem.VSoc.,’g% 1875 (1969)

E.J. Corey and J. Strelth 1bld.,-§§;2950 (1964)

. b).R. H. Grubbs and- R« A. Gre

. | _
» ~ ) Y283 ;
" . ] A . - ) :‘
N R ' W , g
Ed. Engl., 13,. 740 (1974) o . .
J.A. Pdple and K.G. Untoh J. Amer. Chem. Soc.,, 88, , )
: > . - , AR
B 4811 (196%’ U - S , _ n

A. V. Kemp-Jones, A.J. dqaes, M. Sakai, C.P:aBeemanf'.'

S. Masamune, T. Machlguchl, and M Aratanl, J. Amer.

Chem SOC.,'gg; 3524 (1977).

L
. SR
E . . - . o

aand M.-Honda, Tetrahedron Lett., 3001 (1975)

& .
w J.R. Tyerman, M Kato, P. Kebarie, S. Masamune, C -

O.P. Strausz,.and‘H.E. Gunnlng, J. Chem. Soc;, o

Chem. Commun., 497 (1967)_ L .

4

777 (1973) T#f*

J;‘Amér;-éhéh.?‘“
, Amex,

]
: 95, 5765 (1973) . | ‘

) J. Rebek and F. Gav1na, ibid;;f97,_3453'(1975y.

“a) E. Whlttle, D.A. Dows, and G.é;dPimenteI,

J._ Chem. Phys_, 22 <1943v(1954y;

b) E D. Becker and G .C. leentel, ibid;,-251~224f

(1956). *d’<'; L e



P . : ‘
<) G.C. Pimentel, §§éctrbchim.\Acta,_}g,’94‘(1958);
 Pure ApplLvéhém "4, 61 (1962). ‘ |
3§, s. Masaﬁune,}M Suda, H. Ona, and L M Lelchter,:
. N éhemaiéoc,, Chem;~CQmmuﬁ., 1268 (1972)
35. C,y, Lin ande, xfaatz,'ibid., 1111 (1972) _
36.a‘O.L:lChapmaa,;C,L,~McInto$h .and J Pacansky,. ‘<
4 'Amer.AChém..Soc., g§,'614 (1973)
37, o L. Chapman, D. De a’ c:uz,' R. Roth, and 7.
Pacansky, 1b1d,,'95 1337 (1973);}also_sée‘o;L.
'Chapman, Pure Appl Chem., 40 511 (l9f}9.v |
- 38.  G. Maier,_{ -G. Hartan, and T. Sayrac, Angew Chem.
Int. Ea,, Engl., 15, 226 (1976) ’
39. S;oﬁasaﬁune, Suglhara, K. Morlo, and J.E. Bertle,
; ”,:Cah;.J Chem., 54, 2679 (1976) o |
40. G. Maler, Angew. Chem. Int Ed. Engl.; 13, 425
fﬂ#i.ffn G S Pong, B. -S. Huang, J."Lgufeha,‘ano'A,‘kraotz;
7?[, 3. Amer. Chem. Soc., 99, 4153 (1977)}, R
42., M.J. .S Dewar and H. W. Kollmar; ibidﬁ,“éﬁ ‘2933 (1975L,
faR C Blngham, M J S Dgwar,'and D. H LO,‘lbld., 97,($
;1285q‘;?94, 1302 (1975). Also see M,J.S. Dewar and
A xbmérﬁigki,_lbld., 99, 6114 (1977) _ o
:4é,ﬂ W;T;Téord;;,iigig., 9}\\5968 (1975). -
-~ 44. S Cradook and A;J. thchcllffe,;"matxig°léola£iohf,
. Cambridge Unlver51ty Press, 1975._ | .
,»45, a) W.A..Gulllory, "Introductlon to Molecular

234



46.

Casl

-5l

Academic Pfess,‘NerYork!,N.Y,, Chapter:II,npp,-7l—‘,

L}CQmpgny_Inc,} Lbhdon;11977a'* o “’>  .v —

285

Structure and SpeéﬁroscopY",-Allyn and Bacony Inc.,

'quton,,1977..

VI

b) N:B,-Coltﬁup; L;HL-Dély,'éhd‘S.E. wiberley, "Intro-

ductisén to Infrared and Raman Spectroscopy”, -

AcadéﬁiCthess, New York, N,Y.,;l964..

" ¢). G. Herzberg,,"Molécular Spectra and Molecular

© Structure, Infrared-and.Ramaﬁ spectra of Poly-*
.atomic.Molecules",'Vle II, D. Van Nostrand.

Company, Inc., Toronto, 1968.

'N.B. Colthup, L.H. Daly, and S.E. Wiberley,

"Introduction-to Infréred and Raman Spectroscbpy", 

AT

78, 1964..

"E.B. Wilson, J«C. Decius, and P.C._Crdss, "Molecular

Vibrations“,_McGraerill Bon Compény,vInc., New

. York, N.Y., 1955. _Aiso see refgfence"45b.

S. Pinqhés_and I. Laul@sﬂ}(,“lnfrared Spectra of-

, LabélledﬂCompodnds",-Academic_éiess, London, 1971.

D;A.»Long;,"Raﬁgn,épéctrdﬁcopyﬂ, MCGraw4Hiii Book

~

'ngy;ﬁSuda;fﬁThe;(CHf4_Species“,aPhyb;fTheéié, 5lberta,’

p. 51 and f£f., 1975. .- - &

M. Avram, I.G. Dinulescu, E.’Marica, G. Mateescu,

; Y N ; R . v'i . - v .
E. Sliam, and C.D. Nenitzescu, Chem. Ber., 97, 382

(1964). 'Also see,’E.K.G. Schmidt, L. Bremer, and %

R. Pettit; J. Amer. Chem. Soc., 92, 3240 (1970).

v



52.

53.

54.

55,

56. . 5. Seltzer, 3. Amer. _Chen. SOC., 83, 1861 (1961); D.E."’

57.

1 60.

61.

a) G.vqutzenbufg,fP.G. Fus%, and J;'Leitich,_

" Tetrahedron Lett.; 3409 (1966) .

b) J.I. Brauman,'and W.C. Archie;_J.*Amer.JQhemr- L

L,Jéoc., 94, 4262 (1972

M; Nakagawa, J Saegusa, ‘M. Tonozuka, M Obl,

'.M,,K;uchl, T Hlno,-and Y. ’Ban, Org. Szn.,_SG,»49

(1977);° 8 nthe51s, 510 (1974) S g
S I

H.D. Martin and. M. Hekman, Synthe51s, 667 (1973).
. -— x5 .

L H. Reyerson and B. Glllesple, J Amer Chem.. Soc.,’

-~ 37, 2250 (1935) ;- F. W Breuer, lbld., 58 1289'(1936);

i : ‘
G.R. Clemo_and.A;.McQulllen, J;‘Chem._Soc.,,SSL

(1935).

-Van Slckle and J 0. Redln, 1b1d 86,;3091 (1964);

" W.E. Volz‘gnd-L.A;ipaquette, J. Org}.éhem;;'41,'57J

(1976) . .

X

E.B. Wilson; J’C' Decius;’ahd'P“C 'Crdss,.”MOlecuIar

Vlbratlons ’ McGr W—Hlll Book Company, Inc.;”New“

.3York N. y., pp 183 6,’1955.

,Af

‘ J E Bertle, J Amer. Chem..soc., IOO 4889 (1978)

- -~

:H Kollmar and Vs Staemmler,ilbld.,»99 3533 (1977)

. Hatzenbiihler and L. Andrews, ibld.,.ss, 3398 (1972)

539

e

286

S Masamune, F. A Souto—Bachlller, T Machlguchl, andJﬁw

w T. %orden, E R Dav1dson, and P Hart, lbld., lOO,vg;fa[
J.383 (1978) . T e
L. andrews, J. Chem. Phys., 57, 5 " (1972); D.



©62. J.s. Shlrk and H:H. _Claassen, 1b1d., 3237’?}97r7

-~

?h63..:J W. Nibler and D.A. Coe,vlbld., 55, 5133 (1971)

64. D. Boal andG.A. Ozin, ibidi, 55, 3598 (1971); D.

Boal, G. Brlggs, H.,Hnber;’G A. ‘0zin, E.A. Robinson)t

_and A Vander Voet Nature Phys. Sc1., 237 174

~

f(1971), Ht"

IS

41, 595 (1_ K ‘fu*g‘

" 65.  H. Huber; G. A _Ozin, and A. Vander Voet, Nature Phys;

,and G.A. Oz;n,‘Jf,Mol.;Spectrdsct;:,,

>

~ o~

‘.Sc1., 232, 166 (1971).‘G A. 021n and A Vander Voet,f

 J. Chenm. Phys., 56, 4768 (1972). o

:;:66.;fG.jHerzberg,_'Molecular Spectra and Molecular -

Strﬁctnre, Infrared and Raman Spectra of Polyatomlc

,ﬂmolecnles"' Vol. II,VD Van Nostrand Company, Inc.,-._‘_'~

e - M
'.fTorOnto,ﬂjp. 248 and ff., 1968,

i

'.,_i67,:5ﬁ.B; WilsonﬁhJ,C. Decrus,ﬁand-P.C.'Cross, "Moleculargi-

’

f:3Vibrationé",'McGraWFHill,‘New'Yorkjﬂpm.43 and ff.,
L rarions Fa e I8 TorX |
1955;\*" "

A

68. . .C. D801us, . Chem. Phys., 20, 1039 (1552);'

69 G Bos, J Organometal Chem., lO 343 (1967)

"7b; H. Haas and R K. Shellne, 3. Chem.;Phys.,.47, 2996

B (1967)

71;_ J H. Darllng and J S. Ogden, J Chem. Soc uDalton,'.jT

3. Amer., Chem. ‘soc., 99, 332 (1973)

'73. 'Note addedfin proof: A recent report H Kollmar

. .




w0 )

‘and V. Staemmler, J. Amer. Chem..Soc., 100, 4304

4 indinding N \ \ .
(1978), on the theoretlcal detefmlnatlon (ab 1n1tib

P
SCF calculatlohs) of the 1nfrared spectrum of cyclo-

o - )

]

--vbutaddene (v1bratlon frequenc1es and 1nten51t1es)

¥}s 1n full agreement WLth the data reported here
58 - Ol .

——

and elsewhere.

-hldf'nL F. Fleser and M Fleser, "Reagents for Organlc h
”g8ynthe51sﬁ, John wlley and Sons, Inc., Vol. I,
‘ppP. 581-595, 1967.,,; R .,,; _: .
hﬁ75,15a) A. Kumata,‘K Ono,~ . Irle,'and S gbeo, Yakhgaku;.
_Zasshi,"éa, 1151 (1968) Lo |

-

.

"h)¢K Alder and K Backendorf Chem. Ber., 71, 2199  zh‘-

.(1938)

o

. 76.  B. Loev,‘Chem -and Ind., 193 (1954)

| »7i._,3;1pett1t and” J Henery, Org. Syn., so 21~(197d).
78, R';:Pettlt and J. Henery, 1b1d., 50, '36 (19170)'

79 E.H. Braye and W. Huebel/”Inorg Syn., 8, 178 (1966)

.QBQ;-LJ D. Fltzpatrlck L Watts, G.F. Emerson, and/R”

. pettit, J. Amer. Chem. SOC., 87 3254 (19651

81;><Tse Lok Ho,: Synthe51s, 347 (1973), L Bféner, J S ;f”‘l:

ixMcKennls,'and R Pettlt Org..Syn., 55 43 (1976)

s_?gé,:bpelletler, Chem.'and Ind., 1D34 (1953),‘L F Fleser
- .iand M. Fleser,u"Reage S for Organlc Synthe81s" ’ h‘,

:.f-John wlley and SOns,/Z:c., Vol., » P 1180: 1967-f

1“?é3;£ﬂL.F Fleser ‘and M. Fleser, "Reagents for Organlc

o . L e

| Synthe51s“ John wlley and Sons, Inc., Vol

pe 911, 1967



AL 289

-84. K B. Sharpless, M A Umbrelt ‘M. T Nleh,_and T C. ,

- Flood J Amer. Chem. Soc.; 94 6538 (1972)

B 85;'-D Cralg and R B. Fowler> J. Org Ch i . 7L3\

(1961) ) '_,; 3' S - ’,_7 | ,f»%
) ,86.“ Bells.446, 910-, R.F. Nystron and WﬁG'.BIOWn;, |

Fiad

_ J'.‘Amer.‘Ch‘em..s'Qc.', 6.9‘, 1197 (1947)..;‘
87. J. 'Entel, C.H. Roof, and H.C. Howard, ibid., 74,

a41 (1952)

88. The method of N. P Buu-HOL et al., was- modlfled and

B optlmlzed for thls preparatlon, see Bull. Soc.‘

».Chlm., 2442 (1963), also see R. Phllllps and L. c.,.

e T

“Leltch Can. 3. Chem., 41, 2389 (1963), and W. G

. 9

’ Brown and J.L. Garnett, J Amer. Chem. soc., 3.__0,

f527z (1%38) . 'y o
. | |

89, G;J;.Fonken, Chen. and’ind.,_1575 (1961)

90, R. M021ngo, org. Syn., COll Vol 111 685 (1955),_,’
w91,_wBells., 17 EII, 52 A K Klang, S F. Tan and W S.

,.‘NWong, 3. Chem. Soc.; (C), 2721 (1971)

792,_ zKato and S _Konno, Yakugaku Zasshl, 871 695 (1967),-

TijA 672_99943c. L
REEERE N Meyer, "Low TemPerature SpectrOSCOPy" Amerlcan T
,gﬁElsev1er Publlshlng Co., Inc., New York N.. Y., 1971. j‘-

'94{ffH E Hallam (Ed ), "Vlbratlonal Spectroscopy of
,1TraPped Spec1es ’ W1ley, New York, N. Y ' 1973. ‘g;;  §' ’

'95,"ﬂA M Bass and H P Br01da,f“Format10n and f;aﬁplng B

’”of Free Radlqals

-‘jAcademlc Press, New zork N Y

a . 1960 o “) .‘ 1 .“‘ . ‘. - . 'a_v “’ i .- ‘ '\‘:_ - | '.'.".



S
-
'~4
,0
=2 )
%
- [
e -
P N
Q

97."

Chem. Brit., 7, 186 (1971).

L. Andrews,'"Infrared Spectra of Free Radlcals and‘

- r ’ - ‘ o

A

: D E. Mllllgan and MsE Jacox, "Spectra of Radlcals"

\ : . ¥
Phys;cal Chemlstry, Academlc Press, New York N.Y.

‘Chapter 5, 1970

J S. Ogden and J.J. Turner, "Matrlx Isolation",

v

S

4'Chem1cal Interm&dlates 1n Inert Matrlces » Ann. and

Rev. Phys. Chem., 22, 109 (1971)

A. J Barness, "Appllcatlons of Matrix Isolatlon_ .

TInfrared Spectroscopy" ‘Rev. Anal Chem.,'l, 193

~

’e»(lgvz). o s

100,

104,

" 105,

‘Lake- Shore Cryotronlcs InC%, Eden, N. Y L

>

M. Moskov1ts and G. A. 021n VCryochemiStry",;Wiley,

Toronto, 1976L
‘

" Linevsky, J Chem. Phys., 34 587 (1961)w5p Rowland[

Dav1es, Dlscuss Faraday Soc 48 181 (1969)

a),Alr Products “and Chemlcais Inc., P.O. Box 538, B

-

Allentown, Pa. 18105.»_, vuf<»>_ ﬂ B vv N.zf”

*

b)'Oxford Instrument Corp., lQO Cathedral St.,

--\Annapolls, Md. 21401 B -t

;ag;Cryogenlc Technology Inc., Ke1v1n Park, 266 Second'. .

‘M'Ave., Waltham, Mass. 02154.
b) Cryomech Inc.,‘314 Alnsley Dr., Syracuse, N. Y.

13210, B T o

fva) A Ho Be ‘ (Ed ),S"Handbook of Vacuum Phy51cs"

‘Pergamo, Press Ltd., Oxford, Vol. 1, Part‘l:_t'

v -
6



291

B.B. Dayton, "Vacuum Technology as Applled to
Contlnuously Pumped Systems"- Part 2- T.E. Lucas,.
"Propertles of ngh Vacuum Pumps and De51gn of
Vacuum Pumping Systems"; Part 3: a.H. Turnbull;

,'"Leak Detectlon and Detectors ", 1964

'b) A.H. Beck (Ed ), "Handbook vof Vacuum Physxcs

PPergamon Press Ltd., Oxford Vol 3, Rart l:
W.H. Kohl "Ceramlcs and Ceramlc -to-Meta Seallng"
F-Part 2; W.H. Kohl Solderlng and Brazing", 1964-o
c) W. F Brunner and T. H Batzer, "Practlcal Vacuum
Technlques Relnhold New York N. Y ‘ 1965
d) B.D. Power, "High Vacuum Pumplng Equlpment"
' Relnhold "New York, N Y., 1963 :. o ‘
'e).A H. Beck (Ed ), Handbook of" Vacuum Phy51cs"

> Pergamon Press Ltd ’ Oxford Vol 1, part 5{'

— :J.Qf Swift, Klnetlc Theory of’ Gases and Gaseous
Flow"f Part 6: H.G. Noller, "Theory odeacuum:
.lequLOn Pumps", 1966. J' - t" ]u"ﬂ'

.f) L.G.. Carpenter, "Vacuum Technology ,American
.ElseVLer Inc., New York N.Y. 1970 . ‘eiﬁ .r N

p106. ’Valldyne Englneerlng Corp., 19414 Londellus St.; |

‘-Northrldge, Callf 91324.-2

,107; 'R Maleskl and H Morrlson, Mol Photochem., 4, 507

(1972)
‘ 1Q8. Methylene reacts w1th N2 at cryogenlc temperatures

. to glve dlazomethane, see D.C.B. Moore;andvG.C.

N % v



292

El

- Pimentel, J. Chem. Phys., 41, 3504 (1964), and A.E.

Shilov, A.A. Shtéinman and M.B. Tjabin, Tetrahedron .

- Lett., 4177“(1968); it also reacts with CO. to give
ketene, see T.B. W1lson and G.B. Klstlakowsky,

, J. Amer. Chem. Soc., 80, 29341(1958). Also see

R.A. Bernhelm, H.W. Bernard P.S. Wang, L.S. Wood,

and P.S. Skell, J. Chem. Phys., 53, 1280 -(1970); 54,

3223 (1971). l ST R

~

109.  D.A. Ramsay, J. Amer. Chem. Soc., 74, 72 (1952);
| E.B. Wilson, J.C. Decius, and P.C. Cross, "Molecular
Vibrations"; McGraw—Hlll New York, N.Y:, p. 191,

1955.

110. J.E. Hornsby, "A Universai Interferometer",(?he Ealing‘_”
'k eRevigw,'VOi. 2 (2), March/mpril, 10 (1978);
Lll;. gycj‘R Ferraro nd L.J. Ba511e (Edso) "Fourier
Transform Infrared Spectrosdopy Appllcatlons to
Chemlcal Systems“,.Vol, l, Acadenac Press, Ney‘ |
Yorks N.Y., 1978. | ‘ o
b) J. s. Mattson,'ﬁ B. ‘Mark and H. c McDonald (Eds}) '

"Infrared Correlatlon and -ourler Transform

y |
Spectroscopy“, Marcel'Dekker, Inc., New York,
N.Y., 1977. ,

 112.‘aT;R; Waité}'Phys.'Revz,'lO7;-453 (L957); PSR o

L~~~ |

113, M. V-'Smoiuchowski,~ . Phys. Chem., 92, 192 (1917) .

/
o

_114i D McIntosh and G. A 021n, J Amer. Chem. Soc,, 98,A”

3167 (1976)



CvITA
. ! ‘ r
SN |
NAME : , ~ Fernando A. souto Bachiller -
PLACE OF BIRTH: Andujar,'Jaen,.Spain e |

YEAR OF ‘BIRTH: 1953

ACADEMIC EDUCATION

* Primary School

Alcala de Wencedlada

Jaen, Spain ; . T
. 1957-60 . I .

Baccalaureate in'Sciencé‘
'Colegio del_Saqromonte'

4

Granada, Spaip . , o S
‘Higher‘Certi_icate, 'A'.level,'June 1967
1960-67. - - L .
Matriculation } S . g :

-The University of Granada - L Ly
Granada, Spain ‘ ' -

1967-68"

| Higher“Education

. Licentiate of Science Degree - =
‘University Oof Granada -
Faculty of Science ‘ _ :
Specialization in Physical, Analytical and
Organic Chemistry _ ' S S
Final Oral-Examination,injLic. Sc. at the University
of Granada ‘with First'ClasS:Mark, June 1973, - - :
- 1968-73 S S L »'//
;}eentiate-df Science with Special Distirnction
arch 1974 o L - : -

' ‘Doctor df.Philosephy‘Degréé ‘ i}
University of Alberta

Edmonton, Alberta;‘Canada o -
Specialization in QrganiC'Chemistry"”
1974-7g o -

" ’ - ‘,

293



PROFESSIONAL EXPERIENCB

Dlploma in Radlochemlstry_°f%f§l&;pj;Qr“"”“‘
Board of Nuclear Energy 2 o
Madrld, Spain”

1973 =74 i

. . . : . S !
Teachlng‘Assistant S o e
- Department of Chemjstry . i vy ere Do -
. The . Universrty of herta SRR g

R earch A551stant
Deﬁ‘rtment of Chemlstry RN
The Unlber31ty of Albertaﬂ-j;””"

1976 =77 . e ot

r:‘*‘\: )

Research AsS1Stant”
Professor S Masamune
1977 78 -

 RESEARCH EXPERIENCE .

January 1974-June 1978

University of Alberta o :

SuperVLSor and- Dlrector. Professor S Masamune

1. Synthe51s and characterlzatlon of stralned hydrocarbon
,rlngs. S R . T

2. Development of new - reagents and 1mprovement of ex1st1ng
" synthetic methods to effect organic transformations.
under mild ‘reaction conditions with direct appllcatlon,
'f1n the Chemlstry of Natural Products.;,” A

rDehydratlon of: alcohols via alkoxy phosphonlum salts, in
connection with the. syntheseg of the hydrocarbon 1,5-
methano[lO]annulene and the smacrolide antlblotlc Cyto-

chalasin B. T .
l_Carbonrcarbon bon# formatlon by the utlllzatlon of ":; ,_r' ;r]

a- stablllzed carbanlons. !

'Synthesis and react1v1ty of 2- benzoth;azolyl thlol .
esters.  Intermolecular ester formatlon and appllcablllty_5
to lactone’ formatlon§2ﬁ‘connectlon ‘with the total- syn-
thesis of the macrolide antlblotlc Cytochalas1n B.' o

\, R i“" o SR o
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Hydroly51s Qf esters ln synthetlcally lnterestlng ‘en- \

'agfy”v1ronments in conhection with: the total synthe51s of
“iio o ther m&crolxdezantlblotlcs.

25 Chloro—N methylbenzothlazollum trlfluoromethane—

.__r;sulphonate- A usefilicondensing agent for the forma-
“~7tion-of esters, tthl esters and amldes.

lChemlstry of " the‘alkoxy lmmonlum salts. Nucleophlllc

~attack on 2~alkoxy—N—methylbenzothlazol1um salts: - for- .

‘mation of 'esters, phenoxyethers and thioethers,
guaternary ammonlum and phosphonlum salts and alkyl
v,halldes.iuxu S : -
v3i-Low Temperature Spectroscopy..

'Matrlx Isolation Technlque.

‘Photochemlstry in rare gas matrlces (photochemlcal gen-

o

LY

".eratlon of unstable spec1es)

o T . N ’ !

- PROFESSIONAL AFFILIATIONS. American Chemical society. |
RESEARCH INTERESTS T o
gﬁvelopment of new reagents.\

‘Synthe51s of natN?al products (antlblotlcs, antitumor‘
. agents and compounds w1th potentlal blochemlcal act1v1ty)

,Study'of'theoretlcally 1nterest1ng molecules (eluc1datlon
of- the nature of the bondlng 1n organlc molocules)

AWARDS AND SCHOLARSHIPS LN

Board of Bqual Opportunltles Scholarshlp"‘ IR
Baccalaureate Studles o S ' R
Granada, Spain R T ,"__ o R

1962 68

Board oftEqual Opportunltles Scholarshlp, _ o
Unlver51ty Studies - .- _ SN
.Granada, Spain e » : : o S
1968 70 ._'_'_;vu'\\




" University. of Alberta
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'Prlze in the. contest on Energy w1th t e essay ,\.S
. *Nuclear Energy, Present and Future' ~
“spgnsored by "Companiia Sevillana de El ctr1c1dad"'i

" Granada and the Faculty of Science

University of Granada
‘Granada, Spaln o , . o
1970 o o . N A

»Provxnce of Madrid Fellowshlp 8 L !
" University Studies e '
Granada, Spaln ' P N

Prize- to the Best Scholarshlp Holders
Ministry- of Educatlon and Science

' Madrid, Spaln S PR ; : de

1970-73

Teaching Fellowshib
" Chemistry’ Department -7

Canada , . _ , )

'Llci Sc. with Specxal Dlstlnctlon ' e
University of. Granada o '
Spain -

1974 -75

,_Prov1nce of . Alberta Fellowshlp
" 'The Queen- Ellzabeth ‘Education Scholarshlp Fund'
‘University of Alberta
Canada ' , "
1975 76 ST R
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| PUBLICATIONs -

F. Souto Bachlller, G. S Bates, and S. Maséénne, _
- "2-Chloro-N- methylbenzothlazollum Trifluoro ethanesulphon—
ate: an. Efficient Conden51ng Agent for the Preparation of
Thiol Esters and Amides", - SR o
J Chem. Socv Chem. Commun., 719 (1976)
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‘Organlc Syntheses Checker's Report,
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"Phase-Transfer Hoffmann Carbylamlne Reaction: tert-Butyl _"

Isocyanlde ‘ ] , : .
Org. Syn. 55, 96 (1976) S S -

F.A. - Souto Bachlller and S. Masamune,
"Reactions of the 2- Alkoxy—meethylbenzothlazol1um Ion and
- Its Synthetlc Utility", _ _ K “
-Tetrahedron Lett. 1881 (1977) ' '

A\
S. Masamune, F.A Souto Bachlller, T. Machlguchl, and -
- J.E.{Bertie, ‘ |

. "Cyclobutadiene Is Not Square " o

~J. Amer. Chem. Soc., 100, 4889 (1978) '
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