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Abstract:

The CNDO/2 molecular orbital method was used to investigate the electrochemical reduction of
organochlorine compounds of environmental interest. As the degree of chlorination increased in
chlorinated benzenes and biphenyls, the LUMO-¢ and LUMO-=n both decreased in energy. The HOMO
of the radical anions for each of these species was always a ¢ orbital. The location of highest electron
density in the LUMO-¢ for all of the chlorobenzenes, DDT, lindane and heptachlor predicted which
chlorine was lost during electrochemical reduction. The electron density distribution in higher
unoccupied ¢ orbitals of DDT and heptachlor predicted the order of carbon-chlorine bond scission in
succeeding reductions.

Electrochemical reduction pathways correctly predicted the observed anaerobic degradation pathways
for DDT, DTE, lindane and hexachlorobenzene. 2,3,4,5,6-Pentachlorobiphenyl and decachlorobiphenyl
were resistant to anaerobic reduction. The first electrochemical reduction product of
decachlorobiphenyl did undergo anaerobic reduction. During anaerobic degradation heptachlor lost the
allylic chlorine first as opposed to the "anti" methylene bridge chlorine observed electrochemically.
These results indicate that if a compound has an E2d more cathodic than -1.75 V (vs. SCE) in a
DMSO-TEABT solvent system, it will not reduce in an anaerobic environment. Compounds with an
E2d more anodic than this value may be reduced in the environment. Whether they do or not seems to
depend on their actual structure which indicates that these compounds may have to fit into some type of
an "active site."
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ABSTRACT.

The CNDO/2 molecular orbital method was used to invéstigate the elec~

‘trochemical reduction of organochlorine compounds of env1ronmenta1 interest..

As the degree of chlorlnatmn increased in chlorinated. benzenes and blphenyls,
the LUMO-0 and LUMO-r both decreased in energy. The HOMO of the radical
anions for each of these species was always a o orbital. The location of highest .
electron density in the LUMO-0 for all of the chlorobenzenes, DDT; lindane’ _
and heptachlor predicted which chlorine was lost during electrochemlcal reduc-
tion. The electron density distribution in higher unoccupled o orbitals of DDT
and heptachlor predicted the order of carbon-chlorine bond scission in
succeeding reductions.

Electrochemical reduction pathways correctly predicted the obser\zed
anaerobic degradation pathways for DDT, DTE, lindane and'hexachlordbevn__zehe' N
'2,3,4,5, 6~Pentachlorobiphenyl and decachlorobiphenyl were resistantto -
anaerobic reduction. The first electrochemical reduction product of decachlor-
obiphenyl did undergo anaerobic reduction. During anaerbb_'i‘c_ degfadation,
* heptachlor lost the allylic chlorine first as opposed to the "anti" methylene
bridge chlorine observed electrochemically. These results indicate that if a
compound has an Egg-more cathodic than -1,75 V (vs. SCE) in a DMSO-TEABr ~
‘solvent system, it will not reduce in an anaerobic environment. * .Compounds
* with an E2q more anodic than this value may be reduced in ‘the environment,
Whether they do or not seems to depend on thelr actual structure which indi-
cates ‘that these compounds may have to fit into some type.of an "active site, "
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INTRODUCTION.

Organochlorine coinbouhds have been usc_ad in agriculfgi'e and industry for
-, the last thirty jrears.- Their exténsive use has been in pﬁrt due to fhé‘jr..qhem-._-
ical stability‘which has resulted in their begorﬁing :Widespread pollﬁté.ﬁts. ‘
Grea‘é effort hé.s been expended -in dex}eloping the téchmques fo fnoniﬁor“the
amount anc_i presence of these residues. Considerable wérk has alsb been -
devoted to the chemist_ry of these compounds to béftei‘ understaﬁd their rﬁode :
of action énd degradative pathways, We embarke_o_l oﬁ a project or,igir_lauy
‘aimed at providing a technique fof the specific 'idehtification. of clzhlc;rina.‘ted‘
hydrocarbéﬁ poilutanfs through thé use of voltammetric i.der_xtification,,‘ The; 3
reéu}ts 'of.thi's work have be_eh reported by Farwell. 1 This investigation led ‘l
us.to the belief that perhaps reductive voltammetry cOuld'a'lvso be used‘t‘c,;- pro; |
vide insight into the degradative pathways of thesé compoﬁnds., Furt.hémh(_-)llfel ,
] since elect;oéhemical reduction has provided a good test for. qdéntﬁxh me_c_han—
'ics, we felt tilat molecular orbital'.calculsatidnis could. provide insight info the

o ‘ _
‘break_dowrl pathwajrs observed elec’procﬁemically ahd ultimately to those ‘
6b_served env.i:ronmentall_y;- The following sections in the. introduction are
offered to the reader so that the nature of tl;e probléﬁ ﬁ(ill. be béttél; vundefr;

stood.'
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Electrochemical Reduction of Carbon Halogen Bonds

; T'he-history of the reduction of _c’arbon‘ halogen bonds is ,ceritéx;ed a;*ound

the now classical work of Von Stackelbérg and Stxjaleke..2 _They s'ys'terhati‘,cally

inves'tigated.a large number of alkyl halides and polyhalides arici made the

following obsérvations (as modified by Frya).

. -1.

Thé ease of reduction of carbon halogen bonds decreases in
the following order: allylic/” benzylic >'satqratedv¢-'ary1:> :
Vin'yl. Thus allylbromide has an E; (half-wave poténtial) =

-1.29 V."(Vs. SCE), 'n—bui.:ylbro_mid‘el,; -2.27 V, bromoben'zerie;

- -2.27V, and vinylbromide, -2.47 V. - (Solvent: 75% dioxane

containing tetraethylammonium bromide (TEABT)).

The 'dbub_le bond in unsaturated haiides is not electréchemicaﬂj‘ '
redﬁcible.

Comparing different halidés, thé ease of re'du‘c“;‘ion‘ decré'a"se,'s

as follows: I> Br > Cl > F,

.. Geminal and vicinal halides reduce more easily than simple

halides. Thus: CX, >CHX, > CH,X, > CH,X and

3
COH Ol X > CH wCHX > - . ; o
X.CHZ CH2 X > CH3 CH X2 ¢H3 CHZ X, wher.e X )

I, Bf or Cl.

. :Ir-lcreasing' the chain length of a saturated aliphatic hYdi'anrbdn

* . increases the reduction potential. For example, the.




.
E; increases as follows (i.e., the reduction becomes more difficult):
2 . . .
methylbromide < n-butyibromide < n-octylbromide.
6. The'half-fwave' potentials are lpH independeint and the reductions
are irreversible.
- 7. Except for vicinal dihalides, two eiectrons ére gained for every
halogen lost with concomitant gain of a pl"oto'n.-. 'They suggested
 the following mechanism to account for this observation.
RX+e - R. +X
R.- +e > R .
- + :
R +H - RH
The. initial addition of an electron was proposed to be the rate’
" determining step.
8. For vicinal dihalides the proposed mechanism was:
X}l( . o —}.( e
R-CH-CH-CH, +2¢” = R-CH-CH-CH, +X
X _— ' L
R—CH—CH-CH3 - R-CH=CH—CH3 +X
Building on the foundation established by Von Strackelbérg and Stracke, :
" others have ‘continu‘ed‘ the investigation of the reduction“df ‘the carbon:h'a_lbgeh '
bond. C. K. Mann4 has suggésted that the first step in the reduction involves
the formation of a radical arion which rapidly deéomposes- to the free radical.

R-X +e - [R-X1 - R- +X .~




-4
. This step should be reversible (the formation .Q.f ‘tile. i"adical anion), but when' ) |
employing cyclic vol’tamiﬂetry there lllas.been no evi;ieﬁce of iteversibility at o
even very high scan rates‘..5 Fry Aréues that Whﬁé '1.:he radical a:ni,of‘n may .

‘represent a tran.sition.state, 11: is ﬁota' true int(ver'me;lliate,‘3 His a.trgu‘melnt 1s ..

} ' - . .

" based on the fact that while the reduction of alkyl ciﬂoridgs by hydrated elec~
trons _(which génerates Iradi'cal a_‘nions:) ié ind'ei‘)endénj‘: bf a}kjﬂfl chain 1éngt:h y
this is. not Whaﬁ is observed 'undex_' eléctx.'ochemical reduction.

Von Stackelberg and S1:racke“s2 me,chanisrﬁ for alkyl'halide xjédl;ctf_ién.v
invokes thé formation of a rédic_;al ®R-)and a carbani-o,n‘ (R—) . B:ot‘h 6f__'t:he?'se, :

. sbeciés have b‘eeﬂ démonstrafed,' .altI;ough through i-ndiréct evidénlce’,, Thus
dime.ric‘.p)rodiicté, 5 organomefcurial compounds,_4 énd re'érraﬁgéd pI"Od-l?.C'té ,3 '
have been detected which indicates the formation of free 'raciicéls. When th.é: '
r_educﬁoﬁ s:c)'l‘vent' 1s gprbtic, the 'Hoffmaln eli'mi"nati'oh bféduct ‘vof. the-.quate'r— )
n;ry an;monium salt used as the_supporting electrolyté Wé,S -d.e.tecte.d; -'W,hich' -
provides evidenée for carbanion formation, *

mx PR SR N R-H + CH,=CH, + Et,N.
It is 'g‘enéral.l.y aésumed that the r;ctoiical (R ) \%Vill_ be able fo gain an
electf_on more e‘as.ily.(at a more anodi.c pot;)nﬁal) thén 't.lzle péren£ alkyl halidé
Thqs only one polarogi'aphic \.J\}ave is observed which repres_eqts .az—-.ele(':fro_n.

.-transfer, However, there are exceptions; for instance two waves are observed -
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S
du.fihg the reduction of t-butyliodide, wi‘lereas only oﬁe ‘Wa-s' observed fer t-
b.uty-lbromide‘.G_ ThlS egai‘r; lends support fer the foxiﬁat_ion of a radic':e.l"_(’R-_ -‘) n
- followed.by a carbani’o_n ®). |

As preil_ieuSIy fr}eﬁtio;ied, ﬁ~ny1 a'n'el--aryl hali.des. 'are.i'educed -et i.oofelnt‘ial'é' o
eqeal to or -slightly gi‘eater thep saturat_ted ilalides;‘ ':\?.V-h_ile the two fermer ‘
typ'es.of halides have not leeen studied as extjensively as the _cerresponding
sat\ira‘ced _compouqu,. .solme i.ntereSting obse;'vai;ions ‘l_lave been _'r_n.ade, -. .'-rhe‘ B
m’oSf thoreugh study on ';a‘x;yl _helides ilhlais beee m_aele by Ferwell-', 1 ﬁe‘p'éi;sz-'méd‘
polarographic stu_diés_ -oe chlorinated :benZepes, bi‘pheny.ls, napl;ttlhalenes, di;
phenylethéﬁes and —ethyleri_es. When the c.hlv.orine Was-sgp's'titutec-l en'the ary-l.’ ‘ '
moi_ety, the eaquri—ﬁalegen bohd Was reduced by a'z—.el'e'ct'ren pH ihdepende'n’:c o
_ irreversible process. - | He f-urthermox"e perfoi;med centrplied potehtiel elee;' |
trolysis on the .benzene and biphenyl series anel detern:lineci the ‘red,uctive
" pathways for these ‘seI,"_i‘es,, The results of his work will be deaﬁ with more. "
' extensi.x-re'ly in'leter‘s',ectivonls of this} disSert‘ation.‘ Camébelf7 _has stedied t"hé_“ ' ,
eleeti'oche'mic-ai redueﬁon of a limited number of fluorinated benzenes, b1-
phenyls, and naphthalenes. | His res"ults are consistent w-it.h‘l‘plj'evious ebsei'xfa.—
ti_o'ris thaf the halog‘ens_.a;_"e lost ih a 2-.-e_1eet1_'c->_n per: h.al‘oéen-broee-ss-,' the' | .
fluoride being repieéed by a hydrogen. _- ]Eier,,laud8 .inves.t.i-gai.;ed the' _x'-educ’c.ien“
of 1-ha10naphtha1efnee iﬁ the presenee of de.u’.cerated_wa:terr 'fHe,p0st~u1a5ced:_,_ _

that bromof‘ and iodq-:naphthalenes are fedu-ced‘ via ar;‘.e;ganometeliie'xfadjeﬂél .




. banion, . -

~(=
intermediate or by the v‘simultaneous addition of two eletc.trons to form a car-
'Rﬁg'-'

1 b0
R-X - R - RD
’ ;Horvever,_ since the ani’Ount of dentermiurn incorporafed is much lower duri_ng
.the reduction of l—chloronaphthalene, he propos'es that it goes‘ by eil:her al o
simul_taneous addition of two .electrons or by a discrete rad__ical‘ pathway 1f arad-f
. ical is formed. ThlS could strip a hydrogén atom from the: solvent- ‘Wthus"giw}ing .

an unlabeled product. . DO

R-Cl-R % mD
> 1; so_lvenrRH. '

A 'nuxnb-er of i'nvestigator's haVe poetul_ai:ed that during the reduetion of -
aryl and v1nyl hal1des the electron is 1mt1all3r transferred to the pi () ‘sys.tem
followed by cleavage of the s1gma ©) carbon halogen bond ThlS supposedly
'occurs w1th nltrophenyl? 9 n1trobenzyl 10 R polyphenylethylemc and vmyl
halides, 11 and with haloben_zophenones.. 12 Finally, in compar1son w1th alkyl
halides the formatlon of vdirners and alkyl.mero'ur"y' com_pounds dnring‘ :"thev"‘ -
reduction of aryl and vinyl _halides is "neglig_ible'.g |

Polyhalogenation generally facilitates the ease of reducti’on and'als__o
. usually_ increases' the number of Waves obeerved. For ins’;ance, in aqueone
solvents, three Zjel'eetron_‘wave‘s are observed.during the rednotion:_o.f_-carb.on. S

tetrachloride. These represent the formation (at e'ach-'succes.sive'reduction)
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of ch»l-orof‘orm," methylene chloride and finally methy.lc_hlo:n.'idé.'13 t-It should be
lmer.ltiofled., that the sitdatjon c‘hanges: drasticaliy in alx;rb‘tic"s;ol_ve‘nts (1n thi‘jé o
case éc_etonitrile),, Here carbon te;créchloride exhibité only Atwc‘)_ 2-—6A31éc;,tr.o.n”‘ "
waves resulting in the forma’gion of methylene cthride, ' -’Il‘he'v_intex_'es.ting“'po'iin'f-
" is that a carbeneﬂi‘ntermediate is invoked. ]13 |
In contrast to geminai .dihalides,' 'Vicinal dihalides are reduced'by the -
transfer of one'elecfron per halogen. This results in the fbfmatipn 6f oiefins'.
- in what is thought to be-a corice_rted proéess. .The mai;i .g'a,x’i"i-dence"for‘ thisl‘iss
_that oiefins,aré always found even in protic solvénts; vsllhich should trap out f- .
a carbanion’if orvle" w.aé i’orfneda Since vicinal dihalides are ‘i'educed more‘,‘ .
easily thgri sirﬁple halides, they must possess a pathwaiy nbt available to ‘_ o
simple"hal.ides, ‘such as a concerted ﬁathway. Th-is -mechénivgm is supported '
by the results of Zavgcia ot a1 14 Using rigid cyeclic vicinai d_ihalidés, they .
-.fo,und-th;a reduction to p_i'dceed most easiyly when the haiogehaﬁalogen.dihedral
angle ,w'ais n_éar 0° or 1800,' \.).vhile. the most cathbdic'potentié;lsdccurréd.-w.;s}hél;i R '
the dihedral a.ngle between the chlorines 1s 90°. This coﬁléﬁaﬁ{& would tend
to facilitate a concerted reduction. | L
This re.::view? wﬁile 'hopefu_llly ‘an aid to the .re-ader, 1s not ‘i‘ﬁtéhdédt‘c‘; bé S

extensive, For a more eloquent Iprésentati_on, ._t’he texté‘b'y‘. f‘r;&g and Mann E - '

1 i
and Barnes o are suggested.
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Molecular Orbital Studies on Electrochemical Reductions

" The rate dete_rmin:l-ng step in'the elec'trochemical reduction'of a-‘lgpmpound ‘
.is the ‘addition of the‘fir_st electron, 'This appcars, to be the case 1n both reVer—'
sible and irreversible systems° Thus if one can determine vthe leyeloft'the' "
lowest unoccupied molecular orbital (LUMO),' .i. e. ,’ the orbital into which this : '. '.

electron will go, one should be able to develop a l1near relat1onsh1p between .

- reduct1on potential and the energy level of the LUMO.

Macc,oll . was theﬁrst to attempt this relationship, and appli'ed it to a -
series of aromatic hydr,ocarbons. - Since the LUMO for compounds of this type :
will be a 7 orbital he used ‘a S1mple Huckel molecular orb1tal (HMO) approach N
- which only treats the 7 system, and was able to obtam a l1near relat1onsh1p |

Hoijtink and Van Schooten extended this concept. 1 .The redu_ctiofn path'_
way for aromati'c hydrOCarbons was considered to be":‘ |

R+e - R (reversible)
R +e o R=_ -(irrever.s:i_ble)

': o . "+ -
R + ZHZO. RHZ - OH
" In their treatment'they assumed that the log K / K- ,(Where K1 and K2 are the ‘
d1ffus1on coeff1c1ents of Rand R~ respect1vely) and the AG -

‘are
solvat1on

. nearly the same for'related molecu_les. If.this'is-the case, then the ele,ctron

" affinity will be approxi'mately equal to the energy of the LUMO This'is . - -
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Ma:ccloll's origi.nal_ conclusion. 16. Hoijti‘nk's and Van Schooten_'s real contri'bn—
-tion was to'predict reaction products based on the resultsof the moleonlar
orbital caloulations. Thus the location of greetest electron density'in‘ the. -
highest occup1ed molecular orbital (HOMO) in R will be the 51te of proton
attack to give RH Furthermore, the locatlon of hlghest electron den51ty in’
the HOMO of RH wi-ll predict Where the second proton attecks to give RH .

'_ They pred1cted that 1 4-d1hydronaphthalene w1ll be the Z—electron reduction .,

18
product of naphthalene which- has since been proven exper1mentally

Our discussion on theoretical studies until now has only dealt with the . .

. 1 electron system. This has been based on the Huckel ‘appro'x_‘lmation that the

7 electrons will act independently of the o system. While this is a rather

. simplistic approximation, it does lead to rather good predictions of chemical '

‘behavior.

Clertatin molecules, such as carbon te'traohloride, 'dovnot possess T
systems encl yet are electrochemicelly reduoible.» fa moleoular orbi-tal-
method could be .developed to treat ¢ systems (even- to.the _eiolusion of -.th'e"ir _l
electrons), insight could be gained into the reduction of compoimds of this
type. Theories of th1s type have been developed 1ndependently by Sandorfy1

20- 24

and Fukui et al, When Fuku1 and coworkers -applied thelr system to the

reductlon of orgamc hal1des they made the followmg observat1ons 23

1. Increasing the _degree of halogen substitution_does not_seriodsly '
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affeef; the enei‘gy levels of the opc_upi_ed o molecular orbit‘aIs,
~ but- markedly lowers the o LUMO,

2, Tl;ere is a linéar reiafibhshié between thé'c L‘_ﬁ"MO'-and' E% |
for haio.xhej:hanes. -

3. The pqténtiél detei;mihing step li‘s 1!hé a&diﬁoﬁ-"df -the“f.i‘r‘s‘t B
eléctrdn. | | | |

_ 4 "The electron distrilc;ution of the LUMO is gréaﬂy 1ocalized_-' ‘

in the carbon halogen .bon_d and the bond order is negative ar;d'-

- large ih ébsolute'n_iagnitug.i‘eo TI;his shquld‘cause‘ the ‘cérbc;n‘
ilalogen bond to brealg quite easily When-the LUMO bec.o‘xr'ie's‘
occupied by an ele'ctroﬁ.

5. The 7 LUMO energy' levels (obtai‘ried from HMO calcnulatli.cins;
: for 'chloroéthylgnes raind' chlorobénzenés do not s1gn1f1cant1y 'éharigé
. upon i‘nci‘éasing héldgeﬁ substitution. :
6. Finaliy, it was suggésfe.d that the LUMO..foI-'. coﬁjugatéd‘ hahdes . _
might be a o réthe:_b than 7 orbital. .
The 'ne-xt ‘_1evve,1 of approximation would be to ﬁse_ é mefhod-thét ‘wouldi.._'. '
- allow cajtlcullation of cr_' aﬁd 7 energy levels simuita_hééusly..- The .i:nhérent'ad&an; ' ‘.
tages of this type of cal‘cullat‘ivon will be discuSsgd ina I,Qtef section.” Fér the' -
Ppresent it s’hou'ld be mentior;ed.that.*Dewar et al. ‘hav-e. applied a theory _6_f this A

type to study the electrochemical reduction of aromatic hydrocarbons. 5 -
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. Instead of u’sing‘the energy of thé LUMO to estimate the clectron ziffinity (EA)_-.

| of the hydrocafbon,. they caicﬁlated the EA by taking _th? différénce ‘bét,weén the
heats of atbmization of the radical anion and the p'ax‘-e-n"c; .hydrlb;:érbqn; ‘.Or_i.ef |
distinct adVéht?ge of theif ' method is that.it allows EA- to be cialculétejd'_ 1n
absoluté energy terms insteéld of in units of 8. | ’i‘his alloyvé Ldirect‘(vzomi:)a-tri’éon_ '
_of the enérgies obtained from éalculations‘land exper'ime'nts. i When EA 1s |

" plotted agamst El, a linear correlatlon was obserw;'ed w11:h the slope of the line

.equal to O 99. They suggested that this implies that the d1fferences in solvatlon
energy between the parent hydroca-rbo_ns and the qorrequx;ding radi.cal anions _are

constant, (This tendsto confirm Hoijtini{'s_ én-d Van Schodten‘s original ap_pfgxi-
mation). 17 rI;hi's is beéause the réductio_ns were perforined-in aprotic solve.r-i;c‘s“

Wh;ch should not solvate thé fadical anions very efficienﬂy. ‘DewaI: é,t a1,'offer.e'c'1

" és further ev'id'ence the féct fﬁat the slope of the lipe for thé -réducfién of |

" quinones was 0.39 (versus 0.50 theoretical value). In this latter c‘;:lse. the‘

redugtions wglre'perfroﬁaed' in a protic solvent Which 's‘hoﬁld,s.olvalte 1;he én'ions

" quite strongly. 26 Finally, théy- Were ablé to predict redqétion products i‘n_a ‘

manner quité analogous to ’Ho-ijtink and Van Sch'oo'ten.'

: E1ectrochem1cal Reductlon of Chlorinated Insectlc1des and Chlormated Hydro-
carbon Pollutants

" There have been a number of studies on the electrochemical reductic_)n,:;of-‘

compounds of environmental interest. These have been primarily twofold in
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'n_ature:‘ first to develop the analytical methodology to detect these contamixiants.

and second to understand the nature of the carbon-chloi'ine_ reduction,

By far the most extensive study has been ’chat-o‘f,F‘ar'x.;vell__1 a:id Farwell ,

et al, 27-_2'9 B‘esidés éstablishing the reddctﬁe pa’thways;.fdil- dhl'orinated ben— "
_ . p o ‘ S S
zenes and ck‘ﬂor‘inated biphenyls with c_hldpinea on one ring ‘I_le ia_vestigated the
Vo}tamrﬁetric_behaﬁor of chloronapht'haleaes_, -DDT (1', 1, 1—trichloro—2_; ‘2'—bis-
‘(R;chlorophenyl)et‘hahe) and ifs variousl chl'orinate'd ahaloguesand ofc-her ,'chio.r-. "
inafed :insecvtiCides including“ lindane (";;—1, 2,3,4,5,6 ;hex‘a.chl-o'rocyclohaxana),
cheldrn1(1,2;3;4,10,10¥hexachlord—6,7-epoxy-1,4,4a,5;6,%;8;8a—octah§dfo--
endo-exo-1, 4:5 8—dimat-hanonaphtha1ene),‘ ald’r’ia (i 2,3, 4'10-,1‘0—hexachlo‘ro—‘
1,4, 4a 5,8, 8a—hexahydro-endo-exo—1 4:5, 8—d1methanonaphtha1ene), and |
heptachlor (1 4,5,6, 7,8, 8—heptachloro -3a,4,7,7a- octachloro—z 3 3a,4, 7 7a-

hexahydro-4, 7—m'ethanoinde ne).

. ' 31 '
Rosenthal et .a1 3 conducted a systematm study on the polarographlc

behav1or of the d1pheny1ethanes and ethylenes found in the DDT serles . Their -

work included. controlled potential electrolysis and theykwere able to demon- .

" strate the following reduction pathways.
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REE-CCl  RyCR-CCl,
C1 ) : o
{+2e” o {+2e
RyzC=CCL, . RECH 'C_Hclz
o 3 e - o l+2e~‘-
o« _ 26" B L o
o C Cl. = - = - : ' . - ( i C
R}EC,CHCLZ_ : R)—z-C ‘CHCI | R)ECH CH‘2 1 _
I+2¢”
Ry CoCH,
. ~

R)—CH-CH : Where' R= p_’-c,hi.o,r'o—
2 3 . S : ‘
: phenyl- .. .

. F_arWelll was éble to reduce. the 1as£ compound, 2, 2-bis (p_*chlgfophenyl)éet'ﬁéhé
. (DDMS), presﬁrﬁably ‘_colz, Zfdiphenylethahe._ |

: The électfoche’mical reduétion ;)fl dieldrin and aldf_in I;a_s been investi-
.;gated by SWane'pdeAl ét al, 32 Usihg a solvent éystem of 75% éqi}eous methano:l'
containing 0.1 M fetramethylamm'on.ium bromide (TEABr) tﬂey pérﬁérméd
cohtrolled pbtenﬁa;i electrolysis_at potentials be_twéén —1..,0 énd -2.0V (vs
-s'ilv.er/silver'chloride electrode. Two products, .represejnt_irig succes-

éfive reductiohs; wére found from: dieldrin, Whﬂé only o.ne fror.‘n 'aldfin, Thesé C
compounds were isélated and their‘ identify.éstablished by nmr ébectroécbpy-; ‘

Figure 1 shows tl_1é reduction pathways they determined.
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, F1gure 1, Reduct1ve ‘Electrochemical Products_ of D1e1dr1n and Aldrm as
Estabhshed by Swanepoel et al 32 ‘
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Cisak also investigated the electro-reduction of dieldrin é,nd aldrin, and,

in addition, endrin (1,2,3,4,10, 10-hexachloro-6, 7-epoxy-1, 4,4a,5,6,7,8, 8= it

octahydrlo-,-end-lo—end(:_)-lp,'él :'5', 8—c.limethanonaphthaler-lvé),‘ isod‘:lci.n (i_, 2, 3,‘4,‘1'0,_1.0- :
N hexach}ofo—l, 4,‘%3., 5, 8,‘8.a—‘hexahydro—endofer:ldo—l.; 4:5, S—dimethanonaphthél—, |
‘ene) and - énd B--chlord-ane (1,2,4,5,6, 7,8, 8-octachloro-2, 3,3a, 4,7, ’%a—l
hexahydro—él; 7¥}néthan§indene).'33_37 _ Altogether- nine redﬁction products weré '
| isolated‘and'identified-, four each from dieldrin énd endrin émd one ‘fro'm'_ B- .
chlordahe.' .Figurc.a 2 é,.hows “the feduetion procziluéts -‘obt-ained',- p:.'_r_esumably. -
through a étépWise proces's., ’fhe first reduct!ion pfoduct from dieldrin (1'_n'-inu's' :
one thorine) is identical to the first reduction qoﬁlbound _Swahep§e1 et ‘al. ‘
‘isolatedr.gz Moreover, Cisak was able to establish tlh'e ab’soiute cbnfigﬁration. _
:of the.-chlorine at the méthyleﬁe bfidge carbérf as being syn as 6§pdsed 1:;) t_he
anti configuration indicated by Swanepoel and :cowoxj,l.‘{ers.'. |

A number of .investigators have sfudied the ellectrochemi.c_al‘vre_d'u_ctic'_)h
of lindane, Schwabe and Frind38 detefmined t_hat' six elecfrons are trﬁﬁsfé‘rred
to produc_:e bénzene‘. ]_i‘ukgme_ et al.-39 _establisi:hed that beniehe 1sformed :
quantitatively. Comparing various hexachior%cyclohexane iéémers Ser;dav'and

. | . .

: 40 ' ; S g
-coworkers . found that the ease of reduction decreases in the following order:.

y>>aq > B =6,

Chau and his colleagues have also inve‘Stigdted the re:du'cti'o_n of a number-of .

chlorinated inse_cticidesf. While these reductions dre chemical’,’ 'r_ather t_'har'.r :
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Figure 2 Reductive Electrochemlcal Px'oducts of Dleldrm Aldrm and B -

Chlordane as Estabhshed by Cisak 33'37




B—_chl.ord;ine

Figure 2. (Continued)
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el{e_ctrochemipal, his results merit diSCuSSion.. S Chau uséd r_.chl.'or';.lous,
chloride as the reducing agent and in th'e.Case be DDT the reacti;)n proceedéd_ :
smoothly to initially form DDD.(l', 1—dich10r952, 2-bis (R—chléxjophenyl)eth;ahe). '. 3
Upon further reaction, DCS (trans—g, R’—dichloroétilb_eﬁe) was isola’c;'ed in_:45%.' -
55 pér cent yield;_ with DDNU(, 1—bis; (p-chlorophenyl)ethylene), DBP (ﬁ, ﬁ'- \
di’chlor-obenz‘ophentlme), a‘pd DDMU (1-chloro—2,'2—bis(p_—(:ihlc;roplllenyl)efhyléhe),_r
forming the reméuind’e'r.4:1 Thus while _the .i'ni't,ial step in the.'chromous chiéfiaé A
redudtion is quite 'analog‘ous- to electr.ochemical reductioﬁ, 'tﬁef'e afe marked :l
'differences at iater steps in tl_le reactipn sequerice.. |

. Chromous chldride reduction of heptac.hlo.r gave two Ia-zi"gjdlllp.ts——chqudéne-,
(4,5, 6, 7,8, 8-hexachloro-3a,4,7, 7a;tetrahydro—4, 7 —méthahéindené)_ and
a pentachloro éompound .(4, 5., 6,7, .8—pentacﬂloro~3a; 4,7, 7aftej:rahydro—4; T—-
methanoindene). - 'Chemical reduction (;f éhlordene gax}e only t;hié latter
product. 43 (éee figure 3). 'fhe -1oss. of 'thé allylic ;:hlorine in the first
reducti(;n would be What Wou_ld be expec,ted _ele_ctroche"m'ical-lhy .Sin_ce fhjs é o |
rather facile réduction.” The loss of the anti chlorine in the Thethjlene .-
bridge during the sec.ond reductio_n sfép mimiés the alreédy, pbéefved re'Suli;-s‘... -
for c-omp.our;ds possessing é cyclodieﬁe type .stru.ctﬁre. ?2"37- B .. |

“‘The chemical reducti_og qf endri‘n‘%'-46 (Eigure_ 4) gives products tilét_ "
ax_'e'~not. at 5111 éi_milar to fhé previously discuss;éd electroc-hen_iicé_l reac-— |

b

tions. " There is an acid catalyzed isomerization to a pentacyclic ketone,_' .
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followed by chromous chloride reduction dt the.methyléne bridge,, This is

probabl_'y' an artifaét of the reaction media rather than the red-uqi:io‘n'itselfe .

Cr.C12,24 hrs - |

" aq. acetong o

| crciy, 48 hours -
| aq. acetone

Fi'g'ure‘ 3. Chromous .Chloride Reduction of Heptachlor and ‘C_hl‘ort-ie-ne 43
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CrCl

2 poa

44-46

Figure 4. Chromous Chloride Reduction of Endrin .

Anaerobic Reducﬁon of Chlorinated Hydrocarbons

There have been numerous investigations into the anaerobic degradation

of chlorinated insecticides. Perhaps the most interesting finding-is that while -

these compounds are generally quite stable under. aerobic conditions, they -
are quickly degraded in a reductive énvironment. For instance, in ﬂooded
soil condltlons and in moist soil under anaerobic condltlons, DDT is rapldly

. converted into DDD 48-53

Other metabolites have been reported from a'uiaerob_ic‘ DDT degradation.

These include DDE (1, 1—dich10ro7;2,2-bis (R-chlor,ophenyl)ethyleﬂe),‘ DDMU,
DDMS (lfchioro—2,2—bis (ﬁ—chlorophenyl)ethane), -D_DNU; DPM (p,p'~

B dichIorodipheﬁylmethane) , DBH (p,p' ;dichlorobenZhydrol) , DBP, Kelthane

L
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1,1, 1-trlchloro—2 2-bis (p_—chlorophenyl)ethanol), and BA (p_—chlorobenzom
acid), 48 54 ?6, The"re is some qugstlon as 1:0 -Whethgr'_ any _o_r- a11 of_.thes_e : -
intermt-adiéte's. are formed under 'true. anaerobié ‘(lzondit'ions. : 1‘1-“1 I;loSt s’_c‘:L‘ldies-
DDD and occasionally DDE (tﬁe latter from dehydrochio;c'ihafion)v are tﬁé-.ohly. .
-'products det(-acted. o |
Recently a rather novel product has been 1solated when DDT was 1ncu-;
_bated in the présence of biologi'cally—active anaerobic sewage ‘sludge 57, 58
This Combdund, bis (p-chlorophenyl)-acetonitrile (DbCN) was detecfea,i'n 11% _
. yield follbwin'g.,én incubatioh period of 88 days. A poséible reaction sévﬁenﬁé_ ,
. Was proboséd57 via DDA .(bié (g—chlorophenyl) acetic acid) - amide -»-nitrii_e,.
although the authors had no ew}it.ience to sﬁbstantiété théif,cla_im. _
"The .r_edlicti.ve. (_iechlorinafion of DDT has alsp been reported by Hassal'lh

and c_oworkers in pigéon liver prépara‘gi.ons under anaerobic cOﬁditio.n.s;-SgTal'
| Their work i_ndicafes that the main route of DDD formation is e'nzymatic ; but -
there are some h(a;a;c :_r"esiétant factors in the 12, 000 g_subern‘atant wﬂiich can in'
‘the presence of ri.b(')ﬂa\'fin,conver‘.c DD'Tl to DDD '

| Consid_erabl,e effort hés'be.en_ expended on the é'tudy 6f the anaerobic" .
degrad;ati'on.of lindéﬁe, ‘Ragn'l,.l and MacRae62 délmsnstrated that 1indane-"_
disappeared in non-sterile flooded soil cqnditiohs within 60 days. The rate of :

degradation was not as rapid in sterile soils. MacRae in ,another.inyest_igéltion

fou'nd. thélt' the ¢, 8 and & isomers of hexa'phlorocyclo‘hexahel_ d‘i-sappeared‘_a_lmfost
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- o 63 : 14
as rapidly as lindane. A more interesting finding was the detection of =" C=~
labeled carbon dioxide after the incubation of 14C4lindar_1é. This would imply :
that the organisms are capable of utilizing lindane or more probably one of its’
degradation prodlicts as a carbon source.

Degradation of lindane in simulated lake impoundments was studied by

o Newland et al.l They detected the o and § isomers of hexachloro‘c_yclohexane

and attributed this to a chemical transformation of the y '_isomér to more ther-:

mody-namically stable -stx;uctures; Other workersGs’
boiite fr;)m. the anaer.c‘)l_oi'c degradation of lindane by' Cloétridium that did novl1.:
have a retentjdn time corresponding to the other hexa.chlojI'OCycllohexat.le_ '

~ isomers. Nor did it match y—pentachlofocyciohexene, 1,3, 5—.01‘ 1,2,4-
tr_ic.hlo'robe_nzéne whiqh are aerobic metaboﬁfes. Sefhunathalln.et él._Béj) pro;
‘posed pentachloroc;%clohexane_ as the intermediate -uSing the conversion of DbT_

to DDD as an analogy. The unidentified degradation compound has since been

identified as y_—tetrachlorocyclohexene (¥=BTC) by Tsukano and Kobayashi. 67

Its formation has been confirmed by Benezet and Matsumura who also detected’ .

. a~hexachlorocyclohexane which they ola_imed was formed 'by'biologiéal isomer=".

ization of lihdan_e. 68

Heptachlor can be anaerobically degraded. Forfinétance{,'- Ca‘stro,and. Co

Yoshida‘69 found it to disappear completely within as little fcimé as.one month

in flooded soil conditions. . Hill and McCarthy could only find heptai_cﬁlor

6 have detected a meta-
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twenty minutes after addition to anaerdbic sewage siud‘ge. 70, It was replaced.

by.a "heptachlor early elution" ,oomp'oun'd which per'sisi_;ed’for' at least 42 S

soil bacter1a under anaerobic cond1t10ns.

In ﬂooded so11 pentachlorophenol is rap1d1y (w1th1n four weeks) decom— g

79.

posed to lower ch10r1nated phenols (PC P) A11 three poss1ble tetrachloro— o
phenols p1us umdent1f1ed lower chlorlnated analogues were found When

z 3,4,5- PCP was 1ncubated z 3, 5-, z 4,5-,3, 4- and 3= PCP v were formed

'3-PCP,

. “Cyclodiene insecticides such as dieldrin. and endrln alizvoontain- a heka-

_ tigated the anaeroh_ie degradation of 1,2,3, 4-,'_7,f7—'hexachlor_onorborn.—_.2r—ie"n' -

they observed uSing_ the bacteriuin Clostr.idium 'buty.rieu.inl.' |

,_ days. : ThlS produot _niay be chlordehe _Wh‘i'eh‘wa_s formed from heptachlor by

'2,3.,4,‘6—PCP'gave' 2 4- 5-PCP and2 3,5, 6~ PCP produced2 3, 5 , '3, 5 and "

. chlorinated norbornene»mo_iety_.‘ Therefore, S‘chuphan' and Bal’lschiniter inVes‘-;} S

© as a model for cy_c_lodiene nle.t_abolism, - Figure-5 shows. the various pathways - -

The fate of other chlorinated insecticides under anaerobic conditions is .’

SOniewhat-' more’ confusing. Hill and .McC{_arthy."7 0 studied:,the- degradation ‘5of‘a o

ranked the pesticides in‘ orde-r‘of increasing persist,enée‘ as:. 1indane hepta-

chlor, endr1n, DDT DDD a1dr1n heptachlor epox1de (1 4- 5 6,17, 8 8-

T heptachloro—z 3—epoxy—3a 4 7, 7a—tetrahydro 4 7—methan01ndan), and ,

number of 'cornpounds in biologically activer'anaerobi'c” "sewa'ge 'fsludgea. They : .-‘ o
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Figure 5. -Metabolism of Hexa-, Penta- ‘and"'I"e"créchlorohérb'orhéri:e.,_urider: '

- Anaerobic Conditions by Clostridium butyricum?3
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) _f""ment Heptachlor endrln, and DDT forme ez

R . of organochlorme -‘pestlclde-s. 69 Comparmg ﬂooded so1l to upland so11 they ks |
) found-DD.T to be degraded much more rap1dly under submerged cond1t1ons |
“ DDD, the product formed from DDT 1n ﬂooded so1l was much more resrstant. B
Methoxychlor (1 1 1—tr1chloro—2 2-b1s (p_-methoxyphenyl)ethane) and heptachlor:;-:'_‘:I";.:"';‘.
“were- also read1ly degraded whlle d1eldr1n chlordane and aldr1n were qu1t =

' _ stable.

. ‘¢ompounds has caused considerable discussion,’ Soine observations made.

: '-2,5'.‘-~ |

dieldrin D1e1dr1n and heptachlor epox1de were very pers1stent in th1s" nv1ron—" :

wh1ch were. more pers1stent than the parent corrpounds

Castro and Yoshlda also 1nvest1gated the degradat1on of a broad spectrum'f S

_‘.’_l‘he 'f,aotors ‘affe_cting- the;reduct-i;.ve "deohlaor-inati_on Ojf't'(?r'géﬂochfl@riﬂ”? BRET

1. An ino‘rease in .tem-perature i‘ncre.ases the rate "'o"f- degradation,_ S

'_Thus l1ndane 1n sewage sludge was metabohzed; at a, greater

: "-~":-'rate at 35 C than at 20° C 70 The same effe'c‘ wa 0ted1
. _ﬂqoded 'so1_1§-. 74 L

-2, MnO_,lz., “by act_ingi._as an ele_ctron'_iaqoeptor,_.'denre_‘sse's the T

lower1ng of Bh' (redox potential) andtherefore : mpedes the L

- an'aerobic ‘deéif:édatiﬁﬂ of. 11ndane74Th1salsooccursupon el

" addjtion of hitrite.
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3. The inclusion of easily oxidizable organic sub.strates_ such as

e A9 B0 U S URTAN - SRR
. alfalfa, = glucose, o .or the volatile components. of alfalf_aﬂ- A

' ihcreases the rate of c"onversioh of' DDT to DDD

4 ‘The brea.kdown of organochlorme compounds occurs at a e

- .
slower rate in flooded s011 that has been ster111zed 49 51

-'53 62,63,66 The same effect is noted w1th the 1nclus1on »

.. 49,50,64,69,70 e
of oxygen _ or p01somng the sy_ste_m w1th'- ‘

cobaltous and mercuric salts...70

The above evidencé lends support. to the concept thit the reductionis = -

biological in nature.. For'example, these compounds might serve as a termi- -

. nal acceptor in e1ectron§ transpor_to;' )
Others, howeyer; refute this idea that the reduction is-eSsentialij - |

L .biological..'. ,Glass5.2~ suggests that these reductions are 'mediated hy;the‘iron—

(ITI-II) couple which is the dominant redox systemin reduced soils. 7 ':Thus‘-‘ as. -

the ferrous to ferric-iron ratio increases, the amount of DDT decreases. - . =

'Castro'76 noted a rapid oxidation of reduoed iron porphyrihs and 'the'c':‘or:lversioh'_' DR

" of DDT to DD':D.- Mis}kusf‘77 duplicated these findings 'using.. an aqueoqs s'yvstem_. .

, dThese‘results"have led Zoro et al 78'-‘to' suggest that Vunder anaerobi.’o'oohditioh's'

there should be reduced iron porphyrms (perhaps released from decaymg
matter) and that these porphyrms catalyze. the reductlon of DDT to DDD

They based their proposal on 'the‘fo_llowmg obseryatmn_s If after the
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steriliéation of anaerobic ‘sewage sludge dithionite (@ fedu,éing agent) is 'adcied,
the ratio of DDD/DDT dramatically in‘créases 'Fu-rtht.armél"e , in én artifio‘,al.
media cons1st1ng of dlthlomte ethanol Tweéen 80 (a solub1hzer) thé DDD/DDT‘
_ratlo is qulte low. However upon the addltlon of haematln {the 1ron(III)’
porphyrln correspondlng to the 1ron(II) porphyrm protohaem), the DDD/DDT

ratio again increases dramatlcally. Here it should be pomted out that it -

seems that even if ‘anaerobic microorganisms do not directly pérticipafe‘ in . - :

‘the reduétion, they 'séem to be necga_ssai'y to géne’r'ate fﬁe "(l.‘:Onvd.litionsf-ir_l which"
I.'educed. porphyrins can exist, 3

].;‘inall_y it has been demonstr_ated that ele_éin_ental me‘;"*cﬁry‘ is for@éd by o
the qhemiéal reéiucfion of _mei"curici(')n in the p.re‘sehcle,.éf_ fh_umié aé.id. 79
_Humic acid; 2, constituerﬁ: of soil, js known ’c'b_c.ontairi- al‘frée .radi.cal COIIII;)-O;‘.

_— . o 80
nent and is capable of reducing ferric to ferrous iron in aqueous solutions,

It could also mediate c_‘hlbrinated hydroéarbdn :c'e‘c'h.lciﬁion° _ For further ihfg'r.ma'—' .

tion on anaerobic degradation, the reviews by Fries, i _S.ethu'nal‘th&n8 and- -

Watanabe83 are ‘sugges‘ted-.'

Approximate Molecular Orbital Methods
A large parf of this work is ih«volved with mplec_ulér b.rb'ital éalc@latibnsﬁ .
to predict reaction pathways and products. . Therefox__*e‘ a brief introduc'ti-on_. _

into this area seems appropriate. We have already seen that various attempts.
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have been made t‘o correlate quantum theory -a;md elec’trc‘{ch(_amical .reducti'on_.
- With fhe: exception of Dewar's 'v;/ork25’ 26 these method.s have 'bee..n -rest_rictéd o
to e‘ith-ér. the o or the 7 _electron syste-rhs. While .some “oif‘.the méiééﬁlés we
will discuss éould be treated with an éxclﬁ"sivé o molééulér orbital ‘tijeatx'ne‘nt; L
the majority of tll1¢ mole'cuie_s have Iboth vcrna_n'd T systems of 'interes_t.' .FOr , ‘
ihstanéé', chloroben#ene haé am eleci_:ron system invofy.ing the aroﬂiétic_"fing
| and y'et_ at 'the same time we would iiké to learn something a‘bo'ut the o jcéx;bonl o
chlorine bond. |
While ideally it ‘would be desirable tov uée "ab i‘r‘lit'i'p'_' ~Jrr'le’ch-‘oids‘,-.'{hese

are limited to v_er'y simple mplecules,bécéuée of extené‘ilVe‘ computa;t-ipn ._1:ime
require‘d. Tﬁis leads us directlsr to s'emiempiriéal apprc;ximate m'ole-zc.l;la:‘r |
| orbital theories, in which .the moleqular propertie‘s ér‘ehde_x"ived,tl;i'ough :
cdrrélations with .experimeﬁtal data. |

Probably thé mos;c widely accepted semiex;lpiridal apprdach to date. is the.
cbmple£e negléct of differentiél ,ov\éxllap (C'NDO) method Qf i?ople a.nd c,owofk— i

. 84-88
ers,

Their basic approximation is that the elé_ctr,on repulsion integrals
‘in'vol'ving. overlap distributions are zero. Tf:]i'S. assumption ,:al’.low.‘s" for a |
dfaétic_: reduction in-'thg number of integrals that r‘nﬁst':_be ex‘ralua"'t,ed‘, and _th’us .

' markedly reduces fche compuf,ation time.' frt;ey feel 1':hla'.'t the .apprqximation is
valid because m_,éﬁy <;f‘ th'e‘integl'rals‘.havé‘heér Zero Valﬁes. | _ “T'his{ :Ine-thod |

only treats valence electrons as these are the "chemically effective' . o
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electrons. There are two empirical paraimetérs that they introduce, The -

‘matrix elements of the one-electron Hamiltonian are obtained.from ionization

potential and electron affinity data and the bonding p'araimeters are selected t6 -

give best overall fit with the results dbtai’néd_ from accurate. LCAOSCF c'alf,' '
culations. .

Othérs have developed methods that are extensions of Pople's basic :

idea, They mainly differ in the manner in which the empirical parameters are

selected. Some notable. examples are the MINDO method of Dewar, _89 CND_-O/ . S

SW approach of Sichel and W,hiteheadgo’ 9; which has been recently 'x;ebara-:
3 " 92 P
meterized to give the CNDO/BW method. Finally the CNDO/2 variant has

_noW been:extended to incli;_de third—rqw atoms; 93




EXPERIMENTAL SECTION

Synthesis of Compounds

We started this project with the goal of using reductive voltammetry to"’

identify the constituents found in commercial biphenyl mixtures._ At_th_at time-.

very few individual isomers existed (for a list see Hubbard)94 and therefore to -

allow a complete a study.as possible, We found it necessary to synthesize a
number of conoplounds., _Since then therehav_e'bee.'n numerous compounds re—. K

ported in the literature, most of which are noW available from Analabs Inc; -

|

in limited quantities. -Although most of the following compounds are not used =

- in my study per se, a large part of my work is based upon the results Farwell

lobtaine(.i from the reductive electrochemistry. of these o‘_ompoun_ds.

llnless otherW'lse stated, all .‘compoun(-is were -at least'95 p'er cent _pure
by gas chromatograplnc (g.c.) analysis, Two d1fferent gas chromatographs
were used: AnF & M model 400 equ1pped w1th 6' i sﬂamzed Pyrex glass g

columns and a flame 1onlzat10n detector and a Varian model 1200 equ1pped

with 12' x 1/8" silanized Pyrex glass columns-and an electron capture detector.

At least three different column packings were used: -10% Carbowax' 20 M on
60/80 mesh Chromosorb W; 3% OV-101 on 80/100 Chromosorb G, and 5%

QF-1 on 80/100 HMOS Chromosorb W. Nmr analys1s was performed ona -

Varian model A-60. Melting points were obtained on a Fisher-Johns apparatus' -

and are uncorrected, Mass spectra were obtained on'a Varian CH-5 mass

spectrometer using an ionization voltage of 70 eV. The yields reported are
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representative for these types of reaction. -

. 2=Chlorobiphenyl: synthesized by the Gomberg react:iori using ba_sicaily -~

the method of Weingarten. %5 Specifically 0.2 .mqie of Z—Chlq_rrozinilin_e (Aldricl:h" 2

Chemical Co., Inc,‘) was added to 60 ml cOnceriﬁr'a_ted hydrochloric acid - -

(Baker, réagent_ 'grade) and cooled to 0-5°C in an ice béifh.' The chloroaniline

was diazotized by slowly adding 20 g (0.30 m_ole) sodium nitrite (Mallinckrot,

an_al_ytical reagent gradé) in 30 'ml‘ water keépiﬁg the temperafﬁi'e bel_QW' S'OC." |
Following the addition of the sodium nitrite, the- solutign _wasl st-irred_. fér 1 hr _ |
-and then added to 600 ml ic‘é cold Benzene _(Baker, reagent- grade). The
heterogehequs soiutioh was stirfed -Vigbrousil;y and an 'aque'o'uhs'_'soliliition of 100 g
sodium acetate -{Bak’er, reagent grade) was édde;i. The mixture was tk_lex;
:removed"froni tile.' icé lc;ath and stirred overnight at room tem;;erature.. ,Tﬁg :
reaction solﬁtioﬁ was then tra'tns;‘ferred toa ;séparato;'y funnesl‘,‘ and thé organi-jé
layer w_ashed thr_ee times with water. The benzene layer Was.ihen ev'aporat'ed 2
in a rotary evéporatqr ;m_der feduced .pres'sur‘e.v ﬁe'xane waé édded to the
remaining tar and the solution was passed through é:.si'lica’ géi ‘c‘ol'limh'uéing' .
hexane as the eluent. Following evapéré.tiombf the hexang .7 Og (19% yiel_d) -
of 2~chlorobiphenyl was isolated, mp 33:_-34‘0C aiterature.é3-349C'9'6);

3~Chlorobiphenyl: synthésiz"ed using the same procedure as 9~chlore- " -

biphenyl starting with Sfchloroa-hiline (Aldric‘h), and isolated as an oil (T4g,

; 1N - 97 - t L
20% yield). Gomberg reported as. an oil, while Hutzinger reported a m.p.. .- .
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of 16-17 C. - Nmr analysis showed only a multiplet in the aromatic region, -

4—Chloi-obipheny1: obtained from 'Aldrich Chemical Coiﬁpany,“lzn'co-

2,3-Dichlorobiphenyl: synthesized using the same proéedui‘e as 2~chloro-
" biphenyl starting with 2,3—dichioroéniline (Aldrich), It was isolated ai_s an (_)il-_ .
(33% yield) which had an identical gas chromatographic‘rétenti_on‘ time to an

98 .95
rauthentic sample. Weingarten = reported a m.p. of 27.7-_28.29@, -

. 2;44Dichlorobibhéﬂy1: synthesiied u.s,ing‘ the same. proceduré as 2—.ch10‘ro-__ ‘
biphenyi .‘startinglwith‘ 2‘,4-dich101-'oanﬂine‘ (Aldrich).. .’.I‘hé' vcompo’un'd_ "isolated' '
was yéllc;w sé it was added tc; concentrated sqlfuric ag'id_, lsvllirled for about
five minutes, extractc_ad with héx.ane and passed through ﬁnother siliqé gel

- ~ . = 96
© column, -The biphenyl was isolated as-an oil (literature m.p. 24—25OC §

).

2, 5jDich101jobipheny1: synthesized using the.same pr_ocedure as 2;ch10;;'o; '
‘biphenyl starting with 2, 5—dic'hioroaniline (Aldrich), _TheA compound' w’és isq;. .
.la.t'e.d as an oil (47% yield) with a g. c. retentio_rl time.identical tc; éin authentic _'

_ samplé. % It was repdrted in _the iiterature as ‘én oily. 99Nmr shovs}ed‘ pnlg'f a

multiplet in the aromatic region.

2, 6-D.ich1c’>robiphéhyl: synthesized using the same procedure as 2,4~

" dichlorobiphenyl starting with2, 6-dichloroaniline (Aldrich), m.p. 35-36°C

96

(literature, 35—360C ). The isotopic abundance ration (based on the nuimber

of chlorines) déte'rmi-n'ed by maés_spectrometry vvas' conéisfcerit with that

L 10
reported in the literature. 0
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© 3,4-Dichlorobiphenyl: synthesized using the sarne procedufe as 2—chlore—' '

biphenyl startlng with 3, 4—d1chloroan111ne (Aldr1ch), m. p 48—49 C (l1terature

45—46 C, 96 4:8-4:90C9 ). Mass spectrometry was cons1stent W1th dlchloro— N

b1pheny1 100

3, 5-D1ch10rob1pheny1 synthesized using the ‘-s:ame,procedu‘re ss 2,4~
dichlorobiphenyl starting with 3',5—dich10roaniline (Aldrich), m.p. 32-33°c;
o 101 ) )

aiterature 36 C ).' Mass spectrum. isotopic abundance was consistent with~

d1ch10rob1phe nyl

2,3, 4—']2r10hlorob J)henyl synthesized using the same'pr()cedure as 2,4-

. d10h10rob1pheny1 startmg with 2, 3, 4-tr1chloroan111ne This latter compound -

was synthes1zed from 2 3, 4—tr10h10ron1trobenzene (Aldrlch) by an 1ron/

hydrochloric acid reductmn using the method of El-Hewehl. 102. The aniline -

103

was isolated in 70% yield, m.p. 63-64°C (literature, 64.5°C ). The chloro= -

biphenyl was isolated in 53% yield, ‘m.p. 100,—1‘010C and had a mass spectru_m

consistent with a trichlorobiphenyl. 100—,

2,3,_5FTrichlorollipheny1: The starting material for this sy_nthesi.s was

' 2-nitroaniline (Aldrich)., This compound was chlorinated to yield 2,4-dichloxjo-.-‘

'6—nitrosniline; 104 (Synthesis perfo'rrned by R.D. Ge‘er). This compound was |

‘converted.to 2, 3, 6-trichloronitrobenzene by a Sandmeyer reaction. 05 ‘Thus
- the nitroaniline- (16,2 g) was -added to 190 ml hot glaeial acetic acid Z(Du'Pont)‘,‘ '

" cooled to room temperature, and then- added to 6.0 g sodium nitrite in 42 1}11:
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concentrated sulfuric acid, keeping the temperature between 5-—100_C‘. - The

solution was stirred one half hour at 5°C after all the aniline-glacial acetic

“acid had been added and was then added to a mixture of 16 g 'éu-prous chloride
i ‘(Baker) in 78'm1'concer'1tra.ted hydrochloric acid. This solution Was.’sti-rr‘ed- '

~ three hours, theﬁ filtered. The solid was washed with water, _yielding bljig’ht ‘

o 1-06

yellow crystals in 60% yield, m.p. 43-44°C (literature 44-45 ). The

o . : 107 — S
chloronitrobenzene was reduced and diazotized = as follows to yield the

. desired 2;3,'5.-trich10ro‘bipheny1. Stannous chloride (30 g) (Allied') was added

to 40 ml concentrated hydrochloric acid and cooled to 5°C. The solution was.
stirred vigorously and 10 g 2,3, 5~trichloronitrobenzene was added. The
tern'perature.ros'e to appro:dmately -1‘000b whereupon:the solﬁtion was cooled-’lco'

about 0°C and the aniline was then diazotized and coupled to be:_llzene" ina

manner similar to 2-chlorobiphenyl, The chl.orobiphenyl was isolated in 37%

101

yield and had a m.p. of 35-36°C (literature, 41%¢ )-,-_

2, 3,6—Tfichlorobipher;gl: It has been reported that benzoic acids can be
o 108 . 109
converted into anilines by the use of nitromethane or sodium azide
in polyphosphorid acid. Theréfore in an attempt to synthesize 2, 3,6~tri-

chloroaniline the method of Bachman and Goldmacherlo8 was fo'lldwed. While .

. there was considerable gas evolution during the reaction, upon workup there .

‘was a large amount of unreacted benzoic acid, and no trichloroaniline was

detected, This reaction does not proceed very well in the pres’ence- of
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.electron witﬂdrawing groups (1 e., chlo_rines)‘.which probably a;ccou.hts for the
' ‘fa‘ilure to syn‘thesizé the 'an.illine. ’_I‘he_:same‘reéétiori'was attempted ﬁsin;g‘ o
sodium azide insteelld': of “nitromethahe., | agﬁn with.'né success. The (iésiifed‘..
.c_o,mpou“m'd vwas finaﬁ& s;y_tltheéizéd as foilowé. 2, 5-—dich1§rb-§6-hitrqacetaﬁiﬁde_;
was syﬁthesié.éé by S. 0. 'Farweii' by nitratio’n of 2", 5—d‘ichi'(-).1.'(')acétéhilide.110
and'is'olat‘e(i By tl.;e _procédure.‘of Tas .ano'l Kiei’po‘ol. 111- f'The_cﬁloron:it.rdace_tan—' -.
ilide (1.82 g) was gddejd to‘5_ m] 'concent_rated sulfuri’c. acid aﬁd hy..djl--qu_z.éd'l hr
at 90—1609@ Thé'ééhiﬁon ‘was c'oéléd, poufed on crlacked icé'a,. fche sc;li_él |
filtered and resuspé’nded in 21.2 ml conce@trate‘d_ h&drochiorig .acid. The
diphlof.onitfoanili‘ne wés diazotized and. éoupl_e(:ivto bengehe in a manner .'sirﬁilér
R to"»2-cl‘1.1.orobipher'1yl_ _wifh one notable e}gception;—thé dia"zqtilzatii(‘).i;-_.x-/v_'és‘ perforrﬁe'd
at 25—350C. Thié allovx;é the nitro- group to be sﬁbétituted by a chlbrihe. ,"I‘he '
‘product isc;Ié,téd (0.50 g) Was. anlallyzed by g. c.. &hich fevealed-gppromiﬁaf'élsl "
80 % _2, 3, 6-tri.chio.1-obipheny1, 15% 2,4, 5—trichloi'o;, andl Iminor dxﬁ(;uﬁts of_ -

2,5~dichloro- and 2,3,4, 6—tetrach10robipheny1_s.-‘

2,4,5-T,riéh10robiphe_rm: ‘synthesiz'ed using the same procedure as 2~ .
chlorobiphenjrl starting with 2, 4,,5_—triéhloroan7iliné ‘(Aldriéh), m p. 78=7 90C
H 0112” . ‘ - .
(literature, 78-79 C ).- Nmr (8§ (vs. TMS), solvent, carbon tetrachloride):
7.25, apparent singlet,‘ 6 protons on unsubstituted rihg; 7.30, singlet, 1 proton
at 6- position; 7.45, singlet, 1 proton at 3- position). The ﬁiass spectrum was

. i ‘ 1
consistent with a trichlorobiphenyl. 00
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2, gG—Trichlorobiphenyl: synthesized using the 'same procedure" as 2-

chlorob1pheny1 startmg w1th 2,4, 6—trlchloroan111ne (Aldr1ch) The product

1solated 8% y1e1d) had a m.p. of 60- 61° C (11terature 62.5 - C96).' The nmr ‘.'.

' revealed only a multiplet in the aromatic region..

“ 3,.4;,5—'liricahlorobipheny{: the startiug material for this synthesis was

' 2, 6-dichloro-4-nitroaniline (Aldrich). A Sandmeyer reaction was run on

this compound in a manner analogous to 2,‘4-dich1crofé—nitroaniline_ (s'ee

2,3, 5-trich10robipheny1) to yield 3,4, 5—trichldronitrobenzene in 70% yield,

i
1 : ‘ , '
m. p. 67-68°C (11terature 71°¢ 13). This Iat]li;er.;compound;was reduced to

, : : 1 -

3,4,5-trichloroaniline by an 1r0n/ hydrochloric acid reduction 02 in 53%
0.102. e

y1e1d m. p. (from ethanol) 96 96 C (11terature, 94-95"C ). 3,4,5-tri-

ch10rob1pheny1 was then synthesized by the procedure analogous to 2, 4-d1- .

chloroblphenyl (23% yield); m. p 72 5-73. 5 C The mass spectrum was con-

: -siste-nj: with a tric:hlorobiphenyl. 100

2,3.,4,5~Tetrachlorobiphenyl: synthesiz_ed by the procedure used for 2-

chlorobiphenyl, starting with 2, 3,4, 5-.-tetrachloro'aniline_ (Aldrich). Gas’

. chromatcgraphic analysis revealed considerable contamination by an ,early

- eluting compound, presumably 1,2,3, 4-tetract'hlorcbenzene..'

' 2,3,4,6-Tetrachlorobiphenyl: This compound proved r.ather difficult to.

sjnthesiz_e- and the end product isolated was never quite ‘s_'atlisfac’.cory.' Zincko

and Schaum 4 and Claus and Wallb‘aumlls. reportedly synthesized 2, 3;4, 6-

| ) .
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tetrachloroaniline by chlorination of 3-chloroaniline in concentrated hydro-

chloric acid, I attempted this using the proceduré _of.Atkin'son" et al, 116 The

end resulf was a gumnijr black tar that resisted cleariup.. Next tﬁé 3-ch10r0aniiihé,

. was acetylated by adding 25 g of the chloroaniline to 75 ml acetic anhydride
and refluxing for 2 hours. Water was then added and the solution boiled a -
while longer, Upon cooling an oil separaféd which crystallized upon s’_canding,' '

T T 11
9.7 g yield, m.p. 73-75°C (literature, 77-78°C "

). The preﬁous acylation
was repeated to yield more material and thén 19.7 g.3.—.ch1-orc')ace.tanilde. wa.s E |
added to 220 ml giacial ls;xceti-c écid. The temperatu_"r'e of the: sblution- was
raised"go' ’about '609-6 and a stream of chlorine gé_ls ’wa-s passed _thrc;ugh the le-
ture. After 1 hour the solution had gained 12 g; thi's‘wéigh‘t held évbnlsta.nt
another hoﬁr during which time a white precipiitate_'forﬁied; :Chloi'inaﬁon con-
tinued 1 mc;re hour and thén the solution was fi!ltéred; 20.5 g of white solid

was isolated, m.p. 175-176°C. Five g of the chloroacetanilde was deacetyl-

ated in 20 % sulfuric dacid. The recovered amine had an.ic'leritical g.c. reten~ -

' tion time -(colu'n.m3% OV:lOl) to 2, 4, 5—trich10§roahjline; : Fg’rthe'rmc;re., a
massv Specfrum was ébtéi.ned on the chloréacetianildé; This _rex}eale‘d‘a tri—_‘
chlloro-_-' su'bstitution pattern. Therefore the re%st ;of the ti;'ichior'paéefanilide
was added back to glacial acetic acid and the c“:lhlérinat;i__'on‘. was "éo;atinueci at -

1OOOC for 12,5 hours more. After 9 houi‘s there was no appreciabl_'e change,

"and g.c. ‘analysis 'indiéafed approximately 85%}'tetra¢h10rq-_— and 15% trichloro-
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| acetanilides.— ’l‘he solution was cooled to room temperature -and the solid which
formed was 1solated by filtration, m. p. 159-161° C. Approx1mately 11 g. of the
tetrachloroacetamhde was hydrolyzed 3 hr in 20% sulfurié acid at 100 C. Only
| a small amount (approximately 1 g) went to the aminé, m,p. 87 89° C (11tera—
ture, 890C114’ 115)° Five g of the unhydroly_zed acetahil’_ide was added to 6.5
.ml concentrated sulfuric acid and refluxed 0.5 hr Uponc'c.)olihg'-the biphehyl"-
.'was synthesized as deseribed -for 2—chlorobiphenyl (sulturic acid usled ihstead
: of hydrochlori._c)° A mi_nute amount of oil tvas isolated, whleh evehtually
solidified upon standing, -Gas chromatographic analyeié' rex'realed only /one.
-peak and voltammetric resulté were consistent vl/ith_a tetrachlorebiphehyl.

2,3,5,6-Tetrachlorobiphenyl: purchased from Analabs Inc

ng,4 5, 6= Pentachloroblphenyl Numerous attempts vtere made to syn— -
thesize this compound starting with pentachlorqanilihe_. This latter compound "
was synthesized from pentachloronitrobenzene- (Aldrich): by an ir"on/hydre— -
chloric acid reducti.on, 102 yield 62%, m.p. 229- 231°C (l1terature 229OC118)
Using a procedure similar to 2-chlorobiphenyl failed to give pe_ntathorobi-
phen'yl because there was no apparent diazotization, ...’,Pentachloroahiline could -
be‘ diazotized by using glacial acetic acid and sulfuri‘c acid; hoWever when
.t_he solid diazohlum sulfate was lsolated A(.c_f.‘ Hodgeoh_ and_,l\l_[ahadevahug) and :
added to be.nzehe the maj or product isolated appeared t,_d.be. pentaehloroben- :

zene (by g.c. analysis). 2,3,4,5,6-pentachlorobiphenyl was finally synthesized -
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. 120 . o
by using the method of Cadogan. Isopentylnitrite (3.1 g) was addedto5g. -
pentachloroaniline in 70 ml benzene and the solution refluxed 2 hours. Upon’
cooling the benzé_ne and unreacted isopentyl nitrite were 'removed‘under re- -
duced pressure on a rotary,e.vap_orator. The chloro'bip,henyl was taken up in
he:;cane and paissed through a silica gel column with hexane'as thé eluent. Two
recrystallizétioné from hexane afforded pure 2,3,4,5, 6~pentachlorobiphenyl,
N o S 0,096 | y o :
m.p. 122-123 C (literature, 123°C ). Gas chromatographic retention time _

‘was identical to a sample from Analabs, Inc. -

3,3LDich1orobiphegL1{ 10 g of 3,3'+dicﬁ1orobenzidine (K& K Labora~ " :
tories) was;, .addéd to 43 ml concentrated sulfuric acid. .The‘.so.lu_tion was cdoied
~and 92 ml 'szwa‘ter“ waé slowly added keepihg the t,ér'n'peratux‘é'bel_ow,5.‘0°C.. The
mixture was csoled to 5'OC and 6.2 g sodium nifrite in 55 ml water vs./as siowly
added while the tempex}ature was kept below 50('3., after which the solutibn W'as:
sti;-red 0.5 hours. The tetrazodized splutiqn was then r‘épidly adaed to .53 mi :.' -
,icé cold hypophospho_ru’s' ac.id and stirred at 50C.for' 16 hours and :thén'at roofn )
temperatufre for 4 ho'ur,s. The.precip'ita-te fprméd was isolated by .filtryation., :
washed with wétef, Qried, faken up in hexgn’e and: eluted-through a gilica gel
column with hexane. The dichlorobiphenyl was isoiéted in 36% yiéld as an oil . .‘

: . 96
(literature m. p. , 26—2,.7.0C e

. 4,4'-Dichlorobiphenyl: 120 ml concentrated hydrochloric acid was added -

to 0,2 mole benzidine hydrochloride (Bak.er)'. The solution was ‘cooled to 5OC' o
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“and 28 g sodium nitr1te in 42 ml water was added wh1le the temperature of the

solution was kept below 5 C The resultant solut1on was then stirred 0. 5 hr

~and the_n'.added to 0.8 mole cuprous chloride ‘with stirring. ,_Thef m’ixtfure was - _—

stirred overnight, then ‘_diluted with water, the precipitate. filtered, washed with .

. water, dried and eluted through a silica gel column with hexane. The isolated '

-biphenyl had an identical.g c. retention to an authentic sample98 and had'a '

m,p. of 144 146°C (literature, 148- 149° C )

2. 5 AR 5'_Tetrachlorob jhenyl This compound‘was synthesized in a

manner similar to 3",'3’—dichlorobiphenyl starting with 2,5, 2", 5'-tetrachloro-

benzidine (Pfaltz and Bauer). The res'ultinggbiphenyl which had ag.c. '.ret_en—_ ‘ "

. 121 e 5 : .
tion time identical to an authentic sample 2 had a m.p. of _8'7—880Q (literature,.

122 ' ‘ . ' - -~ 100
85-86. 50C ) and a mass spectrum consistent with a tetrachlorobiphenyl :

2,6,2', 6'—Tetrachlorob iphenyl: The startlng material for. thls compound

was 2, 6—d1chloro—4—,n1troan111ne. 50 g of the n1troan111ne was added to 500 ml
glacial acetic acid which was slowly added to 18.2 g sodiur nitrite 1n 130 ml'
concentrated sulfuric acid (cf, Hodgson and Walkerlos)‘ while keeping the

temperature below 10°C. The resultant solution was added to 160 ml of

ice cold ‘hypophosphorus acid and stirred 16 hours at 5;0C-and then 4 hours at -

room temperature. The precipitate that formed was isolated by]filtrati,on
and recrystallized from ethanol. There was a small amount of non-soluble =

_ yellow material which was apparently unreacted nitroaniline_;, ~The desired
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prqduct, 3, 5‘—dich10ronitroben-zene; was isolrated as red plates in ‘_5:0% yield,.

: ' 128 . - . - .o :
m.p. 58-61°C ‘(literature, 62-63.5°C ). and an infrared spectrum consistent. .

- _ | 194 : . . ) :
to one reported in the literature.” = The dichloronitrobenzene was coupled to

form 3,5,3 '; 5'-tetrachloroazobenzene and then reduced"’por for_m‘ 3,5,3",5'-
tetrachlorohydrazobenzene by the method of Van Roosmalen ® in 96% yield,
0,125 R

m. p. 120-123°C (iterature, 120°C "), Van Roosmalen's procedure was

also followed to convert the chloréhydrazobenzene into what was supposedly

2,6,2', 6'-tetrachlorobénzidine in 70% yield. This lchlorobenzidi'ne was tetra- -
zodized and then treated with'hypophosphof\is acid by the metho‘d-u_sed‘ for 3, 3"_--‘

dichlbrobenzidine, to. yield a crude tetrachloro- ‘product in 36% yield. . Chr'.o,-,-'- -

. matographic analysis revealed three products. This can be accounted for by

the following. Normally on a benzidine rearrangement, a 4,4~ linkagé occurs,.

but it is also possible to .gét a2,4~and a 2,2~ link‘age‘ thus giving the foIIOWing
- .products,

Cl
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which upon tetrazotization will give three different tetraChlorobiphenyls. Thet .
this is the case can be seen from ‘the"sy-r.lt"he‘sis .'o‘f 2,,4; 6_.,.2 ' 4;',6!—he.;;ach1oro'—‘!-_ ,‘;' L
bipheoyl. When a .'S'andrneyer reaction 1s run on the rni_xtiire or diéllrrli..no”c‘etre_',...‘-..-f
chlor‘obiphenyls above_ orlly one product should be obtained ae indeed‘Wa.s the
case. The mi}(tdre of tetrachlorobiphenyie was repeatedly recry.stalli'zed from.’
'glacml acetic acid to flnally give pure 2 6, 2' 6‘—tetrach10rob1phenyl in 7%

6.
yield, m.p. 197 198 C (11terature 1980C9 )

3,4,3" 4'-Tetrachlorob1pheny1 3, 3'-dlchlorobenz1d1ne (10 g) was slowly -
added to 42 ml concentrated sulfurlc ac1d and cooled Water 92 ml) was
slowly ‘added While the temperature was held below 50 C. ’i‘he’ sol'uti.on-‘vyas. .

cooled to 0—5.OCJ and 6.2 g eodium nitrite ;'Ln 55 ml water was adde.d,‘.whil.e
_keeping the temperature belovv‘_SOC, The resulting solufion was stirred 0.5
hours, -then edded to 6.2 g cu;drous chloride in 81 ml cOnceptreted hydrochloric -
aicd and stirred overnigﬁt at room temoerature. -The precipi'tate. formed v'va's.
i_solafe’d by filtration, wa.shed wij:h water, dried and then e'ldted_ fhr-ough a silica

- gel colgmo using -10%:benzehe in hexane, m.,p. '170-1710-0 (Iiterature, '_1710.

1
c 25).,

3, 5,3',‘-5'~Tetrachlorobipheny1: The first attempt to s‘ynthe_si_z'e this com~ E
pound was by direct chlorination of benzidine in hydrochloric acid to yield
' 3,5,3, 5l'—tetrarchlorObenzidine. The end product ,fro_rrl:this _reactio_rr wae_a'_

black mass that resisted cleahup. -Thi_s led fo en'at_t'erribt to chlori;n_'afe the
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diacetylated benzidine. - The acetyl gr0ﬁp is not as strong ‘a director;

| howex.rer, .this‘-tj.rpe of a compound should be moré reéiéfanf to tﬂe oxidizi'né
action of the chlorine. ‘Ben'zidine was acetylated apd chlyo'rihate'd‘by the’ o

R 12 : Lo
method of Van Roosmalen ° to yield 3,5,3', 5'-tetrachloro-N, N'-diacetyl-

benzidine. The chlorination proceeded in a slightly different ‘m.a‘r‘mer fchan he

described. After 1.5 hours of'chlorination the. solid disappeared; after 2 hours
a solid appeé,red which .disappea:'fed-after another 2 ﬁoufs of chI;)rrination;' ,
When solid material égaiﬁ appeared the chlorination was stopped:and the pro-
duct isolated by filtration in 70% yield., . Theré was al'.s'o a,pbroﬁdrn_é.tel& 19% |
starting material and smaller amounts of .other 'poinpouhds. Since 3, 5,3'; $'¥
teti'uchloro-N; N'-diacetylbenzidine is only sparingly soiuble in glacial'a-cet:ic-
acid, the precipitate suspended in hot glacial acetic acid anci filtel;'ed hot. .

in an attempt_ to get rid of'the undesired viéomers. The acetylated .benzidinen
was hydrolyzed in. concentrafed sulfuric acid for 0.5 hr at .110(.)C‘a’nd fpllow:iﬁg
the addition"of water ‘véas tetrazodized and t;;eated with hypophosphorus a01d :
in a manner anallogous_to 3,‘3‘—dichlorobenzid;riie. | Following cleanup g.c. |
danalysis indicated at least SiX components_ of wlz‘lich two were major. For a.
"d-iscussion on the nature and causes of this mixture see ‘Ayr‘es. 126 #ecrysf_
tallization from glacial acetic _acid afforded. .one cOmponent' in greatgr than .

0 125
90% purity, m.p. 158-160°C (literature, 162°C" ).

,2,5,-3',_'5'-Tet'réchlorobiphenylz T-his compound was synthesizéd' by- th,ef o
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procedure used to make 2, 3,4,5, G—pentachlorobiphenﬁzl. -Thé starting materials

were 3, 5;diéh10roaniline and 1, 4-dichlorobenzene (Aldrich). The reaction.

was run at a temperai;uré of. SOOC_. Unreacted dichldrobénzene was removed
by'r'educed pressure diStillation and the crude product was t:beate‘d with con= -

centrated sulfuric acid, then extracted with hexané and passed through a

silica gel column with hexane.- The product was igolated in 29% yield witha

| o | 1
m.p. of 103.5-104.5°C (literature, 105.5-106.5° 2)._:

©2,5,2,4, 5'-]3ehtach1'ordbipheny1: In an attempt to diazotize (réthef than

tetrazodize) benzidine ‘and various benzidine" analogues, just one mole of sodium

nitrite for-each mole of benzidine was used. . A reaction of this type had been

127,128

reported in the literature, but in my hands the end result contained

two components: an ‘ac_id soluble (6 N hydrochloric acidj fraction with a m. p.

‘of 117°C and an infrared spectrum identical to benzidine; and an acid insoluble -

fraction which after Being passed through a silica gel column with hexane had = .

am.p. of 130°C a_nd,'.anf infrared spectrum identical to 4 ,4'-dichloro]c>_iphe-ny1l a
The diazotization of just one of the amino groups of 2,5, 2',5'—tetrach1.o’ro-

benzidine by using just one mole of sodium nitrite per mole of benzidine was

also attempted. Following addition to cupr"vous chloride ‘(ch- 1")e_rfc‘>rm. va'Sar;d—' B

ineyer) the reaction products were isolated an analyzed by g.c., This revealed_

apprd}drriately 50% 2,4,5,2',4', 5'—hexach10robipheny1 and 50% unreacted - .

2,5,2', 5'-tetrachlorobenzidine. I next attempted to 'mpn‘oace'ty'late one
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of the amino groups on benzidine, Gelmo 9 reported that it was possible to

-monoacetylate benzidin_e with oxalic acid, then run a Sandmeyer reaction, - which

after saponi.fication with sulfuric acid yields 4-am'ino¥_4.?-chldrobiphen-yl. His
procedure was foll_owéd and the desifed produgt was isolatéd; howeve:_c_w;vhen
the same reajction was attempted w.;vith 3, 3'-dichlor05enzidi‘né fhe',mo-nc.)acétyiafed' _ |
benzidine was only recovered,. in about a 1% yield. 1 then tried to’forﬁ-1 monc'>—' _

acetylated 2,5,2', 5'-tetrachlorobenzidine with acetic anhydride in chloroform. |

' 2,5,2, 5'-tetrachlorobenzidine (50 g) was added to 1200 ml_chloroforfn ‘

(Baker). Acetic anhy'dride (15.7 ml) in 204 ml chloroform was thén added and
the soluﬁon was reflixed 5 hours, after which 3.5 mllmqre acetic 'anhydride; -
was addeci gnd reﬂuxing wéts continued an additional 1.5 hoﬁi‘s., On'c.:o'oling' )
2-,5, 21, 5‘-tétrach10ro—N , N‘-diacétylbenzidir;e precipitatedrand was fil'féred off. -
The chlorofoﬁn was removed under reduced pressure by r‘c;tary e.vapOrat'or,.
Repeated recrystallization ﬂ‘om aqueous ethanol 'aff;ofded "2, é, 2'l, 5‘—£é£ra-
chlorq-N-acetyibenzidine in 50% yield. The tetrachloro—N.-acetylben.zidine.
(10.g) was added'to 62 ml hot glacial acetic acid"ar_ld fapio_lly cooled to 15‘00.
To this mixture was added 2.5 g sodium nitrite in 16‘ ml concentrated sulf.ur.ic
aicd while keeping the temperature belo_w 150C, After the_ addition, the solution
was stirred 0,5 hour and then added to 5.9 g cuprous chloride in 30 ml con-
centrated hyd.rochloriclacid, The so.lut"ion was stirred two héurs, t'he-' precipi- - '

tate isolated by filtration, washed with water and recrystéllized with aqueous
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ethanol to give 2,5,2',4",5 "'—pentachloro-N-acety1—4—am1nob1pheny1 in 77%

‘ y1e1d A mass. spectrum of this compound was consmtent w1th a pentachloro— :
- 100 o
compound, 0 A small- portlon of th1s compound was deacetylated and followmg

" isolation was subJected to nmr analysis: 64.1, "singlet,.-z proto‘ns, amino gr.oup; :

§6.75, apparent' singlet, 1 proton, 3~ poSition (?); 67.08, appare'nt sing-iet, .
1 proton, 6~ posiﬁon (?); 87.25, multiplet, 3 protons. Thé acetylated amino—~

tetrach_lorobiphe'nyl was added to 12,7 ml concentratéd‘sulfuric vacid ﬂand .

o o . o ' SR
hydrolyzed at 110 C for 0.5 hour.” Upon cooling 27.5 ml water was added and

the compound diazotized as a}oove, then added ‘to 16 ml ice.cold .50%'.hypo"
phosphorus acid, stirred _ait.SOC for 16, honrs and at roomteinpergture' for 4
.hours. The precipitato formed was filtered, washed 'witn water, drield__and
passed through-a silica gel column with hexane,,.' ' Repea’pedlx_'o,cryStallic-ati-on
froﬁ hexane and then ethanol gave at least. 99.9% puré 2,. 5-, 2',.4', 5'—péntéchloro;
biphenyl. This 'compound :-had an identical g. c. "fetontiontime'fo an auphentic

sa.mple,121 m. p. 75—76 C (11terature 74—760C130)

2,4,5,2',4",5' -Hexachlorobgghenyl: 2,5, 2", 5'~tetrachlorobenzidine . .

was tetrazodized and treated with cuprous chloride in a manner analogous to

the synthesis of 3,4, 3',4'-tetrachlorobiphenyl. . The product was eluted .throngh -

a silica gel column With hexane‘ and isolated in a 45% yield,‘_.i'n. p- 1.01%1'020C
0130

(11terature 100~ 102 c . An apparently erroneous ,v_al'ue‘ of 137 -138_00 has '

1
been reported. 3
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2,4,6,2'. 4", 6'—Hexach10robipheny1: 2,6,2', 6'—tetrach10robénzidine (cf.

' ‘section on 2, 6, 2",:6'—te_traéh10rbbipheny1) was_tetrazodized and treated w1th L
cuprous chloride in a manner analogous to the synthesis of '3,4,3",4 'v—teti‘a—‘
" chlorobiphenyl. The product was éluted through a silica gel column with

hexane and isoiated in a 24% yield, m.p. 111;1120C-(lit'erature, 112—1'130'C9'6).. _

3,5,2",3 ',,SLPentachiorobiphenyl: synfhesized using the same ﬁroc_edure '

as 2,5,3', 5'-tetrachlorobiphenyl starting with 3, 5-dichloroaniline and 1,2,4-

trichlorobenzene (Aldrich). As expecfed, thrée products were detected by g.c.

_ analysis. Using Weingarten's work” as an analogy we expected to obtain '~

about 50 to 60% 3,5, ',3',6'-, 30 to 40% 3,5,2',4',5'- and about 10%

3,5,2',3", 5'-pentachlorobiphenyls. .Sissons and Welti's work: 32 predicts the .

g.c. elution order to be 3,5, ',3", 6'-, followed by 3,5,2',3",5'- and then
3,5,2', 4", 5i—pen"cachlorobiphenyls_“. If this is the correct order the relative’ |
amounts of each compound we found (assuming identical electron capture g. c

responses) is 40:30:30 respectively.

'3,4,5,3',4", 5LH eXachlorobiphenylz 3,5,3',5'-tetrachloro-N, N'- |

di'acetylbenzidi-ne ‘(cf. section on 3,5,3', 5'-tetrachl.orobiph_enyl) was déacetyl— S

ated and tetrazodized by the same method used in the synthesis of 3,5,3",5'-
tetrachlorobiphényl. Following tetrazoi:izat'i‘on the benzidine (10 g) was added K
to 2.5 g cuprous chloride in 12,5 ml concéntrated hydrot:hlprié aci'd,'.;s,tirred-‘ e

3 hours, the precipitate isolated by filtration,. w'élshed with water élnd dried, =~
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The product was recrystallized from glacial acetic acid and pas'sed throug-n a

-silica gel column ellut_ing with 10% ben'zene in-‘heicane__, Gas _chromatogra'phi‘e

analysis indi’oated’ at least six c‘ompo‘nents.- One‘oornponent.nwé.s‘ obi;jaiinéd-m,‘ _ SR

about 70% purity after repeated recr'ystal'lizations_'..

D.ecechlorobiphe'nylgy synthesized by-th’emet‘hod of Hui:’z’i‘nger-ét' al. 96

®

‘substituting Arochlor 1262 for Arochlor 1268 and usmg more ant1mony

_pentachlorlde (Baker) (12 g) to make. up for the lower chlorlne content of the Co

'mlxture, m.p. 3-06—3‘07 C (hterature., 305-‘306_ C ).‘
Part of thls work on the reductlon of organochlorlne compounds of
: _ . .
env1ronmenta1 1nterest 1nvolved looklng at chlor1nated naphthalenes Whlle

the 'great I_naj'_ority' of,these compounds were obt_ained as gifts fr-om'.various,

_sources it was necessary to synthesize a few lower chllorinated.ane;lognés to .
complete the series of‘di:—l and trichlorinated naphthalenes. I al'so-'oonduc'ted o

“a brief survey into ,_SYnt‘hetio routes that would give us other _‘h'.ig,her.» chiorinated’

naphthelenes.

. . 1 . -
1,2, 3 Tr1chloronaphtha1ene Fenyes 33 reported us1ng phosphorus

_ pentachlor1de to. convert 1,2~ dlchloro—3—mtronaphthalene 1nto 1 2,3: trlchloro— o

nap_hthalene.i Th-is same reaction was attempted;.({:he'dichl‘oronitronaphthalene )

was obtained as a gift from Dr., Jnlru"s nynan',’-‘ Berkeley, C'alifor,nie),_foiiowing__

Fenyes' procedure.. The reaction was quencnédf.‘by't'h_e'f_g,dq';it_ion of waterj'e?nd

the product extracted with hexane. Cleénup' Wasaffordedbypassmg thef_: :
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product through a silica gel column with hexane and then recrystallizing from.

' nﬁethanol. Gas chromatographic analysis‘ using the flame ,ionization’detectdr' ‘

indicated the formation of 1,2, 3-trichloronaphthalene in greaiter'than 90%

purity., The contarminants appeared to be higher chlorinated analogués‘.

2, 3*Dichloi'9haphtha1ene: Since phosphorus pentéchipride did apﬁear ‘to: o
convert nitronaphthalenes into their,c.hloxfo- anal'ogﬁes_ I next atterﬁﬁted ts-. i
synthesize 2,3-dichloronaphthalene by the same method. _2‘,.3+D.ini1:ro'naph‘—
thalene _(150 Iﬁg, oﬁtaihéd from J. Hyman) vx}as added to ‘1'500 mg pholspholrus
pentachloridé énd the mixtlire wés heated for 3 hours at.160—'165_0C;-, The '
reaction was quenched.by the additior_l of water, ’ex'trac‘t'e_d W1th he'xahe .ahd
analyzed by g.c. | Three peaks were obserired, ;111. of different rétention &rhes _ |
than the starting' material. After passing the m.atel_'ial 1;hr,ou',gh a s.ilicav’gel.
coiurnn'with hexane ohly two. compodndé rernai_néd. Rjécrysi‘:a_lllizéﬁon _frqin
ethanol gave pure 2, 3—dichlor‘onéphthale,ne,‘ m. p 118-.-..1199Q ‘(Iite‘rature;‘

oo 134 -
119.5-120.5°C>%.

1,2,3,4,5, 6, 7-Heptachloronaphthalene: The 'san,_le.' pr'_ocedufe was used to .

synthfeéiie 1,2,3,4,5,6,7 -heptachloronaphfhalene_. Thus 150 mg 1,2,3,4,5,6-

hexachloro-7-nitronaphthalene (obtained from J, 'Hyman) wasﬁ added to 375 mg: . -
phosphorus pentachloride and heated at 150—1600.C for 5 hoﬁrs_. Thé_ reaction _. '
was quénched and extracted in the usual manner, passe‘(:i thi'Ough a siliéé‘_gel‘

column With hexane and the product recrystallized from hexané, m.,p. 164=7 1°c,




1, 8&Dichloronaphthalene: 5 g 1, 8~-diaminonaphthalene (Pfalti and Bauer)
was tetrazodized and added to cuprous chloride in hydro_chidri’é- acidina ™
manner analogous 1:;5 the synthesis of 3,4,,3', 4'—tetx‘achlor_obipheny-l.' The
prodﬁdt was pa-ssed through a silica gel column with hexane and i'sé:lé;ted ih

o 135
- 18% y1e1d m.p. 87 88°C (literature, 88.5-90 C ).

1, 2—D1ch10ronaphtha1ene Since 1 8—d1am1nonaphtha1ene was so readlly

tetrazodized the.same process was attempted! with 1 2—diaminonaphtha1ene
. . _ '

(Aldr1ch) to synthes1ze 1, 2—dlchloronaphtha1e'n Despite répe‘atéd attempts
I failed to isolate the desired compound, This was somewhat disturbing since
in addition to the 1, 8- compo,und; 1, 6,'-diéminonaphthalene readily tetrazo-

1 s NN
dizes. One possible e;cplanahon-for the failure of 1, 2-diaminonaphthalene
to tetrazodize is that when the diazonium salt of one of the amino groups if

formed it is immediately attacked by the other amino giroup.
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Next I attempted to treat the diamino,cbmpound. With-phosphOrus pentac_hlori'de

in a manner similar to the nitro compounds. “This also did not work, Finally =

the desired prdduct was obtained by treating l—éhl(_)ro—Z_—_naphfhyléminér hydfo—- :

chloride (Aldrich) with sodium nitrite and hydrochloric acid and then adding

the diazonium compound to euprous chloride-hydrochloric acid. Thé dichloro-- -

naphthalene was purifed by passing it through a silica gel column with hexane,

. 13
m.p. 34-35°C (iterature, 34-35"C %)

y_—-ﬂgz synthesized by a zin_‘é r‘edu,gtién o.f' lindane, | Séecificaliy, 5 g
of 1i_ndahe- and 1.2 g of iinc dust were added to 2'0. ml of 95% ethanol and the
mixture Was refluxed 1 hr., Upon cooling 20'm1 of'Water'Qas added aric_i the
solution extr‘ac_ted thrée times with 50 ml portiogé, of hexan-e’; ' thre.e 'fnaj or
components were revéaled by g.¢c. an‘aly.s.is,, .;Ln uhid_éntifiéd early ehitihg'

" fraction followed b;lr y~BTC, and then by unreacted lindane. The y-BTC was
isclated by preparatery g. c. and had a meltiné i:)(_jint of ;88—‘.8"90'(3' and an

. o . 136
infrared spectrum in agreement with the V_alues reported by Orloff et al. 36

4,5,6,7,8Pentachloro-3a, 4, 7, Ta~tetrahydro-4, 7-methanoindene: This - . .

compoqhd was synthesized by a chromous chloride reduction of heptachlor

using the method of Chau,'éjc3

chromous. chloride was generated by Rosenkranz's et al. procedure. 37

m.p. 102—1030C'(Iiterature 102—1030C4,3'),_ The
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Modifications to CNDO/2 Program

A -large',,part of this work involved performing moleculér orbital calcu-"

lations on the compounds im/"estigated by reductive electrochemistry ‘and.under ,: .

- anderobic conditions. The currently available CNDO/2 program 3-8"1-equire,s in-

excess of 50,000 (50K) words of core to run. This Very'la'rg,e core requireinént
is basically due to the labeled COMMON-ARRAYS which pontai-x:lthrees'o.x 80~

arrays, Since all calculationé are ‘done in double precision this requires that

38,400 words be set aside for this common, The‘_rest_bf the 'pr'o_gra‘m re-

quires approximately 11K words,

The user of the Xerox Sigma 7 computer at Monta‘_na'State University' has ‘
direct access to approximately 48K of core. In order to be able tofper_fbrm

the desired calculations it was necessary to modify the prograxﬁ to meet the

48K limit.

38

The program obtained from QCPE? was written in double

_precision. By changing :all values, with the exception of total energy, to single

" precision, the core requirement for the common arrays was reduced to

19, 600 énd the overall program requirement to 35K. Since another 13K was
still available, this indicates that the program can be-i‘edil:hensiohed_frdm the .

presently allowed 80 orbitals and still stay within the 48K maximur»n.“ The

program was successfully expanded to accommodate 100 orbitals; this value o

“was selected because it would allow pentachlorobiphenyl_.to‘be run, The c.ore--




L ! Ll (R )

-53~
requirement for this' modification (stored under the name CNDOT) is ,40.9;'
"The speciﬁc,charig'es performéd to prod.u‘ce .this' Veféibn are’ ouflined 1n Tab.'lé
1. |

Since redimensioning the program turn.ed out to be a relatively easy -

task, the original double precision program was altered to 'a size that

could be accommodated by the Sigma 7. We were linsure as to whether per-

forming molecular orbital calculations in single precision was producing a

non-random error which could give is erroneous results. - By redimensioning. .

the original program we could then compare single and double precision
results. The program chosen to be modified was the unaltered Ver_sibn ob= -

tained from QPCEEL38

In addition to dimensional changes, '-.t_he program
was modifi.ed to.'px;ovid_e greater eals-e in data e:,ntelr'ing‘. This Versi-dﬁ "
will handle 74 orbitals in double precision accuracy. . This 1s of sufficient
size to anow éalcdl_atjons on molecules the size of pentéchlolltobe-nze,ne.' ) Thé: .
specific chaﬁges ére similar to those outliﬁed in Table 1, baéed ona 74 -
orbital size,

There.now existed two programs one of which was capable of h'alndli‘r;g_‘ up

to 100 orbitals. It-now seemed desirable to expand the program even further ;

so that molecules of the size of DDT could be handled. As'p'reviously Iﬂen-

tioned, there are three arrays in the labeled COMMON-;ARRAYS‘. _Theée arrays .

can be cohéide‘red the limiting fac.to'r on.the nuniber_bf qrbita,ll's that canbe . -




Table 1..

Modifications to CNDO/2 Program To Generate 100 Orbital Version

Area of Program

old Program

New Program

MAIN PROGRAM

SUBROUTINE COEFFT

SUBROUTINE INTGRL

- FUNCTION S8

SUBROUTINE MATOUT .

SUBROUTINE HUCKEL

SUBROUTINE SCFCLO . -

' OLDEIG (I)=XXX (I+240) -

COMMON/INFO1/.,

. COMMON/INFO1/,

COMMON/ARRAYS/ABC (19200)
COMMON/GAB/XYZ (2 000)
U(80)...

COMMON/ARRAYS/S (80, 80)
(2900)

COMMON/ARRAYS/S(80, 80)., . XX

(2900) _
COMMON/INFOL./. . . U(30). .
COMMON/GAB/XXX (400). , YYY

(126)

DIMENSiON P(80, 80)

COMMON/ARRAYS/S 80, 80)
XX (2900) .

'CQM-MON/_ARRAYS/A (so,. 80,3)

COMMON/ARRAYS/A (80, 80), B
--(80,80); D(80, 80) A

.. U@B0)...

COMMON/GAB/XXX (400), G (35,

-OLDEIG 80), DMD(80)XXY(52)

SAME AS SUBROUTINE HUCKEL

DIF=(ABS(OLDEIG (). . . 240))

'DIMENSION P(lOO 100).
-COMMON/ARRAYS/S(IOO 100)

COMMON/ARRAYS/ABC (30000} °
COMMON/GAB/XYZ (2180) '
COMMON/INFO 1/...U@00),.

COMMGN/ ARRAYS/ 5(100,1 00)

. XX(10100)

- COMMON/ARRAYS/S(100, 100)., .o

XX(10100)
COMMON/INFO1/...U(100)...
COMMON/GAB/XXX(500)...YYY
T (206) ‘

- PG

XX (10100)
COMMON/ARRAYS/A (100, 100 ,3)

- COMMON/ARRAYS/A(lOO 100) B

(100, 100), D(100, 100)

‘COMMON/INFO1/...U(00)..:
- COMMON/GAB/XXX(500), G (35, 35),
35) Q(80)YYY(80), ZZZ,ENERGY, :

Q(100), YYY(100), ZZZ, ENERGY,
OLDEIG(lOO),DMD(lOO) XXY(52)

SAME AS SUBROUTINE HUCKEL
DIF=(ABS(OLDEIG(T). . . 300))
OLDEIG(I)—XXX(I+300)




Table 1, (Continued)

-Area of Program

Old Program

New Program

SUBROUTINE CPRINT.

' SUBROUTINE HUCKOP

SUBROUTINE SCFOPN

SUBROUTINE OPRINT
- SUBROUTINE EIGN

SAME AS SUBROUTINE HUCKEL

COMMON/ARRAYS/A(80, 80), B
(80,80),Q(80,80) " o
COMMON/GAB/XXX (400), G (35,
35), FDIAG (80), PDIAG (80),
' Z77Z,ENERGY, OLDEIG (80),
DMD (80), XXY (52)
COMMON/INFOL1/. .. U(80)..

SAME AS-SUBROUTINE HUCKOP
DIF=ABS(OLDEIG (). . . 240))

OLDEIG ([)=XXX ([+240)
SAME AS SUBROUTINE HUCKOP: -
-COMMON/ARRAYS/A (80,80), VEC

(80, 80), X(80, 80)

COMM'ON/GAB/GAMMA(S‘O) BETA

_-(80), BETASQ(80), EIG(80), W
(80), XYZ(1600) -

. 'DIMENSION P(80),Q(80) .
. DIMENSION IPOSV (80), IVPOS

(80),IORD(30)

SAME AS SUBROUTINE HUCKEL

COMMON/ARRAYS/A(100,100), B
(100, 100), Q(100, 100)

. COMMON/GAB/XXX(500), G(35,

35), FDIAG(100), PDIAG (100),
- ZZZ,ENERGY, OLDEIG(100),
DMD (100), XXY (52)
COMMON/INFO1/...U(@100). .,

SAME AS SUBROUTINE HUCKOP
DIF=ABS(OLDEIG()...300)) o
OLDEIG ([)=XXX (I+300)

~ SAME AS SUBROUT INE HUCKOP
. COMMON/ARRAYS/A(100,100), VEC

(100, 100), X(100, 100)
COMMON/GAB/GAMMA (100),BETA
. (100), BETASQ(100), EIG(100),
((100), XYZ (1680)
DIMENSION P(100), Q(100)
DIMENSION IPOSV(100), IVPOS
© (100), IORD(100) -




Téble 1, (Continued) -

Area of Program -

. Old Program

New Program

SUBROUTINE SCFOUT

SUBROUTINE EIGOUT

. COMMON/ARRAYS/A (80, 80,3)

COMMON/GAB/XXX (2000)
COMMON/INFQOL/...U@80)...

COMMON/GAB/XXX (240), EPSILN
(80), YYY (1680)

COMMON/ARRAYS/A (100,100, 3)
COMMON/GAB/XXX(2180)

- COMMON/INFO1/. ..U (00)...

COMMON/GAB/XXX (300), EPSILN
(100), YYY (1780)

._99_

T 7

T11
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handled. TFor open shell calculations, all three arrays appear to be used

while only two of the 80 x 80 arrays-are used in closed shell calculations.

Since the closed shell calculations appeared to loe confirming the electrochem-

ical data, it should be worthwhile to expand the program S0 that more.

- orbitals could be 1ncluded even though the open shell portlon would have to be -

s acrificed.

The program contains two large tables, Y and Z thet are stored in

' SUBROUTINE COEFFT. The first of these tables.contains 9135 elements all

of which are zero except for 224 locations. The second has 765 elements, all

- but 87 being equal to zero. These tables are Esto’red inthe last two 80.x 80
- arrays of COMMON-ARRAYS, To eliminate the third 80 x 80 array. it is
_necessary to cut down the two tables to the size of their ‘non-zero eleme_nts '

E (approximately 250 terms).

Two new tables were generated to replace Y atnd‘ Z.wh_i,ch' coht_eineo't 224 end ‘
68 elements respectively. Each element in the new t{ables contains three
items, the old.l,ocation, followed by the coefficient stored at thait location and
then the sign of that coefficient. For example, in the old‘progr'am, 64.EO was
stored at 1ocation Y t7039) In the new program it is stored at 1ocat10n M (1)
as. 70390642 The first four digits refer to the old locatlon (703 9), the next
three to the coefficient (064) and the last d1g1t to the s1gn ( 2 if plus, 1if

minus),
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The new table Y, which is now called M, was genei'ated by usingfhe follow-
ing program, Table Y was used as the data for ’hhis pfo,glj'am-, and the- output
was stored in a new subfoutine called COEFTFY,

_ DIMENSION M (250)
~ 10 DO 100 II=1, 224
READ (10,1) I, K
1 FORMAT (8X,14, 4X, 14)
. IF(K)30, 40, 40
30 L=1 .
"~ GO TO 60
40 L=2 -
60 M (I)=I*10000+TABS(K)*10+L .
" WRITE(11,2) II, M{I)
2  FORMAT X, 'M(',13, ")=", 2X, I8
100 CONTINUE : L
STOP
END

" Table -Z was treated in the sarhe menner e;hd 1s sfored in SﬁBRb_UTINE'. -
COEFFZ as Tab_le-:N.

We now need to obtain the cer;c'ect coeffi{ci_etnt whe'n heceseary: | Thi‘s is .
accomplished in FUNCTION $S. In FUNCTION SS'the Y table is transfor?héd
from a single d1mens1ona1 array to a 9x5x 203 Table Z 1s 11keW1se changed
1nto a 17 x 45 array., The three-d1mens1ona1 array is back-transformed
into a s;‘tngle dimensional one as follows: |

KZ()= ~765- (L7=(+1))-17*@45-L). -
KY(1)=9135-~ -(o- (1+1))-9* (5~ (J+1))-45% (203-1)

“Once a KZ(l) or a KY(l) has been estabhshed the program searches the

approprlate subroutlne COEFFZ or COEFFY to f1nd the correct coeff101ent
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This is accomplished by the following statementé using the Z table as an

example;

DO 10 J=1, 87
IF(KZ(l)—N(J)/lOOOOO) 10,20,10
10 CONTINUE:
Z(1)=0.0
GO TO 21
20 IS=MOD (N(J), 10)
Z(1)=FLOAT (MOD(N{J), 10000)/10)*( 1)**IS
- 21 RETURN
~END

The program checks to see if IZ (1) matches the first four digits in a particular - '

location. When it does the program established the sign IS=MOD(N (J),10)
and‘combines this sign with the coefficiént and returns the coeffi‘c':ie,nt'fso
FUNCTION SS as Z(1).

The rest of the chénges are basically redimensibning to include 130

orbité.ls, as in the previous'c'ases; with the marked difference the lvos"s of the:

. third array in the labeled COMMON-ARRAYS. This program is stored under

the name CNDOMEG and re‘qu'ires 43K. The sbecific changes are shown in
Table 2.
88 o L
In the CNDO approx1mat1on the total energy of a molecule is found
from:

Z_/R

=1 +
TP (HW )EZABAB

E =3
to-tal Ly uv A<B

where y = orbitél on atom A




© Table 2, Modification to CNDO/2 Program To Generate 130 Orbital Version

Area of Program

Old Program

-Nevarog;ram

MAIN PROGRAM
" 90

SUBROUTINE COEFFT
SUBROUTINE INTGRL

FUNCTION SS

. AFTER.

 COMMON/ARRAYS/ABC (19200)

COMMON/GAB/XYZ(2000)
COMMON/INFO1/. ., U(80)..
CALL COEFFT

IF (OPNCLO. EQ. OPEN) GO TO 90
CALL HUCKOP '

CALL SCFOPN

CALL OPRINT

COMMON/ARRAYS/S(80, 80)
..« XX(2900) '
COMMON/INFOL/, .. U(80). .

' COMMON/GAB/XXX400). . .

 YYY(126)
DIMENSION P(80, 80)

: ‘COMMON/ARRAYS/S(SO 80),Y

©,5,203),Z (17, 45) XX (2900)-

NNIl —Nl +N2-1 +1

o .-ES—S+Z (I+1 L)*A(I+1)*B(NN11)/

2.E0

CAFTER".

IIII—Z *J+MOD (K+I 2 ) +1

COMMON/ARRAYS/ABC (33800)
COMMON/GAB/XYZ(2398)
COMMON/INFOl/ .U@130)..
DELETED

DELETED

DELETED

DELETED

DELETED o 9
DELETED ENTIRE SUBROUTINE

COMMON/ARRAYS/S(130, 130)

. . XX(16900) _
COMMON/INFOL1/. . U(130)
COMMON/GAB/XXX(GSO)
CYYY(2T74)

~-09~

- DIMENSION ‘P(130; 130)

COMMON/ARRAYS/S(130, 13 0),Y
L (1),Z(1),KY(1),KZ (1), XX (16896)-
INSERT o
- KZ@)= =765=(17~(I+1))-17* (45 -L)
CALL COEFFZ

C X=X+Z(1)*AQHL).

IﬁSERT :
KY (1)=9135-(9- (I+1))-9%* (5~
(J+1))-45*(203— )

T Ty




Table- 2, (Conﬁnued)

Old Program

New Program

Area of Program

"SUBROUTINE SCFCLO-

SUBROUTINE CPRINT
- SUBROUTINE HUCKOP. -
' SUBROUTINE SCFOPN
SUBROUTINE OPRINT

70

' SUBROUTINE COEFFZ -
SUBROUTINE COEFFY
SUBROUTINE MATOUT
 SUBROUTINE HUCKEL

X=X+Y(@+1, J+1, L)*A ([+1)*B
(11D .

COMMON/ARRAYS/A (80,80, 3)

COMMON/ARRAYS/A (80, 80), B
" (80,80),D(80, 80)

"COMMON/INFO1/. .. U(80); oo

COMMON/GAB/XXX (400), G(35,

70

CALL COEFFY

X=X+ (1)*A ([+1)*B (III)

"INSERTED

INSERTED
COMMON/ARRAYS/A (130,130, 2)

COMMON/ARRAYS/A(130,130), B
(130,130) o .

COMMON/INFO1/...U(130)...

COMMON/GAB/XXX(650), G (35,

35), Q(80);Y¥¥(80), ZZZ,
ENERGY, OLDEIG (80), DMD
(80), XXY (52)

SAME AS SUBROUTINE HUCKEL

. DIF=ABS(OLDEIG(I)... . 240))
- OLDEIG (1)=XXX(+240) -

' SAME AS SUBROUTINE HUCKEL

—35), Q(130), YYY(130), ZZZ,

ENERGY, OLDEIG (130), DMD -

(130) .

SAME AS SUBROUTINE HUCKEL

DIF=ABS(OLDEIG(). . .390)) -

- OLDEIG ([)=XXX ([+390)

SAME AS SUBROUTINE HUCKEL

'DELETED ENTIRE SUBROUTINE

DELETED ENTIRE SUBROUTINE

‘DELETED ENTIRE SUBROUTINE

19




" Table 2.

.(Continued)

Area of Program

Old Prbgr am

Nev&} Program

SUBROUTINE EIGN

'SUBROUTINE SCFOUT -

SUBROUTINE EIGOUT

COMMON/ARRAYS/A (80, 80), VEC
(80, 80), X(80, 80) '

' COMMON/GAB/GAMMA (80), BETA

* (80), BETASQ(80), EIG(80), W
(80), XYZ (1600)

' DIMENSION P(80), Q(80)

DIMENSION IPOSV (80), IVPOS
(80), IORD (80)

COMMON/ARRAYS/A(80, 80, 3)
COMMON/GAB/XXX(2000) -
COMMON/INFO1/...U(80)...

COMMON/GAB/XXX (240),
EPSILN(80), YYY (1680)

VCOMMON/ARRAYS/A(13O 130) VEC

 (130,130) .

COMMON/GAB/GAMMA (130), BETA
(130), BETASQ(130), EIG(130) W
(130), XY Z (1748)

DIMENSION P(130), Q(130)

DIMENSION IPOSV (130), IVPOS
(130), IORD(130)

COMMON/ARRAYS/A (130,130, 2)
COMMON/GAB/XXX(2398)

COMMON/INFO1/, .. U(30). ..

COMMON/GAB/XXX (390),
EPSILN(130), YYY (1878)
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-63- -
v = orbital on atom B .-

: PI-W = electron density matrix element
B, = core Hamiltonian matrix element -

R va = Hartree-Fock matrix élément_ l

ZA = core _chal_'ge of atom A
Z, = core charge of atom B~
Rig= distance between atoms A and B .

© 1t is possible to break up the total energy into the sufx_i of mono- and diat_ohqic._

contributions, Thus:

5 E

E  =ZE L+ ,
total A ‘AA A<B AB
where E = monatomic contributions

A

‘EB = diatomic contributions

In the full expanded form the monatomic term is
E =iztp @ +P.‘"). (=
A SRRNNTI AT} 7% AA

g - Pap)7s

. where VAR = electron repu1s1on 1ntegra1 between electrons
in orbltals on A-and those in orbitals on B,
The first term is the attraction Qf the core of A for all 'elec,tron's; the second

-subtracts'out‘_fhe' attraction of the electrons for all other cores. The diatomic

C Ap. B AE _
EapTEE R R, () TPy AR " Pan?s.” PBB AWAB
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Z
AZB

Ban

The first term is the attraction of atoms A and B for all elec}:rons; the- ,secoh_d

is a composite repulsion term which subtracts’ out the repulsion between elec—

the electrons on B and vice versa. The last term subtracts out the repulsion
between the two cores, A'and B.
. . 138 ) .
The program as obtained from QPCE is written in such a .

manner that it was a dist'inct-advantage to treat the above equations in a -

-of a molecule is:
E ., =32 P (F- +H
electronic ' ° w pv o opy u'y) :
Another way:of expressing this is:

: =% P (F +
Eelectronic z Tr { ( Hﬂ}

the elements associated with a particular atom

or with the interaction between two atoms

T and W = the analogous terms in the Fock and core
Hamiltonian matrices, respectively

Using this expression we can gererate two monatomic and diatomic energy

terms:

trons of A and those on B while taking into accourit the attraction of’coreA-A for

slighﬂy different manner to obtain the desired result. . The. electronic enérgy '

where IP = a submatrix of thé density matrix which contains =~
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AA _AA_AAY AA _ S
E =27 {]p } + ‘ Lk ) ‘
Ap 2 T (™ TH ) Tr P o Z‘ L(ZB Z.('.Tr]PBB)GABJ‘
. | " . B#A D > AB]
L i S o AA
E,, = z_rr{:n_»AB (= )}+ ZAZB/RAB - (ZgTrE
o BB - . o '
.Z ATr]P )G AB (Tr]P )(Tr]P ) AB

The specific program u_sed to eet up this ”atom—at_erh energy'' m_etrix is shown -‘
in Table ‘3. This prograrn was-ihserted after the“fdrmation OT the ”ra'dii:
matrix" [R(A, B) - Iocated in B upper)] in SUBROUTINE CPRINT
‘ There is one other. mod1frcat1on that'had to be made The Hartree—Fock
- matri}r (IT;F) is storeel in the lower pert'of rhatriX A. When conVergencefis '
rceched the H F matrlx is printed (seelSUBROUTINE SCFCLO88 P 178)
_ Then SUBROUTINE EIGN 1s called to generate a new e1genvector matrix and
‘elgenvalues, whlchvdestroys the H-F matrlx. Therefore after com;ng out
' of SUBROUTINE EIGN for the last time it-is again n‘ece'ssargr to return to the
beginning of SUBReUrINE SCFCLO to generate.the .-.Fo'c‘k matrrx again'.h_ j |
To estabiieh that’ I’ --had i_ndeed calcula;ced the eitbm—e’eorh_-energy,m_a’.cri}.i
: ‘éorrectly I performed two checks. First, the sum'of‘ fhe. en‘ergy from .the_:‘.
"eterh-atem energy matrix shoﬁld equal the totel energy. - S;ec’ond. . ‘1. cohi‘pared‘.
our calculated values for water with bond angles ef 105 and 180 with the -

8p93

'~ values Pople reported Both of these 'checks_ eonfirrhed‘ that-

method does indeed work,
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~ Table 3. Program Written To Generate "Atom-Atom' Energy Matrix -

C FORM ATOM~ATOM ENERGY MATRIX IN LOWER A
DO 400 I=1, NATOMS
TR=0.
DO 410 K=LLIM({), ULIM(I)
DO 420 L=LLIM(), ULIM()
- IF(L-K)430, 440,450
430  TR=TR+(B(L, K)*(A(K,L)+A(L K)))
GO TO 420
440  TR=TR+(B(K, L)*(A(K L)+Q(K)))
. GOTO420 -
450  TR=TR+BK,L)*A(L, K)+A(K,L)))
420 CONTINUE '
410  CONTINUE
SUBTOT = 0.
DO 460 II=1, NATOMS -
. IF @I-1)470, 460,470
470  SUBTOT= SUBTOT+((FLOAT(CZ(II)) (XXX(II)*O 5))*G(I 11))
460  CONTINUE
400 A, I)=(TR*0.5)+(XXX(I)*SUBTOT)
DO 600 I+1, NATOMS-1
DO 600 II=I+1, NATOMS
TR=0. ,
DO 630 K=LLIM(I), ULIM(I)
. DO 630 L=LLIM(I), ULIMI)
630  TR=TR+(B(K, L)*((A(L,K)+A(K, L))*0.5))
. REPUL=(FLOAT (CZ())*FLOAT (CZ(Il)))/B(L,1)
. TERM=G (I, II)*((FLOAT (CZ (II))*XXX(I))+(FLOAT(CZ(I))*XXX(II)))

600  AQILI)=(. *TR)+REPUL-TERM+(XXX(I)*XXX(II)*G(I,II))
WRITE (108, 610) _

610  FORMAT (1X,24H ATOM-ATOM ENERGY MATRIX)
CALL SCFOUT 2,1, 1) .
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Structures Used as Input for CNDO/2 Calculatlons

Pople prov1des a table of standard bond Iengths and angles
but becaus‘e a number-of crystal structures have been done on,chlorobenzenes,
139-143 | |

‘ - ' 143 . L
are based on the work of Milledge et al, and are C-C: 1,387 A; C-Cl:

1.711 A; C~H: 1.083 A, All bond angles were 120° and all molecules, were.

" considered planar (i.e., there was no out of the plane bending with adjacent’

" chlorines).

_The strnctnfe -of biphenyl prese_ntsl a more _complicated situation. | This..
is because there .can be rotation..around the bond between two phen_yl meie.’nies,
The basic sti'ncture we eeleeted had the same bond Iengths a_nd angles as tne_. ‘
chlorobenzenes with a central bond leng’;h of 1.480-A, .1 ro’t‘ated the'];.il_lenyl

rings in an attempt to find the minimum energy and_thlis_ the preferred confor-

.mation, The final structures I selected will be diScnssed in the- ";Re"sults'

and Discussion" section.

The preferred conformatlon carbon skeleton’ of 11ndane is essentlally

a chair form 144, . 145 with the ‘chlorines having an eeeaaa e= eq_uatorial-, a =

146,147 _ o S
axial) configuration. 46, 14 Thus the structure I used as. an input for the:

CNDO/2 prograrn was a classic chair form with bond leng,t‘hs‘ of C'-C:.‘1.53 A,

C-H:1,095 A; C-C1: L.77A 48 with all bond angles being 1‘09.4_79.

‘88, pp 111~ 12

I decidéd to use experimental bond lengfhs. The valdes selected -
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Eétablishing the input structure for y-BTC was somewhét..more difficult. ‘
There afe two posgible éhlorine cdnﬁgtiratiéﬁs for 'y—B’I"-._(-? , -eeeé and‘ aaae with -
the former béing the preffered cdnfiguration. 136 The cérb'()n si{e'léfon prdbabiy
adopts a"‘half-jchair" form as has been establi‘shed" fqr_(s--‘-l.; 3,4, 5‘,'64peht‘a;
chlbrocycl(;hexene. 149 The basic bond lengths and angies,::for the inpuf struc—‘
ture wefe taken from Pedone et al. 150 Carbons'1,2,3 and 6 were .pu‘t;in‘ the

same plane' with the bond lengths and angles made éymﬁetfical. Tlﬁs,- while -
not exactly conforming ,'t.o the crystal structure tends to give bett.ér wa\-re
fﬁnctioﬁs. 151 Carbons 1 and 2 Wére tr'e;'ited as i'egular s‘p‘2 c.arbonsﬂ,‘ c':érbor:ls.
3 and 6 as Spg.  Carbons 4 and 5 were required to be 1,54 A away'from-car-'.
.b';)ns 8 and 6, respe‘Ctivély; furthermore they had to ioe 1.54 Al away from each
other, Carbon 4 had to be the same distance above the _C—i;_ C-2, C-3, C-6
iolane as carbon 5 was below. Finally carbons 3 and 6. had‘to'vremain fetra_
hedral. When these conditl;ons are met the ;':l.ngle of C-3, C-—4, C-5 .(and
likewise C-4, C-5, "C—G') is 109.89° rather thaﬁ the’ true te_trahedral arigie- of
109.47°. Once ’the carbons were located, the r“emai‘ning' égbstituents Wére o
located lising a .program‘ .,(NORM) written by P. Callis, 'i‘he énd produc’p was
checked by two different programs, BOSCAN (written by D “_S.mith) 'Whiéh
checks bond 1engths and angles and an ORTEP program (as xﬁodifiéd by D.
Smith). These conﬁrmed-thatthe desired conformation had been obtaine-d.-

. ‘ 2 :
The specific bond lengths and angles are: C(sp_z)-C(sp;): 1.32A, C(spz)f
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C(sps): 1.50 A; C(sp3)—C(sp3): 1.54 A; C(spvz)—H: 1.084 A; C(sps)'-lH: 1.095 A;
_C(sp?)-Cl: 177 A, All angles, except wﬁere -pi'eviousiy noted, are éi_the:f
109.47° or 120.0°. | E

’i‘hé input structure for DDT waé establishea iﬁ.tile foll()-v.\}ing,rln.énr;er.

Since'it is possi]'ole‘ for free rotation of the phenyl rings..'around carbon Z,I
felt that the preferred conformation would be when there ié a minimum inter-
a_c’tion betweeﬁ 1) the c;x.'tltllo‘hydrogens on‘ fhe bhenyl. rings and ’;‘he chlorineg on
carbon 1, and 2) the orfho hydrogens on-one pher‘lyl' ring and the ortho hjzdrogéns
on the other phenyl ring, To find this desireci configurétion a progrém:\'Nas
written which wotild rotate carbon 1 and also rotate eac;h of thé phenyl: moieties.
The first constraint placed on the structure was that all atpms bé no clééerv
than Van Der Wéal‘s radiiv 3.0 A for H—CI, 2‘.4.A for H-H). Once this condi-~
~ tion was met the program then estabhshed which conflguratlon gave mmﬁnum
steric interaction. - The final structure is shown iq figure 6 The angle
- between the two phenyl‘ rings is 93.,50 which is ‘somewhat more than the angle |
that has been foﬁn('i"in the crystal structure. 152 Thé specific bond 1en'g1£hs ‘-ﬁlFld
éngles used were: C(sp3')-C (sp3$: 1.53 A; C(sp3)—‘C(sp2-):' 1. 53-'A' C(sp~34)-H- '
1.095 A; C(sp )- Cl 1,77 A; C(sp )= C(sp ) 1.396 A; C(sp )= H 1, 084A C(sp )—-
Cl: 1,711 A, A11 angles are either 109.47° or 120 0

The input structure for heptachlor was based on a_crystal Structure'.15.3 . The

. ' o . _ L + 151
norbornene moiety was made symmetrical to give better wave functions.
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Structure of DDT Used for CNDO/2 Calcﬁlétioﬂ S

Figure 6.
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The C-C and C—CI bond lengths and angles for pentaéhlo_rophenoi were the
same as thdse used for the chloroberizé’nes. The‘; C-0 bond léhg‘th was "1_.‘3.2,9
A154 and the O-H bond ieng'tl_l was 0.96 A. The hydroxyl h}lrd'r‘ogen waé-placed

' . in a plane pe‘fpendiCuIér to the ring with a C-O-H bond aﬁglé of 116.50.‘155‘

Anaerobic Degradation Procedures

The organochlorine compounds were incubated under anaerobic conditions

in one of two systems, soil or sewage sludge. Samples in the soil system were" ,

treated as foliows,. Bowdoin soil '(Sainple 367i Mor.1t)' waé taken from a ‘dép’gh
_‘Of 0-8 inches and air dried. The physical characteristics yof the soil Wex;e:

pH 7.9; 1.44% orggnic car.bo'n;.O.B% san‘d;- ‘30.6% silt; 68.6% _‘clayv (analyéis' 'per;
formed by G. Nielsen). The éoil was then ground in‘ a ball ni_ill and paséed
through a 35 mesh screen. Five mg of the compou'rid fo bé incubated was
added to 10 ml écetone and the solution mixed iﬁ a 45 gram' p(;rtion of so.il.“ The
sbil' sample was air dried to evaporate the acetone. Then 258 driedl‘_:and |
ground alfalfa waé adde;d (to serve as an énergy source)plus 5 g fresh ééﬂ

(to insure the presence of microbes) and the entire sample - was mixed for

- 1 hour. Ten grain portions of soil were then transferred to 25 ml Erlenmeyer .

flasks, flooded Wfith double distiiled water, stopp‘er‘ed' with gauze: and in’c;ubaféd
at room temperature.

Samples.wére- normally analyzed at -fwo week-intervals, The initial
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extraction consisted of shaking the soil sample with a hexane:isoprepanol @:1).

solution. .This proc_edure-was abandoned beeause it gave very low recoveries. .. -

For instance, only 20% 2; 3, 4,5, 6-pentachlorobiphenyl and 46% hexachloro-

benzehe could be recovered. Thé éxtraction and cleanup procedure finally -

i

adopted was as follows. The soil saxhple was transferred to a Soxhlet apﬁara-f ‘

- tus and extracted for 3 hours with acetone. The acetone-water solution was
" then concentrated to about 20 ml on a rotary evaporator, transferred to a

separatory funnel and 100 ml of water was added. "The agqueous solution was ;

extracted three times with 50 ml 'porti'o.n"s of hexane. .. The hexane was cbncen- -

tra’;ed to appi'oﬁcimatt_aly 20 ml by rbtafy évaporator and then paésed fhro'ggh a
florisil collumn. (Baker, 60-100 mesh) eluting wjth an additi’onai 50 ml of
hexane, The extract was then analyzed by electron cabture ga;c,'g:hromafo—
graphy. ThlS procedure gave approximately 90% recovery of hexaélﬂorob'en-
z‘e.né. |

Later anaerobic incﬁbations were per;formed. using sewage sludge_ ob~- .
tained ffom th-ev 350 anaerobic digestor at the"querﬁan séwage tréatrﬁent plant
~The physic'zai.chara_cteristics of this slud-gé‘ are: pH 7.0; 1,7% total golids of
. which 60% are volatile ‘solids. The sewage Was collected in 2’—litér Erlen-

meyer flasks and treated with 20 mg of the compound to be ,i‘n'cubéted in about

10 ml acetone (except for decachlorobiphenyl for which butanol was used as - -

the solvent). 20 g ground beef was added: as an energy source and _the'_sample‘ R
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was incubated at 37OC. The solution was mixed with a magnetic. stirrer and

a nitrogen atmosphere was maintained over the surface to insure anaerobic

conditions. The incubation apparatus is basically the same as Hill’ ' aﬁd_ :

McCarthy's. 0 Samples (100 ml) were withdrawn by applying positive pressure

with the nitrogen, transferred to a soxhlet apparatus a'_rid ex’tractéd 3 hour's.
with acetone. Th;a acet‘one was removed by rotary evaporator, the fesultant , )
aqueous solution extracte'c_l three times with 50 ml portions of -he'xane. The
remainder of the proéedure was identicaI to- that uséd:fo_r séil samples.

When énalyzing for benzene in sewage (f.rbm. fche lindat.ie‘ incubéti'on) only
one exit tube from the incubation flask v;/as used and it was run through a dry
ice~-acetone .coid trap. T-fle sy‘stein‘ was alloWéd to incubate in tile normal
’ fashi’on for 24 hours, then nitrogen Was-bubbl_ed through the.éewage for :1-'2. hr- '
to heli) force out any benzene that -had been formed.. _‘T‘he benzene so formed was
analyzed directly by flame ionization g c

Ben‘zene foi'métio’n was confirmed by sjnthesiz’ing th-'e. 1, S—dinitro— deri~
vative. 15 ml concéntrate:d-sulfuric acid was :adde'd to 5 ml ‘con.c-eritra'te:d--
nitric acid and cooled in i_.c.:e.. The solution .co%fcai_ninlg At.he benze;ae'wlas sllo'\'zvly'
added to this, while cooling with ice, After c(;mplete ad'diti:on., the miﬁctﬁre .
was warmed 10 minutes, then poured on about "10'0 ml;;'ice and -eXtrécted:’F-h:r?ee
times with' 50 ml portibné of hexane. The hexane éxtr.ac‘t Waé ”conc.ehtrat'e..d.

by rota.f_y evaporator and analyzed by g. c. .
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The de_gradation of all chlorinated compounds W1th the exception of DTE

1, 1 1, 2-tetrachloro-2, 2-bis (R—chlorophenyl)ethane) was monltored by electron'

| capture g.cC. E I was. _unable to separate DTE from 1ts anaeroblc metabohte S
DDE, on any of the columns tried. ThlS is probably due to a rapld thermal
breakdown of DTE to DDE on the g.c, column 1 was -f1na11y able to
separate the two compounds by the use of high pressure liquid chromatography.
A Waters model ALC 202 equipped un‘th a UV, detector (254 nm‘) was used.
After trying various columns and solverits we' elected to use the folioWing
operati'ng condittons'. The column was Cy 8/'_Corasil packed in a 2' x1/8"
stainlessAs'te'e.l'column; the elution solvent vtras methanol_i water (67:33) with

.a flow of 1.2-m1/minute.

Electrolysis Procedure

' All‘of the _voltammetric reduction p.otentials u.se-d'arebased on the Work _
of Farwell.,.1 The controlled electrolysi.s' procedure -wasalso takeh_ from
Farwell. A three eIectrodesystem was used, a satura'ted, calomei re'ference '
electrode (Sargent No. S-30080-25), a mercury (tr1p1e—dlst111ed 1nstrument -
mercury from Bethlehem Apparatus Co.) pool Worklng electrode and a 20 .
gauge .coiled platinium auxiliary electro.de. The solvent system-wae 0;1 M |
tetraethylammonium- bromtde (Baker) in dimethyl s'ulfoxide (Baker). In a

typical experiment between 10 and 50 ml sotlvent,‘ depending on the particular -




- so that the final concentration of electroactive Species was 1 x 10'-3 M.
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type of investigatjon, was added to the sample compartment, - Sufficienf solve.n;c.
was then_ addeci to both 'refefence and au)ﬁliary corﬁpartmer}ts s?o that the s‘dle g
vent level in all three .gompartfnerits was equal, The at.lxili'aryg electrode_ sol-:‘
x}e‘nt contained about 0.01 i\_{[_ hydraziné sulfate to prévenf anodic -at:ta.rck_ on't‘he
electrode'. |

The sample solvent was stirred with a magnetic stirrer and nitrogen

gas (which was passed through two wash bottles, the first con'taining. vanadous

chloride and the seqond dimethyl sulfoxide) was bubbléd through th(_a Sarﬁble
compartment_ to deaerate the sélution throughout the durati(;n of thé elégtroiy—i-
sié. Voltage was_applie;i at 'a setting of épproxixﬁately ..—2.30 V (vs, SCE)
to electrolyze any electroactive impurities in the solve.n’;.' Foliévﬁngthe -pr'é— '
electrolysis 'per.iod' (about 1 ‘hour) the applied _volta'ge was. aajusted to the,.poter-l-.-
tial of interest (i‘. e., a particular half-wave potential as established by
Farwell) and sufficient compound in about.z ml 0.1 M TEABr-DMSO was added '_
Two different types of experiments wéxje performed, .firs“t. the dis—
appearance of a co’mpo’ﬁnd and formation of new compounds'with time, This
was perfbrmed'by'withdrawing small samples -(abogt- 1' ;ﬁi)-'at :réguiar‘i»htéf—
vals, diluting the solution with an equal volume of water, paxtitionihg' fhe com=. "
pound of interest into hexane and analyzing by g.c. In the s,eéond type of .

experiment, the electrolysis was continued until the electroactive species was
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completely discilarged (about 24 hours). "I“he samplé vs./as then e#ractéd as
| .abovg. | This latter fype' of experiment \.)vas perforn‘ied W_hen it was de‘sire‘d S
to _obtain.enougﬁ éombo‘und for identificatiqn ;.)urposes“ ;)n i;istr_umentat.ioh' oth_é'if )

than the electron capture gas chromatograph.




RESULTS AND DISCUSSION

I have elected to break the presentation of the results and disduésiog intg'),:' :

two broad categories. First, we will look at the use of quantum méchanics as -

a means of-bredicting the ease of reduction and the reduction pathways of -

chlorinated hydroca,r_'bons° The resulfs here will be compared, where possible, "

to the electrochemical data acquired by 'F-arwell.' 1 In the .in'stanc‘:es where l.'.liS‘:
data is Il‘acking,_ additional electrochemical experiments were' pefformed to”
help build a stronger case. In addition, weIV\‘zill also look at the ﬁlechanism of
the breakage 6f the éarbon chlorine bond in aromaf—ic sys;ce?ns, bésed Orll"a '
quantum mechanical investigation,

The second area to be discussed is the anaerobic degradation of chlor— °

inated hydrocarbons of environmental ‘interest. Using data acojuired by_other -

investigators and pérforming experiments to provide additionail data, wewill see
whether or not reductive electrochemistry and ultimately-quantum mechaniés ,
can predict if compounds will break down in a reductive gm)ironment and-,i-f ?so_

what the products will be.

Molecular Orbital Investigation of Electrochemical Carbon-Halogen Reduction: -

Chlorobenzenes

Our investigétion will Begin with the chlorobenzenes.  Since they aré

planar they readily lend themselves to molecular orbital calcqia,tibnsv in fhaf




the sigma (0) and pi (7) systems will be quite distinctive.. 1?‘::11"we1:1'1 has estab-

lished the reduction potentials and the reduction pathWayvs for the -entire series,- :

so we can compare the molecular orbital results to experirental observations,

Molecular orbital caiéulations‘ were performed on all of the possible

" chlorobenzenes. The calculations were done in single precisio_n (with the

exception of total.energy). The calculation was stopped (i.e., considéxjed' o

sélf consistent) when the difference in_tofal elnergy..bétwe_en two éycl‘es was
equal to (;r less than ‘0.0061 a.u. (0.0629 kc':al/mole).- |

We have ‘préviou's'ly seen that V\'rh'en cbihpound__S gi‘e elleétl"oc.hemically |
reduced the eléctr—oﬁ will enter the LUMO (see ‘:'Ihtrodlicfion“).a Fﬁkui24
speculated that iﬁ organic halides, this may be a o orbital instéad: of ;51 T
qrbitai as usuallyvfout'ld in aromatic syst_em's, .:Tabl"e 4 gives the lfirst I.'e'du',c--‘ |
- tit;n poten_tiéﬂ (E2 d ) found for each of the .éhiorobenzer.les as‘_estabiished by
Farwell. ! Included Wlit.h this data is the eigeﬁva@uqfc;r fhe lowest G'mplecular
orbital (LUM_O—G) land thé lowest 7 mdie-cular'orbitai '(LUMO—W). While fche
LUMO is o orbital for 1,2-di-, 1,2, 3~tri-, 1,3, 5-tri- and 1,2, 3, 4-tetra-. -

chlorobenzenes, the LUMO for the majority of the chl-c?robénz'e"nes isaf

orbital, Mofeover; as the degree of chlorine substitution increases, which |

increases the ease of reduction, both the o and ¥ LUMO's decrease in energy. .-

_This can be seen quife_ readily in Figures 7 and 8 whére the first reduétion

‘potential for each of the chlorobenzenes is plotted vagainst'eithexj LUMO-o or. -




Table 4. Experimental First Reduction Potential (E

) and Elgenvalues of

the Lowest o and 7 Molecular Orbitals from Closed Shell CNDO/2

Calculatlon on Chlorobenzenes.

Coirnpound

.1.322

E,q V) LUMO-0 LUMO-7

' @.u.) C(agu.)

1 2.440 0.1096 0.1065
1,2 2.218 ‘0’.0‘815. © 0.0819

1,3 2.197 0.0846 00845
1,4 2.199 0.0972 0.0792

1,2,3 1,962 0.052% 0.0588 .
1,2,4 1.997 10.0679 0.0567
1,3,5 1.985 0.0625" 0.0698

1,2,3,4 1.764 0.0418 0.0433

1,2,3,5 1.794 0.0433 | .0.‘(_).408 |
1,2,4,.5 1.808 0.0496 0.0338

1,2,3,4,5 1578 | 0.0272 10,0255

1,2,3,4,5,6 0.01651 0.0326 . |
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. LUMO-7. A fairly good linear relation is observed in both cases. ‘This result -

differs from Fukui's. He noted a decrease in energy with increased chlorine. -

' substitution for o orbitals, but found the LUMO-7to vary in a ¥andom manner,

The LUMO-c and LUMO-T ‘are basically degererate énd since the _slop‘és and

intercepts of Figures 7 and 8 are not statistically different, we still cannot -

_tell the type of orbital the electron enters. -

We have been trying to decide what type of orbital the eiec-tron g'oes‘iri’éé '

.by using a vacént orbital ‘(virtual orbital) and aésuming that there will be no

significant pertlir'bations when the orbi’pal becofnes océupied, ' A better method
would be to put thé electron in, perform the calculations, é,r.1d .s‘_ee_a what type of
orfbital is th§ HOMO. Thus'open shgll calculétions Were_ performed on the

r;adical anions of all the pqs'siblé'chlorobenzer-les. ":I‘hé same bbnd_ yléngths',altnd‘ o

angles were used as'in the parent compound. The calculations were again .

" done in single precision except for total energy and the iterations were stopped

when the maximum change in electfonié dehsit& for all atoms- betweeh_ two"
qycles was 1ess Q‘c’han 0.01 a,u. .

The HOMO a_nd LUMO obtained from thésé calculations are show;a ih -
Table 5. It is immediately obvious that the HOMO in ‘each' an_d every-cas'g- is
a o orbital, Furthermore the 17 orbital with which it used to-be nearly degéAn:-;_"
erate is in some éases no longer the LUMO but aétﬁaliy aihijgher._drk;ital.»

An objection might be raised that the "structur'e_ of the rédibal anion mi;ghfc: be
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Figure 7. First Reduction Potentials for Chlorobenzenes vs. Calculated
LUMO-o. y =10.70+ 2.86x +1.28 + 0.19, r = 0,97
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Figure 8. First Reduction Potentials for Chlorobenzenes vs. Calculated
LUMO-7, y =11,39+ 5,00x +1.26 + 0.32, r = 0.93
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Table 5. Eigenvalues of the HOMO and LUMO for the _Rédical- Anions of the -
Chlorobenzene Series Obtained from Open Shell CNDO/2 Calculation

‘ 'HOMO (a. u. ) T LuMo@u.)
Chlorobenzene (type Q_f'orbital) |  (type of‘or‘bital)
1 B 0.0027 (©) - 0.3479 @)
1,2 N X S 0.2724 (0) -

‘ - . 0.3180 @),
1,3 o 0.0413 @) - - 0.2209 ()
: 3 - 0,3111 (1)
1,4 o £ 0.0622 () | 0.1955 (o)
- - : : 0.3114 (7)
1,2,3 ' 10,0073 () - - 0.2608 (0)
' , ' : ~0.2767 ()
1,2,4 T -0.0005 (9) 02488 )
| ' | L ©0.2619 (1)
'1,3,5 o 0.0386 () . 10,2221 (0)
‘ S 0.2225 (0)

_ 0.2815 (1)
1,2,3,4 ' ~0.0053 () o 02204 ©)
' B . o 0.2363 (1)
1,2,3,5 . © o 0.0018 @) 0.2295 (0)

: 0.2297 (©) .
| 0.2487 (1)
1,2,4,5 . 0.0321 (0) | 0.1840 () .
E ' : ©0.2277 (0) -
0.2405 (1)
1,2,3,4,5 - ~0.0234 @) - . 0.2119 ()
: , o 02122 ()
1,2,3,4,5,6 - ~0,0054 (o) ' 0.1768 (@)
- P 10,1776 ().

0.2015 @)
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appreciably different than the parent compound. -This indeed may be the case, -

* but there is other evidence which indicates that the .e_lectxl'on addéd during o

reduction is placed in a sigma orbital.

This sigma orbital is a rather interesting orbital. Itis a very loéaii.zed" .

anti-bonding orbital with almost all the electron density situated in carbon
chlorine bonds. "I‘_‘his presents a very nice situation since this high electron “

density would promote loss of a chloride ion. Thus from looking at'the_ldca4 ‘
tion and degree of electron density in LUMO-0 we should be able to predict

the product formed,

Let us return to the closed shell calculations on the chI,brobéhzenes.

Figure 9 shows the elect_ron distribution on each bf the atoms in the LUMO-o, -

and, for the sake of comparison, Figure 10.gives the same for LUMO—."rr."
These values are obtained by summing up'the squdres of the e,igehvectdr
coefficients for a particular atom (i.e., for chlorine there are 9 orbitals, thiis :

9 coefficients). Inthe o case it can be seen that the electron density resides

: primarily on the chlorines and to some extent on carbons adjacent to the .

‘chlorines. For the LUMO-T to a rough appro;:imafion the reverse is true;

the electron density is greatest on the -cei_rbdné adjacent to chlorine's,_With thé R

chlorines themselves making a.minor contribution.

Now if one considers the electron distribution of the LUMO to be .s_:imileii" E

tqiwhat the electron distribution would be like With the electron added, then it -




Figure 9. Electron DénSity Distribution in the LUMO-0 of Chldrob‘en_zénés
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shoqld be possible to predict which chlorine will be'preferentially lost. This is
) not an altogether unreasénable approximation sihée the‘ éddition of one electron '
“toa syst_é-m.thai; contains at 1e'as"c 36 valenc'e‘ electrons _shoﬁld ﬁot crevate that "
gxfga’g a perturbation; Sincé in electroqhen‘r.:tical_reduction a carbop chlox"ihe:
“bond is going td be clea-véd, fhe:relative eaSe'of a _particulér_ ‘c.:‘hlorine ‘Ic-)sé‘ can:_
be estimated as:

N

2 2
P =%
i Z?c-ch/iz(zcc-01

)

That is, thé probability of a particular chlér‘i%le béihg lost Should bé' eqﬁal: to fhe
electron density on that éhlorine (and its adj acent carbon) in 'the_ LUMb diﬁd_ed
by fotal electron _d'ensity“ on all 6f the chlorines (with‘ their associated carboné) _-
in the LUMO. “The restilts of this treatmenf are shown: 1n Figﬁi‘e 11 for the
LUMO-o and Figure 12 for fhe LUMO-7 along with the résults éstabiished by |
Farwelll from controlled potential electrolysis of the chlorobenzenes. The ,. |
electron density d_istributic;n in the L_UMO-—G correctiy predicts the "major:
reduction product in evefy instance whére more than one'reducfion product is-
possible. MOreov;er, fhis'type of treatmeht giVes a reasonable estimate of the
aﬁount of each isomer that will be formed, tlg}ough it does teﬁd to underesti-
mate the contribution of the major compone.nt; and qvéréétiﬁate the a_mount of

minor isomefs formed. For example, 1,2,3, 5-tetrachlorobenzene is electro-

chemically reduced to form 1,2,4~ and 1,3, 5-trichlorobenzenes in i_'elati\}e
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33%
[14%7

' Flgure 11 Reduction Pathways of Chlorobenzenes Based on Electron Den31ty

D1str1but1on in the LUMO-0, [ .- eléctrolysis data, Loy )=
distribution on chlorine, = dlstrlbut;on on chlorine and adjacen‘t o

carbon. .
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Flgure 12, Reductlon Pathways of Chlorobenzenes Based on, Electron Densrcy
Dlstrlbutlon in the LUMO-7. (See Flgure 11 for key) o
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| broportions of 9‘1:9. The électron densivty‘ predicts a ratio of 60:28 with the
remaining 12% beipg 1,2, 3—t1;i.chlorollg>enzehe. ‘_ThuAs Whil‘e .tﬁe '.I'afids; ére 'nc.>.‘t' .
exact, the rel'é.tive Qrdering; of .the amount of each uisoiher forméd is ‘c.o'rl-'e.cf.'-
Basic_élly the same results are obtained whether "just the electl";m de‘ansity. on’
the thor_ine« or on.both the chlorine and its adj agént,. cax_'bqn ére cOﬁsidéfed, |
o Wilen ‘_the sax_ne. typé of treatment ig -é.tterhpted with the LUMO~m thle; cal-;
.culatioq failé to Ip_redicf. the products forrjne'd' (Figure 12). . In the ca’se" .c->f Ipent;a;
'chlorobenzeﬁe tﬁe- electron density predicts an 'equal foi'mati'on o;f 1,-'2‘, 3,;1—'_ ahd
1,2,4, 5—tetrach1c_>robenzenes-with no 1,2,3, 5;tefrach10robenzéne_ be"ing formed.,
Howevér, experimer';tally tile latter dompourid is the major pathway _:(65%) W1th
the other two isomers ‘bt-aing formed in minor, apd Withiri ex;.)eriménfa»l Iimifs,
equal‘ amounts. | This then is further evidencg that upon electrochénﬁic-al_ ir_'édug%-
tion the electron is a(_i'-ded td ao anti—bonding 6rbi£-a1 instead of to the lclos.;ely.
Iying m orbital, |
" The assumption ;ﬁéde_ in the ab(_)ve‘ tx_-eatme;nts is that the\el‘e'c_tr_on. d_eﬁsity
distribution in the "virtuél"-orbifal wi'll. be the séme' as when the elect'roﬁ
-actually occupies the orbital. Since the predicfe& p'atl.lways from thé 'eie'ctron
dengity distribution method correlate sc; well with experimental this ass_u’r;aption
éppears to be valid. An electron density treatment of the' HOMO-o obtamed :
from open shell_calCuiatibns'oﬁ the ra;lical ar;ioﬁ shpuld ﬁo_pe_fully -all‘so‘predi'ét

the pathways, possibly to a better extent than the virtual orbital method. .
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Figure 13 shows the electron density distribution ir; 'the ﬁOMO—G; .A trend
becomes immediately apparent; when there are adjaéent-,chlorines (i. elor., 1, 2,'3—
trichlorobenzene) the central éhlofine _coﬁtains aﬁ overwhe_lmihg electron
density. -In i, 2, 3~trichlorobenzene 63% of the electron density is associated
with the central (I:hlorine and the carbon tb which it is boﬁdéa. - The 2~ positior.i‘
chlorine in 1, 2, é_, 5-tetrachlorobenzene has 47% aﬁd the 3= position,chlc;ri'ne

in pentachlo:cjobenzene has 64%. Th1s greatly f;avors the Iosé of these chlorines |
as can be séen in Figure 14'.wliere fhe predicted and e};perimentél rédu(;tiori
pathways are outlined. The 'ope;.l‘shéll é.al@ulé.‘pion incorrectly predicts the‘. ..
-major reduction produc_ts from 1, 2,4, 5-tetra- and '1,2,‘3-t1‘i_chlorobenz-eﬁes

and great_l_y unde‘restima"‘ces; the d‘ominan't paﬁ:hway of 1,2, 3? 5-tetrac.h16r§bén—
zene, IAll of these 'erx‘"oneousv re‘su‘lts can be .éttributed to an overemphasis ‘of _
the electron densit&_ on the central chlorlir.le‘. .

There are other methods .by v;/hich it should be possible to estirﬁafe .’
which chlorine will be preférentially losf upon reduction. One method 1s fo
look at the virtual bond Qrder. This is the product of eigénvector _éoéfficiénts
for chlorine times the éigenvegtor coefficient for -.the carbon atom to which a
pgrticular chlorine-is bonded_, times the lover'lap matrix elemqnf for this inter- .
action, The bond order for each carbon chlorihe bond in the LUMd—o is
negative which indicates the antibonding nature of tﬁis Qrbital. ’T]'n.'ese' results

are shown in Fi-'guré 1‘5. The carbon chlorine bond with the greatest anti-
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Figure 13. Electron Density Disf_ribljtion in the HOMO-¢ of G.hl'_oroben_zerie ) -'
Radical Anions Obtained from Open Shell CNDO/2 Calculations®
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- o (30%)
[63%) 1%
5% - [65%],
21%] :

:-8_%
[14%]

Figure 14. Reductive Pathways of Chlorobenzenes Based on Electron Density‘- '

Distribution in the HOMO-0 of Chlorobenzene Radical Anions. (See
Figure 11 for key), '
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. . C1-.0618
CL=.0650 - H. AN

NCl -.0657 L A

Cl_—.<0446‘ Cl-.0419

Cl1-.0594 -

C1 -.0665
C1-.0260 Cl -.0346

NC1-.0482 St

¢l C1 -.0240

c1” ™ C1-.0309

¢l -.1168 Cl1 -.0437 .

Figure 15, - Bond Order of the LUMO-0 of Chlorobenzenes_
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bq.nding character should be the one which breaks most i‘éédily. Thus as
befofe a reduction ‘p.-athway can be predi_cted, as is ‘sho-wn in Figﬁre_ 16 The_'
pfedicted pathwna..y from the .bond orders is praétically idéntical to thé' p'afh'_.

way obtained from using the glectron c.lé-nsity aisj:ri_bution found in the LUMO—G; :

| If all of the‘ occupiéd molecular orbitals are included, it is possible t(;

get a totél bond strength for a particular earbon chlorine bond. The té)tall

bond strengfh is ob’c.ained'lﬁy Iﬁultipiying the particular élemenfs in the de'ns"ify-_': '
matrik by the ove.rlap.matrix, term for term,- suxﬁming the pi'oduct ar_ld addi'ng._ :
this to the virtual orbital bond s'trength.‘ The results of this éalculation a_x"e‘
shown in Figure 17. Qualitatively the same 1;rendv as we have observed l‘g_e‘_t.'c')re'

is obtained. The "centfal” chlorines have.' thg weakest -5onds and to éfirst
approximation should be the.chlorines that are preferentially lost. ‘Asin.
previou.s methods it should be possible to develop a reduction pathway schem'e

based on relative bond strength. I Iﬁade a. érude attémpt at this but was un_able

to develoﬁ satisfactory results. (See'.Figure 18). Looking' at the ‘c(:arbdp‘ '

chlorine bond strengths in pentachlorobenzene, one ‘can see that the "ééntral" |
(ppSition 3) cﬁloﬁne has the weakest bond strenth. ch‘)sitions 2 and 4 ilave :

the next lowest bond strength and if a sfatisticalweigﬁt of 2 is entered (siﬁce‘

- there are two equivalent chlorines) it should be poss.iblle to devgl.’op ‘a‘s';;heme.'

. using bond strengfhs to favor fqrmation of 1; 2,3, 5-te1.:rachlorobenzen'e.: Yet a

scheme biased in such a manner would incorrectly predict that 1,3, 5-trichloro- -
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c1
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(-60.%)

. [60%]. _ [40%].'

5%  (65%)
[1%]| [99%]

“40%)
[65%]

F1gure 16, Reductmn Pathways of Chlorobenzenes Based. on Bond Order of
LUMO-G ( ) = bond order, [ ] electrolysm datal L
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. .6945

Cl.6971 Cl

Cl1.6804

cl

' (C1-.6248

" Figure 17. Total Bond Strength Including LUMO-0 for..Chlofobenzehes':r o
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(51%)
1%

Figure 18,

[99%] Tesm

Reductlon Pathways for. Chlorobenzenes Based on Total Bond
Strength Including LUMO-o, ( ) - total bond strength L ] -
e1ectrolys1s datal - .
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benzene would be the major reduction product of 1., 2,3, 5-—t_etrach1t>robenzéne. _ .

" - The same‘ reasoning holds for 1,2, 3, 4-tetréchlo_robenzéne. If the scheme ,_
is formed in suc’h a fashion as to predict the formation of 1,2, 4;trtnhlorobe'n; |
zene, then the scheme g1ves the 1ncorrect reductlon product of 1, 2 -3-—-tr1-.
chlorobenzene' "Thus this method, based on total bond strength holds 11tt1e |
hope. | |

The latter two treatments (virtual orbital‘l and total bond strengths).can .
also be anpiied to bpén shell calcuiatipns nn the radical anion. The ”,viftual
orbita 8 in this caée is the HOMO-0 which novtz no.ntai-n.s one eléctron. '-Tne '
HOMO bond order is_. shotvn in Figure 19, and the réduction pathWay prédictton
based on the virtual orbital method is shotvn 1n Figure .20., As was .the cane .Zfor
tne‘.clo_.sed shel.l'calllculati'ons, the results obt‘ainéd from the virtual orbital -
method are almost identical to the electron dénsity.distribution méthod. _ Since
~ the electron .density distribution gave erroneous predictions (rernén_l-ber this -
was due to an overemphasis on the '"central'’ chlorine), so also does the . -
virtn‘ail orbital treatme.nt based on open shell _calcul.ations.

F1na11y the tntal bond strength for the radical anion and the predlcted
patthways were calculated and are shown in Figure 21 (total bond strength) and
thure 22 (reduction pathway),’ Although the pathway pr.ediction is not correét,
it is identical to the pathway.distributidn obtained trqm total bond stlféngtn of

the closed shell calculation. ;This is the sole occasion in which the open and - :
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H Cl -.0674

C1 -.0654 “H

C1-.0278 ,Cl1-,0343

C1-.0868 | 'Cl -.0935

Cl -.0124 Cl-.0359

“Cl1 -,0624 cl

Cl_: . C1-.0060

CL-.0222

CINTA
1 ~-.1253

Cl - 0966

‘Figure 19, Bond Order in HOMO for the Rad‘i'ca‘I"Ani.on‘ of Chlorollo.eriien‘es"' S |
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.. Figure 20, Reduction _PathWays for Ch‘Ic_)robe.nz‘enesj Based on Band Order in e
. HOMO of Radical Anion. ( ) - bond order, [ ]- electrolysis data’ -
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Figure 21, Total Bond Strength of the Radical Anidns of Chlorobenzenes
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- Figure 22, Reduction Pathways for Chl'orobenzenes Baséd on Total Bond
. Strength in Radical Anion, ( ) - total bond strength, [ ] -
L electrolys1s data ' . L -
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closed shell calculations do coincide and perhapé if the bond strength data were

treated in a different manner, -correct pathway predictions would result. 'Hovx;é; :

éver, since the prediétions bés_ed on thé eleétro_n de‘ns,ity ;distr’i:blu‘tioﬂ. m the
LUMO—_G (which are obtained from the closed éhell 03‘.10l-l;1-.atil.0'1’-1) cofre'spo’hd th.e'.
" best ‘w-i_th experin;e,ntal results, this meth(_)ci Will"'b_elll;Séd\ on all of ‘the fui'thér" '4
-compo-u_nds cons.idex.'ed in this discussion. A fgrther reas;)n for addbt_ing_ this
method is that the co_mpﬁter time requiréd for a closed sﬁeﬁ ‘cal_qulati'on is._ ‘

approximately one half of the amount required for an ojb‘eﬁ shell cal_culat,iori“

Molecular 'Orbitalr Investigation of Electrochemical Carbbn4Halog¢n Reductiori:
Chlorobiphenyls I o : —

Now that we have. obtained a satisfactory method t‘hat_,‘allows us to‘ predict

with a fair degrée of certainty -the electroc'her'nical redﬁction pathways, letus .

turn our- attention to the chlbrobiphenylso Before one can embérk on a CNDO/
2 molecular orbital stlidy on the biphenyl system, a decision must be made
concerning whether to treat the molecule as '-ﬁlanér of to have the rings rotated
to some exfent.
. : o 156 . - '
Biphenyl is planar in the solid state, = whereas in'the vapor phase the

two rings are twisted to 42°, This latter value is ‘quite close to thé,val'ue

obtained by allowing the ortho hydrogens (to the bridge) to get no closer to one o

another than Van Der Waal's radii (1.2 A for hydrogen). 58 Decafluorobiphenyl

i ‘ ' 1 160 -
exists with an angle of 62° in the solid 59 and 70° in the gas p_hase‘.,,6 . Again
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these are very close Lo the sum of the Van Der Waal's radii (lor fluorine, 1.35

158 . , : o '
A).o‘ p,p'-Bitolyl has twist angles of 36° and 400 in the crystalline state, 161

- 162 : 163 . ..
p-nitrobiphenyl 330, and p, p'-dinitrobiphenyl 33_0. ‘ Using a liquid

crystal solvent, 3,5,3',5'-tetrachlorobiphenyl was found by proton nmr to have

a rotat1on angle of 340 164

The central bond length for biphenyl in the crystal state is 1,507 A, 15 56

for 4,4'-b1toly1, 1,486 A and 1.459 A, 161- and for 4, 4‘-d1n_1trob1pheny1 1,499

A 163 These data lead to the conclusion that the angle of rotation shpuld be

governed to & first approximation by the sum of Van Der Waal's radii (1.2 A

for hydrogen and 1.80 A for chlorine) and the central bond length -should— be

between 1.50 A and 1.48 A, With a central bond Iength of 1 .50 A, “the minimum S

angle allowed (based on Van Der Waal's radn) for biphenyl is 43° 3 With a bond
length of 1.48 A this anglé increases to _about 44° When there are chiorines
in the 2- and/or 6- positiqn on one ring for a centfal bc;nd length qf _1;‘50 A.,
the angle is 640, and for 1 .48 A thé angle épproaches 65°, l

. 11_1. an_atteﬁpt to 1bcate the‘minimum_ energy for repres‘entative substif |

“tutions, the following trial calculations were performed. CNDO calculations .

Were run on bip'hényl at various angles with bond lengths of' 1,50,A and 1.4_:8 A o

The other representative substitution pattéi'ns tried (all at central bond lengths

of 1.48 A) were 2~ and 4-, 2,4- and 2, 6-dichlorobiphenyls. This allowed deter~

mination of what I felt was the best configuration for a particular substitution
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pattern. Once th1s was established, closed ‘shell calcvul‘ations Wére performed -
on the rest of the chlorbbiphenyls with chlorines on oné "rin'go{_ ‘,A"11 of these
results are presented in Table 6.
The callcula;tions on 'biphényl indic’ated,t.hat aminjxﬁum in éhe'rgy_ eXiS'th 3'._1',.. .
| 4QO with a céntr:;l b_ond‘ length of 1480 A, Since. thlsbond length was a;;parent—“.f ‘ :
Ty bégter- than 1.500 A, the 1.48_0 A length wé,s uéed .f.or -th-e rest of th;a calcula- L
-tioﬁs. For compbunds withoﬁt -any-ortho __chIorine,s j(2.- or 6-.p(-)sii-:ion)‘400‘ was
the rotation angle minimum; 500'wa's the mlmmum eﬁei'gy for cbmpo_unc'ls_w.)vit.h ’
" one ortho chl'orine; and 52° for compo.unds with tW;) -ort'ho'chlorines.
,Theée,resuits contrast with previouslj'zl'a‘i;tefnp‘ted CNDd c-'alculat.ibns' ;n
bipher.}yl. Ti.ﬁlénd165 used a central bond length of 1'.-50 A 'and.foimd the
energy Iﬁinizﬁum to be when the two rings Weré perpendicular.to one anéther.

This result was confirmed by Gropen and Seip. 16 6

“The failure fo find'an

. énergy minimuxﬁ .afound 40° is probably due to an ov_e_resti.maﬁc.)n of the core
repulsions between non-bonded atoms, in this cévse ‘between ortlt;o "hj'/drogens
on each side of fhe brid_ge». Thus if the central bond '1éngth_ is lengthened, "av
minimum might be found at an angle less thaﬁ. 9.0(-).; This was ‘d'one_ ‘bj/ '.I"at_j'iri et
al, 167 Usi'ng a central bond length of 1,54 A they fduﬂd an energy minimum.
around 42° w-'ith;a barrier of rotation of 1.8 kcal/mél (éxper’ix@eﬁfél 1.20 kéal/:
mol).. . | | |

Why then is a minimum found using shorter bond Iength (1_;_48 A)? R'emem_
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. Table 6._' Total Energy for Chlorobiphenyls Obtained from CNDO/2 Calculations

, Central -Bond ~ Rotation Angle -  Total Energy
Chlorobiphenyl - Length (A) (Degrees) ~ (a.u.)
" Biphenyl - -~ 1.500 ' 0 - ~92.7840
: 45 C T -92,7891
o - 90 . - -92.7836
1.480 36 ~92,7873
.. 38 . ~92.,7832 .
40 -92.7937 .
42 - -92.7919 -
45 . -92.7859
2 1.480 45 : -108.2206
50, - -108.2219
55 - -108.2217
. 60 .. -108.2154
70 . . - . -108.2176
4 ' 1.480 38 _ -108.2128
' : 40 © . . - -108.2244 -
2,4 1.480 - 48 - -123.4138
' ‘ 50 - -123.4261
2,6 | 1.480 50 . -123.5262
' 52 - -123,5273
54 - -123.5219
56 - -123.5193
3 1480 40 . -108.2181
2,3 - 1.480 o 50 . . -123.6265
- 2,5 ' - 1.480 - 50 - -128.9612
3,4 T 1.480 40 . -123.6287
3,5 1,480 : 40 . .-123.5205
2,3,4 S 1.480 .50 ~138.8161

2,3,5 . 1480 . 50 - £139.2823
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Table 6, (Continued)

‘ Central Bond. Rotation Angle Total Energy
Chlorobiphenyl . ~ Length (A) - ) - Degrees) (a.u.)
2,8,6 1480 -_ 52 -139.2911 -
2,4,5 - 1.480 . B0 ~139.1531°
2,4,6 1480 . 52 . -138.5164
3,4,5 . 1480 L 40 | -138.7922 . -
2,3,4,5 - ©1.480 ' . 50 -154.4590 - .
2,3,4,6 ©1.480 52  -154.2652
2,3,5,6 1480 B2 . -154.9428
2,3,4,5,6 11,480 © 520 .. -169.9035

ber that theSe calculations Wexfe done in single pyecisibh. It Wés, .as'sumed
that any errors in the total energy would be random, but épparently this is not
the case. | Indéed, .when the calculations were reﬁ)eéted using the doﬁl_ole pré-
cision program I was unable_to.find a minimuin in enefgy Wheré I had pfe-_
viously .locate_d one. Instead 90° was the low energy péint.‘

If this is the case are the calculations done in single precision méaning—

ful? 1 beliéve-that the answer is yes, The results from the,chlorobenzenes .

were in accord with experimental observation. This is-'bebaus_e the
electron distribution in the LUMO is not susceptible to wild fluctuations -
when there are-small changes in the total energy. There is' also a rather

practical reason for using single precision calculations; the computer space.
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.allotmept.is not large e'nough to éllow calqu‘iations on a nunibe_r‘oig these mc')l'e—_‘
cules in ‘double- ];;recision;

: As in the case of 'the..chlorobenzen.es, one can ask Wh‘."‘,lt type of oxfbital;:
o* or T*, receives thé electron upon réduction. The low 1yi.ng'unoccupied érbi—
tals -for each of ‘ti_ne most févox_'éd conformafions are shown in Tablé 7. In e{.r‘ery
case the LUMO is aw orbital.. In some c'ase&_‘, :ther'e are ac_tualiy t'wro. unbccupied
o orbitals befbre‘the first o orbital‘. Héweyer ,' b'eéause these 'R)W .lfring' orbif
tals are nearly degenerate, it is not unrleais-onable« to expecf that the sigma -
anti~bonding would receive the ele'cfron as in jthe chlorob_ehzene case.

To see which orbital actually receives the electron, open shell calcula-

tions were performed on the radical anion of some of the lower chlorinated .bi_— ‘

phenyls.  These results are presented in Tabie 8. The calculation gives the‘.
same r(.a's.u'lt as was fOund with the chlorinated bel_r.lhzenes;.t-he._o anti'—bonding-
orbital receivés the electron. The structﬁre i-npu;c hinto the ‘calc;ulation Waé
iden.ticall to the parent chlorobiphenyl. The use of the'se ﬁarametérs seems as -
valid as any in iig-h{c of the considerabie uncerfainty concefp_ing th‘e: T'¥.10s1; sfgblg
aﬁgle of rofatidn of thé rgdical anion of bipﬁeny_l. Molsiﬁs., i68 using |

_épr estimafced.the value t(')_be 38 ﬂ:._zo. .R; _Eiehi et-al, 169 using EN_DOR spgé;-'
troscopy predicted a..n_e_ar planar svtru‘cture. Tllle..re.have.beén at l_eé}s.t tw-o_ |

‘ .théoretiéal studies; fo:l1e estiinated that the isdléted gnion W(l)uld' hé‘v'e.'énv a'ng_ll‘e

‘ L 170 - :
of .2_50 while in Solution the radical anion would exist at 157190. ... The other
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Table 7. Eigenvalues of the Lowest o and 7 Molecular Orbitals from Closed
She11 CNDO/Z Calculatlons on- Chlorob1phenyls :

Chlor obiphenyl

Rotatioh Angle

LUMO'S (type of orb1ta1)

in Degrees (3l u.)
2 50 0. 0927 1)
0. 1122 ©)
3 40 0.0900 m)
‘ 0.1098 (7. ?)
0.1135 (9)
4 40 0.0835 (7) -
0.1129 ©)
2,3 50 0.0814 () -
_ . 0.0861 ()
2,4 50 0.0700 (7)
. 0.0887 (o)
2,5 50 < 0.0696 (r)
£ 0.0074 (7?)
0.1013 (©)
2,6 52 0.0820 ()
- 0.0830 )
0.0889 ()
3,4 40 . 0.0653 ()
| 0.0841 (0) .
- 3,5 40 10,0772 ()
0.0813 () -
0.0884 ()
2,3,4 50 - 0.0629 ()
' . 0.0633 (©) °
2,3,5 50 . 0.0554 (ﬂj '
- " 0.0728 (0)
2,3,6 52 0.0566 (T)

0.0739 (0)
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Table 7. (Continued)

o Rotation Angle  LUMO'S (type of orbital) . .
Chlorobiphenyl in Degrees N . (a.u.) : ’
2,4,5 o 50 © 00490 @)

, ‘ - ©0.0718 (o)
2,4,6 - L 52 .. . ..0,0618 (m)
C 0.0688 (0)
3,4,5 o a0 - 0.0563 (m)
| ‘ L - 10,0630 (o)
2,3,4,5 _ 50 T 0.0439 ().
_ o \ : : | 0.0486 (o)
2,3,4,6 o 52 . . ..0.0396 (1)
: : : 0.0499 (o)
2,3,5,6 . - 52 . 0.0372 () -
' ' 0.0585 (7).
2,3,4,5,6 - 52" . 0.0288 ()
S ©0.0346 (0)
Table 8. Eigenvalues of the LUMO and HOMO for the Radical' Anions of the |

Chlorobiphehyls Obtained from Open Shell CNDO/2 ‘Calculat‘ions '

Energy

| . HOMO(a,u.) =~ LUMOg@. u,)
Compound : (Degrees) - . (type of orbital) ' (type of orbital).
2 : 50 ~0.0099 (@) 02702 ).
3 T 40 - -0/0056 @) - 0.2423 (1)

4 40 ~0.0121 @ . .. 0.2460 @)
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investigation based on -electron delocalization and'hf(')n—bo_nded Ifepulsionrs '
between the rings predicted the value to be- 25 :'t-_.50 while the angxle. of rotéftibn -

_ . s : o 171
~ for the radical anion of 2, 6,2', 6'~tetramethylbiphenyl was 800.,} -

When the first feduction potential is plottéd against the LUMO—G (};‘igure_v
RS . . .
23) or the LUMO-r (Figure 24), linear relationships are-obtained for both as
‘was the casé Witii the chlorobe'nzenes.‘ Thﬁs this type of analysis do_eé 'nof |
establish which orbital thé elg‘ctron enters. I-I'-owever., usmg thé elecfron | o
density distribution in the LUMO's cand 7 to ﬁre'dict-.reducfic.)n pa.t.t'hw}\'/ays_vmi’ghf o
pi;ovide fufthei", .evidénce that the réduét_ion précéés invoives occﬁp&ing ‘the: : |
- LUMO-=0 ., _ -
The 'élec't_r‘on' dénsity in the LUMO-0 and the LUMO-’TT f_q'r a11 £he ch1-<)ro:—'
biphenyls with chlbll'ine “on.one ring are ‘show')vn‘ in Figures 25 and 26 ‘resp'e'ctiv_;_e.—
-ly. Using tﬁis data 1t is.possible to develop a féduction scheme, based ‘oh‘the
electron distribution in a ﬁ1anner analogous to the treatment for t.he‘ cihlo_r_o—..' :
benzenes, The_ calculated- reduétion pathways -along with th_e‘ ex’éeriinent"aﬁy
determined results éstablished by Fauc'well1 are. given 1n Table 9. : |
The ﬁlos_t obvious ‘diffefence between the e_xpe_r,ime-ntal reduction path-—.’
ways for tﬁe chlorobenzenes and the éhl,orobiphenyls'iélt_hat the iattgr path-vs}é,y '
is consideré,bly mére complicated., . Fpr i‘r41sta-hc‘e_ the rgc-hié“cion o_f tet,rachlc.pr‘o-.
biphenyls -gave'di.‘chl.oroé iSbmérs in-addition to the _eiﬁ_ectgd triéhloro; c.on.r—-

pounds. This tends to hinder a comparison between eXpe‘rinienté.l and
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Figure 23.

First Reduction Potentials for Chlorobiphenyls vs. Calculated
LUMO-0, y =5.75+ 3.54x +1.,44 + 0.29, r = 0.86
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Figure 24. First Reduction Potentials for Chlorobiphenyls vs. Calculated
LUMO-m., y =7.28 + 4,04x +1,43 + 0.27, r = 0.89
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Figure 25. Electron Den51ty D1str1but1on in the LUMO-G for the Chloro-

b1phenyls
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Figure 25. (Continued)
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Figure 25. (Continued)
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- Figure 26. Electron Density Distribution-in the .LUl_VIO-V-w‘fox'j the _Cl_lioro"-'-
biphenyls ' ' e
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‘Figure 26. (Continued)
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Table 9. Experimental and Predicted Reductlon ‘Pathways, Based on Electron
Densu:y Distribution in LUMO-G or - for Biphenyls

: Product Dlstrlbutlon (%)

o o Redﬁctibh  Experimental . .
Chlorobiphényl = Product -  (Farwell)l =~ LUMO-o  LUMO-7
2,3 -2 59 - 42
3 89 .41 58
\ S 2,4 2 ar . a4 0 58 7
N 4 53 , 56 42
2,5 2 50 50 49
3 50 . - 50 . 51
3,4 -3 81 . . 4T .. 63
| 4 19 N 53 .. 37
2,3,4 2 17
3 21
’ 4 7 | .
2,3 10 33 .59
2,4 45 40 oo
3,4 0 . 27 - T 14,
2,3,5 2,3 o . 19 38 -
2,5 11 ' 55 19
3,5 89 26 43
2,3,6 2 10 ' -
3 88 S
2,3 0 11 37
2,5 1 48’ 19
| 2,6 1 i a4
2,4,5 2,4 3 35 - 38
2,5 97 49 28
3,4 0 - 16 - 34
2,4,6 2 16
| | 4 8 | |
2,4 0 63 38
2,6 4 37 62
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Reduction

Product Distribution %)

‘ . Experimental _ o
Chlorobiphenyl  Product (Farwell)l LUMO-G  LUMO-m
3,4,5 3,4 0 63 38

3,5 100 37 62

2,3,4,5 2,5 15

' 3,5 49 . .
'2,3,4 0 19 41

2,3,5} ' .34 20

2,4,5 36 32 -3

3,4,5 0 15 36

2,3,4,6 2,5 64 Lo
‘ 2,3,4 0 11 34
2,3,6 23 29 19

2,4,5 0 .32 5

2,4,6 13 - 28 42

2’3’5’() 2,5 27 ‘
3,5 58 .

2,3,5 1 44 49

2,3,6 14 .56 51
2,3,4,5, 6 2,3,4,5 5 21 49
: 2,3,4,6 37 43 51
2,3,5,6 58 0

30 .
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t‘heoréti‘cal results. .

There are a number of cases when the results coincide, Using the

LUMO-o electfqn density the relative ordering of the product distribution for' -

2,4- and 2, 5-dichloro- and 2',4, 5-trichlorobiphenyls is cofrect;_ The relative

. ordering of the products predicted by the LUMO-c is also correct for 2,3,4~
trichlorobiphenyl. However, there is quite a large proportion of monochloro-
biphenyls formed experimentally, The question that must be asked is whether -

~a small amount of 3,4-dichlorobiphenyl was formed which was immediate‘lyl

reduced to 3-chlorobiphenyl. ‘This could explain this disparity between the .

experimental and theoretical values for the amount of the 2, 3~ and 3, 4-

- isomers formed, By the same token the amount of 2'—chlorobiphe'n'y'1 formé__d

would have to cause an increase in the amounts of 2,3~ and/or 2,4-dichloro-

- . biphenyls formed.

The ‘LUMO-c product distribution for the reduction of 2, 3, G—trichlofo— . )

bip_henyl is also correct, but this may be fortuitous ‘since very little of either-
of the two dichlorobiphenyls was found. The large amount of 3—éh10robiphenyl
found woul& have to inére-ase the .relative proportion of t.he.2, 3= and/or 2I, 5-.
dichloro- isomers, which could significantly chang_e the experimental resuits.
The calciliated value for 2,.‘3,4, 5-tetrachlorobiphenyl :is. also safiéfactéry éon‘_—‘
sidering that'Farwelll could not establish the re,lafive amounts of 2,3; 5-

and 2‘,4,‘5—1:I'ichlo:c,'obiphenyl° The large amount of 3, 5-dichlorobiphenyl found




oge

- would cause an increase of either 2,3,5- and/(;r 3,4,‘5—trich1;o‘1"ob.iph(‘3r'1yls,.
since this is almost tﬁe exciuéive pathway for Both of thése ,i‘som.e:rs. The'cg1_

culation also ténds to coincicie with the experimén;tal pathwﬂéy l-fqr 2, 3,4, 6-1:e1:"ra'L ‘

chlorobiphenyl,'. :iif .the .amouni: of 2, 5—dichlor6bipheny1 foﬁﬁéd is taken int.o_' :

. consideration. This dichloro- iéomer is almost ‘the exclusive prpduct of 2,4, 5-—

trichlorobiphenyl so it is coﬁceivable t-hat any Qf the létter qupound_formed is :

immediately reduced, This v.vmﬂd then give the cor'ré'ct pafhway prédiction,

' e‘}en if a minor portion of the 2,5- iso’x’ner ca;ne ffom 2-, 3,'6—tri(.3h10rob.i.phe.ny1.,
The s;ame type of‘ argument can be invoked for the reductlon pathway for -
2,3,5, 6—tetrachlorob1pheny1 Thus 3, 5-dlchlorob1pheny1 is almost the exclu-'..l
sive route for 2,3, 5—trichlorob1pheny1. Th1s would glve a total of 59% 2,8, 5-
trichlorobiphenyl, the remainder -beiﬁg the 2,,3,.6—tr1c;hloro-,_1somer Whlch
conﬁpgres quit-e favofably with the célcula_ted result;s. |

| Ther-e are éix chlorobi‘phelnyls with which .the calculation does not
predict the correct reduction scheme. These are 2,3- ahd'-3, 4'—dichlox_'o—,‘ :
2,3, 5—, 2", 4, 6'.—.'and 3,4, 5;trichloro— and 2, 3,4,: 5, 6-pentaéMdrbbipheﬁyié&;“ 'W_Ae.v |
can group thesé into t_wo classes. Ali exceipt 3,4-dich10r'c.)—.and 3,4,5_—'1;1“1; R
chlorobiphényi have ortho chlorinés. .The metﬁod'fails- for j;hese ‘becauéé the |
electron -density in the ortho' chlorine inthe LUMO—& 1s no£ rsuff-ic:iently greét. '
3, 4-dichloro- and 3,4‘,.5-trichloro— do not h'a‘}e a l_ﬁgh enough éie_ctrén density

_ distribution _in'th.e para chlorines or conversely have""c'o‘o high a value in the -
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meta chlorines. Both of these effects might be due to a ncn-bondihg interaction

bet’we,e-nthe ortho substituents. on o_ne ring with the‘.ojrthc‘suh‘st'itue'nts on’

-'another. This interaction could cause a depopuIation of ele,ctrcn‘ density in thls |

region, the net result being a het increase in 'the meta positicns
. Let us turn our attentlon to the pathways predlcted by the electron den31ty )

distribution in the LUMO-7 (Table 9). This scheme correctly predicts the-

_ product ordermg from the reduction.of 2, 3=, 2,.5—- and 3, 4';d1— 2 4, 6— and

. i :
3 4 5—tr1ch10rob1phenyls W1th1n Farwell's experlmental accuracy The

'products from 2, 4—d1— and 2,3, 5, 6—tetrach10rob1phenyls are also correctly

predicted.’_ The wrong pathways are indicated‘for' 2, 3,’5‘-‘ and 2‘.,'\4; 5—tri—-,-' :

' 2,3,4,6- and 2,3,4, 5-tetra- and 2,3,4,5, G—pentachlor'ohiphenyl-s.r This is

because the electro'n density is. too high on the rueta _chlcrihes,-_ In 2,3, 4—tr-i_—"
chloro‘b_iphenyl_ the di‘stributicr.i is too great on -the f‘para chtcrt.he whtch agai,n .
causes the Wrcng products to be predicted. Thus ustng the LUMO-7 d.o'es.hot
seem to be any better .and in fact _may be worse than the LUMO-& t‘or -predicti'ug
the reduction pathways. for the chl-oro‘biphenyl 'series.., Since this -'is'the c'ase- - ,

we must rely solely on the results of the open shell calculatlons on the radlcal '

anions to state that the electron enters the LUMO-G as opposed to the’ LUMO-ﬂT ) L
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Molecular Orbital Investigation of Electroc_hemical'Cérbon—Halogen Reduction:

DDT o , '
DDT is the first system that we have looked at tha;t. contains aliph’aﬁé -

chlorines. Moreover, since the molecule also contains aryl chlorines, this

- should provide a:nice i:es_t for quantuni théory coricerni_ﬁg the reductive path- B

ways.

The electrochemical reductive pathways for the DDT series have been
. [ .

worked out by Rosénthal and 'La_coste'g(.)’31

(based on e‘_l'eét‘:rOIYSis) .and ‘k.)y‘ii_‘ar—‘
" we111 (based on voltammetry). The reduction scheme hgs beé‘n previdusiyl '
shown (see page -13)‘. Roéer_athal and LaQOSte. did not Qk.i’serx-le‘the form'al’jcio'n_’ 'o'f.
1, 1—dipheny1ethane._. This, howevex.'., is hot surprising; .f'c}r't'hely were usiﬁg-
an‘aquem.ls solvent systéﬁi, Orﬂy ih.aprotic Solvents hasl i’lc béen posSibie’to.
reduce electrc;chemically monochlorophenyl comboundé,,  I-1:' is reasonable that
1, 1-diphenylethane is the final reduction product Sir.me the. 'ieauction botentié.l
for 1, l—bis‘(p_—chlorpph‘enyl)ethane is ~2.375 V which is quite ‘similar -to' tﬂe; '
—2.4:4-:0’ V observed for the .reduction of chlor‘oben'z,ene..1 |

The LUMO obtained from the CNDO/2 calculations on DDT is a G“,anti—
bonding with the gregteS’t extent (98%) of the.electron density localized in ,t'he,_

region of the trichloromethyl moiety. (See Figureée 27). Using the electr'Qn'

_distribution method this implies that a methyl chlorine, as opposed to one of -

the phenyl chloi*ine’s, would be preferentially cleaved tb form DDD, the sanjge‘u '
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Figure 27. Electron D‘ensify Distribution in Low Lying Uhoccupied o -A_'nti— -
Bonding Orbitals for DDT Obtained from CNDO/2 Calculations
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Figure 27. (Continued)

product that is observed experimentally.

Figure 27 é.lso shows some other low lying o -anti-bonding .c>rbita1s.. ‘-T‘he
eigenvalues for orbitals 56 and 57 are quite similar iri ehergy to the _LUMO-G
for chlorobenzene;. Furthermore, the electron déhsityldisfri‘butidn 1n these.
orbitals is almost entireiy situated on the aryi chlorines and their adj‘acent c%irr
bons. This implje_s that highe,r'unoccupied molecular _orbﬁ_als can preid_ic.t.'the' .

further reduction pathways of DDT. Farwell1 established that the final éled+ L
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_trochemical _reddctipn of DDT involved a 4—electrop red@ction of DDNS to di-
phenylethane. Thése two orbitals, which a.re'bantsi:cally (_ié'generate; r'eprése-nt'
this reduction. |
Molecular orbitals 52 and 53lrepresént the -réductibh of DDD to DDMS s;t_ﬁ_d |
DDMSto DDNS res;)ectively; However, the energy lével's of these éigenvalﬁes .‘are
depressed in eﬁeféy. Let us consider MO 53. Aliridst all of fhe electror-l dens_ity
is situated on one.of the methyl chlorines,. as wouid be eipeéted for the strﬁc—l' ‘
tufe _of DDMS, Thg 6rl$itals on the two "residual" 'chlorinés, left froin _DDT,‘
mix with this chlorine and lower the energy of this éigenvalue. 'Thig;; céh be
" seen more clearly if we lbok at the CNDO calculations on the chloroethane’
series. _Thé LUMO—o.* fo:;' 1,1, 1-tfichloroethane has an e.i_genvalue of 0.0283- ‘
a.u., which is quite analogoﬁs, though slighly higlt;er than, the LﬁMO—o fbr:
[N : : .

DDT. The energy of the LUMO-o for chloroethane. is 0.1008 a.u,, almost 0.04

a,u. higher in energy than MO 53, This energy difference is caused by the tWo -

"residual" chlorines left from DDT which interact with the last methyl chlorine
to lower the eigenvalue, .In MO 52 there is just'_one "'re.s,idl‘lal” éhlo_riﬁe, thls
orbital being at.nalogous tb DDD., Thus the energy of 't‘his_ iﬁoleculér OITbital 1s .
not depressed as éeverely and indeed is quite close to the L'UM.O—CII- ei_ger_walue .
.for 1, 1—dichloroe1ihan.e. (0‘.0588 a.u. ).

The lowering of energy levels can be'seen quite clearly in Figure 28; "A

better fit should bé‘obt'ained by raising the level of MO 53, Howevér, fhe:re‘SIiIis : "
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of the CNDO study on DDT indicate that higher unoécﬁpied o) orbiflals'jcan be us‘éd
to predict further reduction pathways. Where the chiorines do not inte_rxﬁix, _
..such -as ax;yl and aliphatic in DDT, an accurate repre_sentation‘ of the reduction“ '
potential can be obtained. In cases where théré is interaction, cofi'ecfioh ﬁiﬁst -

be made for the effect of the "residual" chlorines,

Molecular Orbital Investigation of Electrochemical Carbon-Halogen Reduction:
Lindane ' '

The voltaﬁmqgram of lindane shows thlfee waves, one méj oip ahd two .
minor. The first Wavé has an E2 d @interrupt i?oteptial detel"n:1ir."red by the zero-
crossing of the second derivative curve) of -1,‘5‘21 V (vs. SCE)l and ’r-epresents'
the six—glectron reduction of lindane to benzene. This was 'Qonfirmed- by -
performing controlled potential electrolysis and analyzin.g‘ the p.roduct.b,y; gas’
chromatdgréphy, The only comﬁound detected after the éu_rrent retui'ned té |
residuai level was benzene,

The two other waves Qbserved.in the voitammograIﬁs of li'ndane‘ havé
Eoq Values“ of ~2.006 V and -2,281 V. I do not_knowlwh.af these 1l'.educti-on-s
represent. They are not benzene reductions as Fa‘rwelll previously d(.a::r;aon— |
strated that benzene cannot be electrochenﬁcally reduced in our syétem; The
AE, , between these two ;-eductions is 0,275 V. Since the AE.2 q's are berhaps

more significant than the actual E, , values, I ‘thought that the abOVG'IASEZd' '

d
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Figure 28, Reduction Potentials for DDT vs. Calculated o Unoccupied Mole-
cular Orbitals, y =12.,45+ 6.59x + 1,18 + 0,561, r = 0.93
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woul:d c'orréspogd‘to a AEZ d obserfed fbr'sqmg chl-orinat‘éd‘ k.)'énzeneS‘ and thus .
réprésent .é; mino:t"." pathvsl/ay'.for 1indane_' degrada’;.i?on. Th1s d&éé not éppear té 'be-a-: )
thé‘ case b'écaiu$e_ ’-c.lr;tav.ia‘,'tltér AE, d for 1£ndane _'(-l()._.2.75'-\/’7)_dc‘.)§s.I.;ot"‘czprre":s‘po'ri?i-.’cc{ B
any of the AE 2 d'Sj foﬁnd fcf)r the chlorobe_anzénes'._f 1 | |

Havi‘n'jg 'c'Qr1lJ.‘.’ir'med that ﬁndane’ dées_ i-ndéed form bénz‘éné', I .'ln_ex"c_‘ ques-
tioned whéther o’r.‘r'lot:. any interﬁediai_:es-c’ould be ‘deteéted dﬁring th1s :x'e_dhé-' _
- tion, When fhere are ‘adj_éjcerilt chlorin,_es- on‘é. -saturéted_'syétem, -the.-two
chllpr'.i.'ne.s -are, éenerally los_t_“vin é one-'s'fép reduction with simuli:'a‘.n‘eoﬁs‘ férr;ia- | .‘
tion of a double bond. 1_5 Ih the case of ,l;ii}dahe this i_)voul& bfésentﬁ fhe.p'ossil:o.ilitsr
- of findiné %;étrac'.:hl.orocyclohexe‘nes‘ ‘(aft-er ’f_wo:jele‘étrons- ha.v'e .been‘;trar}sf'érred)f‘
and di,chl-oro(:yclohexadi‘e'nés (after four electroi;fs‘havé been tfé.risférféd). o
Eigufe 29 shows ‘théf reaction course as a-fu.n(.z'tib‘ri of t,i'f_ne.‘ -Th(%fe. is quite -
evident formaﬁon of y-B;I‘C, Which reaches a max1mum of 15% ‘o'f Tthe' I-l'i'_ru::larie_
‘concentratio‘nv before going into an decrease. - I _confi.rme.d that thé inter-.
mediate formed was indéed y-BTC by comparison'-ofig. c rei;ehtib;_x times and : -
by simuitaneous injection of the reaction mixtur;e and thje. yQBTC éta'qdai'd. .
_v In addition, a small amount was.‘isolaf_;ed' by _prepara:"cor.y.;‘g_.-_ c. and its m p.. and-l"_"
infrared spectra ‘c,'omparedv .to the staﬁdardo o | : |

Itis n:of Surpx;iAsing .th‘afi y—BTC. is formed at t.llie‘.firs"t.'step during "ch'e.' '

reduction, The cépfi'g.uration o;f the chlori‘nés;.in_lir_idéne is e_eeaaa. while y-;é’rc r

- has the configuration eeea or aaae, the‘;f‘ormef being tﬁe-préférr'ed .cpnﬁgln'a— _
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% Lindane
or y=-BTC
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Figure 29, Controlled Potential Electrolysis of 1 x 10 = M Lindane in DMSO-
0.1 M TEABr. Voltage -1,520 V vs, SCE. O =lindane, A =y-BTC
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tion. 238 Thus thére are fbur.eciuivaleht‘positions : (allowmg for riﬁg inversion) | |
" on ljhdané by Wthh ;che losls,;of adjacent chlorinés \I;I_ilij-l.generate 'y;BTC.. .- The. ‘
only qth_er tetrachlorocyclpheXe_ne that"cbuld be" form;ad is. .t-hea —:i'soihér_.l_(‘e.eaé):',;
fhi'ougil the IOS.; of:a;dj aqént ae 'dhlorine's. I .:- did, ri.ot' 'de'téc_ti the fprma'tic;n of
this isto-me'r’." ThlS resulf_.éuppo.l;ts ‘Zav-adé'sét' ;911. Qbsér\%ation ttllét_cbrl;'q:)our#is. : .
' .will‘,re‘duce ﬁqre .<aas.11;y -vx-(h'e'n' the ciihedrai ahgié of fhé ha_lé’éens‘ ‘i,'s..eitiie.r’ -1800""- .
or 0°, 14 T.t‘leyl found that .the gréatest‘ E 3 occurred when t'h'-e.‘ ang,;_lé was ‘9(_)9-.. R
The angle befweén tﬁe cltl_lvoripclas whose ioss *.v&;ould for:m y-_—B'TC is 180°, .Qiﬁle o -
the angle between the chl‘éhrihes"i Wh.cﬁe 1oés would fOI_:m__-‘a‘.—B"I‘C-isfcl'osé' 1;’0 | o
e _ . , ‘
The reduction{oi.‘. 'y'-'BfI‘C shouid giire a dic.hlofocyclohéXadiene befére . - |
E benzghe is generated; this. égéin is due to th(nal si_v'r_nlil’;an'ec;us, 19Ss of -V'icinal'
'. chlorines with c.:oncomit.é'nt' double .bond formajt_ti.on.".‘ } I Wa‘s, hovs‘réver, unéble N
to détect the.'.formati;)h c.>f any species other th_éln vy-BTC cs_r‘b'e‘nzene-,: even -
. when pefform'ing "control.lled‘-pofential_ eléétrblys‘is on‘)'/—.'BTC_.
The CNDO calculat’ic;n provides interesfiﬁg_inéight into thé course O'f.

lthese electrochemicél'reduétion“s‘-.- Haiogénaifed ali'phazltl'ms. are one of‘ the few
- saturated systenis that can be ‘eléctr-dcheﬁiqélly‘reducé.c.l'. ‘Thus an ehleé'txl"or;

must be inserted into a q‘apti—boﬁding_ ofgital and ir;degd .théLU_lV_IO found is the .

typical o orbital with the electron density localized in the c;e'lrb'onéhalogep- -
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bond as we have seen in all the previqus cases,
Figure 30 sﬁows the 'électron densit& found in t'he- VLU'M.O for 1i<ndéné, ‘

: Almosf all of th;a elgétron densify (93%) is Iocated_'in tﬁe_trans diaxial portion
of the molecule (carbons 3, 4 and 5). This supports the coﬁtentioﬁ_ t'h'at“there. |
wﬂl_be a trans:d_iaxial as opposed to a trans diequatoriall- elimination to giVe |
the reduction p‘rod\_lct,‘ y;BTC; ‘This also confi,rmsl. Z.é,irada"s' et al. 14 obser=
vation thﬁt the most facile reduction will be Wheﬂ the dihedral angle 'bet.ween.

 the chlorinés is 180°,

After the formation o-f‘y—BTC the. reduction pfocee’ds to ‘pro.du'ce;. benzene,

As mentioned previo.usly, I was unabie to detect any intermediate.during_the -

latter s‘-cep in the reduction sequence. I th<')ught that pex;haps‘ by 1qoking at the

CNDO calculation Qh y~BTC insight could be gained into why. intermediatés

’

were not detected._‘ .
y-BTC has two allylic chlorines at positioﬁs_ 2 and 6 which'a're..loslt_
more ’easily than "any other type of carbon halogen cleavage.: The dihe@ral o
angle betwéen th(? chlorines on the 3 .and.4 position carbéris‘is ab_ou.t -500, wﬂil_,e, :
betwéen the chlorines on _carlc;o'ns 5 and 6 the :}nglé is closé to ‘709. Thus o
based .On Zavéda'.;‘, wprkM one would predict the loss of the former chlpfine_é
to form trans—5,~§-dich10ro-1, 3;cyclohéxadierie as opposed to the cis isomer.
This -seems to be confirmed by the CNDO caléulatid'g. The LUMO is the usué.l

o anti-bonding with 80% of the electron density localized in the 'i"egi'od'c‘)f th’e'
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3 and 4 carbons and chlorines. Moreover, a quite high amount of this density

(68%) is localized on the allylic chlorine and carbon @osition 3). This implies . '

that the carbon chlorine bond at position 3 receives the initial electron a'n‘d‘
then the eliminﬁtion proceeds to give the trans-‘d_ichlo‘rocyclohexadiehe.

There have only been a few dichlorocyclohexadienes synthesized and the _

172-178

majority of these have been 1, 4-dienes, ‘ The'o'rﬂy conjugated isomer o

' \ . | . 175,179
synthesized is 1, 3-dichloro-1, 3-cyclohexadiene. 7" The compound we are

proposing 'as an intermediate, trans-5, 6—dich10ro-1, 3-cycloh¢xadiené, contains
two‘allylic chlbrines‘ and silould undergo reduction quite readily, perhaps at a
potential more anodic than the parent compound, y~-BTC, Thus as soon as the
diene is formed, it Wouid immediately be redulc'ed,, even before it could '_di'ffuse '

out to the bulk solvent,

Mechanism of the Cleavage' of the Carbon-Chlorine Bénd in Aromatic Sy's‘t.ems

The molécular orbital investigations présénted sl?) far have been in direct
agréement with the experimental observations.. In the Cas;e of 1in_dane thése
caléulations have provided insight into the electrocilemical réductipn that ,v&ere
not obtainable experimentally. I next wondered Whethér or n;).t _.t-he CNDQ |
method could give information into the méchanism of tile ‘cle‘a;x‘légle of the carbon
chlorine bond in aromatic‘systems.

The currently accepted mechanism is that the parent édmpdu-n’d ®R~-Cl)
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pi_cks up an electron to form the radical anion ‘(R—Cl-."') Wh_ich. immediately |
breaks apart to fo:c.'m thev‘. free rad‘ical‘ _(R- ). Thi‘s" latter "s.']_beéi.es the;i g:airis,
anofher electron to form the ani-on G_) which then éains a pfofon to -givé the
product ®R-H), When stédying the reduction of the chlorobenéene. se_rié’s,f

- Farwell™ obtained .evidence supporting a reversible charge transfer followed

by a irreversible chemical step which is consistent with th'e'ab_o‘vé mechanism.

‘There are two othexj mecha’nism:s I Wouid ii'ke to cOn’éi&ei‘, v‘_I‘n t_hé f1rst
of ;chese, the radical anion, R—CI_., géins. another électfon t-c-> go tc.>'1ﬁhe:. '.
dianion which thégi loses“a chloride ion to fbpﬁ R-; ,The second meChﬁhism
haé the radiqal arﬁon acqujriné a _p-roton fo fcﬁ‘m the frgé 'raciical, Rigl i

This species then gains an.electron to form- R/H

~Cl V\v/hlc’h thez‘nv_loses" a g‘hl_orme

to form the final product R~H. The first of these two mechanisms is. consis-
tent with Farwell's” observation of a reversible .charge transfer followed by .
an irreversible chemical step. The latter of Ti:hé_ two-mech{ihisxﬁs is also

consistent in that addition of the proton is consid_ere'd irx:-eVstibie. :

' In this study we need -among other things, to consider the total eriei'gy"" o C

of the various s’pecies‘_. The parameters used in the CNDO 'in'ethod are for"g'as_

-phase molecules. Thus it must be decided whether the ionic species formed. . |

will ‘have an appreciably different solvation energy than the }Tnéutfa-l molecules -

‘under consideration.. In the introduction we saw. how Dewar '~ calculated

the difference between the parent compound for radié‘al anions and parent. -
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compounds of aromatic hydrocarbons and _qu’inones. According, to his treat-.
‘ment, E, is given by -

AG =-nF (Ey)’
2y

- where AG is the difference in free energy between the two states of the system,

n is the number of electrons gained and F is Faraday's constant. If'-._t_he_-entropy -

difference between the two species is constant then

where AH is the difference in enthalpy betv'veen the radi'cal ani'on and the?pai'ent _

' compou'nd' and b 'i's a.constant Thusaplot of -El vs. AH should be l1near and ‘

furthermore for a one-electron reduct1on, the. slope should be equal to 1, 0

For a two;_-'electron reduction, as in the case of carbon-chlorine.reductiohs‘, the

B slope should be equal to 0,5,

. The AH Was calculated for all the chlorobenzenes (AH = total amon |

h
Etotal parent) and a PlOt of the AH Versus the f1rst El, as estabhs ed by

Farwell, 1 ‘is shown in F1gure 31, The slope of th1s 11ne, as. calc ulated by

.. least squares analys1s, IS'O‘.~51 + 0.-20 S1nce th1s slope is close to the theore-

t1ca1 slope th1s 1nd1cates that the d1fferences 1n solvat1on energy between the
parent chlorobenzenes and the1r correspondmg rad:lcal an1ons is constant
Some of the specles, such as. chlorobenzene appear to have a pos1t1ve

electron aff1n1ty (EA =E- = E
amon parent

), that is, the parent compound w111 not N
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Figure 31, First Reduction Potential for Chlorobenzenes vs. Calculated AE
between the Radical Anion and the Parent Compound,
y =0.,51 + 0,20x + 2,25 £ 0,16, r = 0,94
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accept an électron. This is misleading for two re'a"sons. First the str'ucture.

- input for the CNDO calculation on the rad_ic.al' anion was the same as the parent v‘

compound, - However, the HOMO for the radical anion is a localized o anti~ -

bonding orbital, -This will cause a .lengtheningoi-’the carbon—chlorine bond
which in turn will lower the energy of the radical- anion. The other reason B

concerns solvation ‘energy._ ‘Negative ions ‘are SOlvated ,in DMSO perhaps .

to a better extent than neutral molecules. : While ‘the solvatlon energy decreases'

between the radical anion and the parent compound to g1ve a negative electron

affinity.

To try and establish the mechanism of the carbon-chlorine reduction the .

CNDO/ 2 calculationsvyere performed on all three oi ',tne dichlorobenzenes.
Since we are concerned with‘total energy, all of 't..he.Sé calculations _"were done
in double precision. The accuraCy_ of these calculations .is‘ 0.01 a. u. in charge_
density which is equal to about 0.0001 a, u‘..in total energy_. The same bond

engths and angles used for the parent compound were used for all spe01es

The "tetrahedral“ carbon of the spec1es R/ had a C H bond- length of 1, 100 A

‘Cl
and a C-C1 bond length of 1.780 A, These two atoms were plac,e_d in a.plane

" perpendicular to the benzene ring and at angles 50° above anhd below the plane’

of the benzene ring..

solvation '
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Table 10. Calculated Total Energy of Various Spe01es Formed Dur1ng
: Dichlorobenzene Reductlon

chhlorobenzene (energy in a.u. )

Species . 1,2 ' 1,3 . 1;4
R-Cl -77.9505 | ~17,8626 ~77.8936 -
R-C1~ ~77.9202 . ~77.9364 . -78.2900
~H 78,7339 - 186029 . 1862zl
R\Cl ) - ° . - . . ' - ..--, .
= -77.6609 (T) - - L
R-Cl ~77.6026 (S) -
R- - -61,5467 ~61.5460" . -61,5601
R . -61.6018 (S) e | ——
@ oy * OH - | - N
, ~77.7636 ~77.6325 ~77.6518
H,0)
®- +C17) ~ =77.6510 | -77.6512 77,6644 .
@ +Cl) 7177061 — e

%
(T) = triplet state, (S) = singlet state




Table 11,

Caleulated Eigenvalues and Types of 0rb1ta1s of Various Spec1es Formed Durmg
Dichlorobenzene Reduction : .

EIGENVALUES (a.u.)

R-Cl R-CI™ rH R-Cl_ R R
, o ~Cl. ’ -
" Orbital LUMO HOMO HOMO - HOMO  HOMO . HOMO
N Orbital # 22,23 22 29 - 22 18 18
Chlorobiphenyl -Type o,m a o o} a o
1,2 0.0815()  0.0227 ~0.3393 0.2873 (5) -0.4167 . -0.1163 (5).
| 0.0819(m) -
1,3 0.0835(r)  '0.0413 -0.3428 — ~0.4163 —
' - 0.0846(0)
1,4 0.0729(r)  0.0622  -0,3382 - ~0.4146 e
' 0.0972(0)

o

m il
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The total energies (in 2. u.) for each of the Species are shown ‘in Table
10, and the eigenvalues and types of orbitals (o or ',;IT.) we will co‘hsider ,_are in

Table 11. The various"schemes- we vtrill consider are:

. H ¢ __H

R ~ RSy o —or”
HC el o
RCl &7 R'cf > R +c1'] R +c” 5 mE
@) (2\ / ©) ()
rRcl 7 S
®6)

Let us f1rst cons1der the pos31b111ty of protonatmg the rad1ca1 an1on

to form the spe01es R- 1 @). Wh11e the HOMO of (2) 1s ao orb1ta1

the HOMO of (3) is a . S1nce the proton has already added ‘the f1na1 product

will already be d1ctated therefore it is no longer necessary to have a locahzed

"0 orbital. Having a m HOMO will allow the free; ele'ctron to be deloe‘al‘iz_ed' B

throughout the aromatic 'sy.stern. . Furthermore the orbitals of the hydrogen '_ -
and chlorine at the "tetrahedral" carbon mix to fo’rm a. 'm orbital™ which

enhances this delocahzatlon to further 1ower the energy of the system The ,

energyrequire‘d_ to provide a prot(')n_must be o’onsid’ered.‘

In this treatment let us assume that water is the proton source, , ' The

~ solvent system used is 'aprotic and some-investigators.haye fou'rid_-the

Hoffman elimihat_ion‘ product of the qu_aternary.ammohium 'salt' (s-qpporti"ng

{5 Y S

“energy of (3) appears to be lower than that of the rad1ca1 anion, However-,-_ the o |
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electrolyte), thus indicating that it is the proton source. However the system

is ndt anhydrous ‘and Farwell1 observed that smail,amounts of water ] dropé/ ,.
3 ml)- did not change the E 1 Therefore it is not an uni‘eéiistic assumption to |
consider. water as a proton source in this model

'I"he total énérgy for water (O-H bo.nd length 1_.00 A, bond angle 1050)

" as obtained from the CNDO/2 calcﬁlations is ~19.8877 a.u.; the hydroxyl
jon (bond length 1.0 A) has an energy of -18.9174 a.u, Thus 0.9703 a,u. must -

'be‘ad'ded' fo 3) to' obfcain the true energy of fox-f:mat‘ion,: ‘Thi's makes the cor-;
rected energy for the protonated radicals of thé dichlorobenzenes be‘gv;/een 0,16 -
- and 0.64 a.u. hiéglier in éne’rgy than the corres;pohdi'ng.radical anions (2).
Solvation eﬁe,rgy must also be considered. Protonating the radical énion
creates a neutral mqleculé. Since iohic sbe'ci_es masr be- solvated better in DMSO
thar_l uncharged molecules, this will raise th(_a AH. Séét s.ince a hydroxyl jon is
formed, the AH between the radical anion and th_e pfptonated radical 'wjill'
decrease, perhaps below the indicated 0,16 to 0:64 é. u,.,-'
The radical arﬁon (2) could losg a chlori.de‘ ion to form the free radical,
). The HOMO of (4) is'a o orbital with befvx;e,en 54: and 66% of the felec;
tron distribution si'tuatéd.on the carbon that lqist the chloride ion, This implies

that this would be the site of proton attack, Indeed, this was confirmed by
g, ‘ ' '
S :

doing the CNDO/2 calculation on the anion (6) of 1,2-dichlorobenzene, The -

HOMO is still a o orbital and the electron density (65%) in the HOMO is still
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_ situated at the site of chlorine 1oss and the tctal energy of »R_ is lower than .

that of R- whlch again 1nd1cates a rather facile process,

The total energy of (4) 1s about 16 a.u. h1gher in energy than that of the
rad1ca1 amon (2) which makes the. formatlon of (4) appear to be a very unfavor-'
| able process. _-HOWe_ver, a chloride i.on is formed.. during the reaction and this.
must be taken into c'onsider'ation The chloride ion has a calculated energy of
.—-16.5‘,,1043 a, 'u thus the corrected energy for the formatlon of the free radlcal |
(4) is only 0.27 to 0.63 a.u. higher than species (2).‘ | :

As rnentioned _pre_yiously; species 4) will readily gain_ an electron to
form the anion (6). " The anion (6} of 1,24dich£orobenzene has a total energy
'ot -61.60_18 a.u.. Chlorobenzerie (7), which is formed -up‘onthe:addi_ticn' of'a |
| proton -has a tota_l energy of -62.6255 a.u. The energy difference betyveen |
these tw0'spectes (3.0237 a; . ) is’mcrethan ‘enough to. strip a,proton_fr.orn

~ water so this 1ast step is qulte energet1ca11y favorable

Thls last mechamsm, the currently accepted reactlon scheme, is qu1te
favorable. However, an equally promising pathway is to add an electron‘ to 'the'
radical anion (2). The resultant dianion (5) has an energy 0.26 to 0 32'a,u. |
higher than the radical anion (2) fI‘h1s energy dlfference is qulte s1m11ar.tc
the difference between the_radlcal anion and the free radical 4), the curre_ntly
accepted pathway. 'Furthermore, the dianion should be .soivated more‘effici'_ent—‘-

ly than the radical anion, which will decrease the AH betWee‘n these species.
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It appears entirely possible that an electron should add faster than a C-Cl bon_d :
breaks‘, thus fa'voring this pathWay over the formation of the‘fre‘e'radical_..
.Finally, thié m-echanism would explain the 1a§k of foringti'ori of difn,ers- and ' |
alkyi me’rcury compounds When aryl halides are i'edqced as dppdsed to théir‘

prevalent formation on the reduction of alkyl halides. 3, p. 176

Anaer‘ol‘oic Degradation of Organochlorine Compounds

We have now established that all valence mplecular ox;bital calculationsn _
prox}ide a good means of estimaﬁng the eieqtroChemical fedﬁction potential and
the reduction pathways of organochlorine cbmpounds. Now We Wént fo chénge
the emphasis of our discussion and see whethei' or not reductive eiectrdchem—
, .istry and therefore quantum mechanisms can provide‘ inSight in thé reduction
of organbchlorines under anaerobic conditions. There are two quéstions we
want to ask: -firs.t, by just knowing the rgduction pot-ential"of a compound, can
we predict whether or not it will be anaerébiqally reduced? For -iﬂstance, the
first reduction potential for hexachlorobenzer;xe is -1.322 V. ‘This potential
might be low enough. so that anaerobic reducti_on might occur, whereas chioro—
benzene, thsg E% is -.2,440, ‘might not reduce because its E% 1s too high.
Stated anofher way, is there a limiting E 3 for compounds é,bove'which‘ anaerobic’
reduction will not occur? The second question we want to, a$k is if anaerobic _

reduction does occur, do the products formed correspond to the p;coducts
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observed é}ectrochemically ? In other wbrds-, can reductix}é "electrochemist':py
be used to predic;t the producfs formed angerobically? )

DDT Family

As previousiy discussed in the introduction, DDT're',adin degrades to DDD
tinder anaei'obic -co.nditions._ There is sbme question Whether or not there are -
further degradation products formed, but the generai conséhs'us éee'r'n_svto‘ be
thaf this is the final red'uctive'prodﬁct. By degradétion pro-du'cts;, I am referr-
ing to compoﬁnds in which there has b‘een carbon chlqr.ine bond scission, and
ﬁot the uée of the compounds as a carbon s.ource,‘ the -.end product in this latter
case being carbon dioxide. DDD is also the first ellectrocl.lerhic'al reduction

30,31 S '
’ Thus in this instance reductive electrochemistry does

prgduct of DDT.
predict the pathway that is observed anaerobidélly.l ‘The cc.mvers.ionlof DDT to .
DDD occurs eleétrbéhémically at -1.240 V. (To provid‘e.‘a co"nsistent set of -‘
.rgduction data T will onl‘y‘ use the.values reported by Farwéll1 as.,"his collection
iéthe most extensivg. This will é.llow.cofnparison of the Various' compbunds “
‘since they weré all reducea under ‘the same conditiohs ‘a-lnd with the ééme instr"u- '
ment). DDD is converted to DDMS at a _potentié.l of —2,068 V. If we are trying
to establish-a "cutoff'" p6tentia1 above which cor,np.ogn'ds ‘wililnot.vbe ansero- -
bicaliy re__du_c'ed,..-the first vaiue we can set is -2.068 V.' | This is- not to i,mply_

that 'potentials. of this magnitude ‘aré_generated under anaerobic conditions,  All -
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Iam saying is that if a compound has an E; of greater than =2.068 V in our
aprotic (DMSO) solvent system, it will not be reduc_ed in ah‘ anaerobic environ-' u

'
ment,

DTE is a DDT analogue whose first electrochemlcal reductlon product is

DDE 30, 31 I questloned whether or not thls reaction pathway m1ght also be o
observed anaerob1ca11y The results of 1ncubat1ng DTE in ﬂooded soil are
shown in Figure 32. There is a steady increase in DDE 'ccncentration dn"til
week 4 when there is a decrease To confirm the formatmn of DDE, a
sample from week 8 was evaporated and its 1nfrared spectrum obtamed Th1s
was identical to the spectrum of DDE. |

After week 4 there 1s a decrease in’ the DDE ccncentration'.v 'Thts could
be due to the formation cf further reduction products, For i‘hsta'_'rice',‘ the. elec— ‘

| - I . 30,31
trochemical reduction products of DDE are: '’ >

R'. - ]}i ) - R':

. . H2e’ ‘ A2 o
R'—"C=cc1.2 = m-C=cmci =° ‘3"-6=CH2 :
DDE . DDMU -. _ DDNU

(where R' = (C H, Cl)-).

The electrochemical reductlon of DDE to DDMU occurs at —1 757 Vv, and DDMU

to DDNU at -1,892 v wh10h are both lower than our tentatlve 11m1t of -2 068 V




mg DDE

Figure 32, Anaerobic Formation of DDE from DTE (vertical bars represent
range of samples)
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I d_id not, however, detéct any of these conﬁpounds vin our anaerobic system
Which supports Plimmejr's et al, >3 contention that DDE is not anaéroioicélly" |
reduced. This may be because the redox poténtial (Eh) associated with the
ﬂo.oded soii conditions is not sufficiently low to prémote the reduction of
DDE, 8 Instead ;che obéefved decrease of DDE could be due 'to its irreve:r;.sible‘ .
binding to thé soil, If this is the case we must changé the lin'git in the electro-
chemi_c.al: system to‘ -1.757 V, above which anaerobic ‘deg'rada’z‘:ip.n will not
occur. |

This argumenf assumes that the anaerobic reduction is'purely a chémical :
phenomenon. Another possibility is that it is‘ biologically mediated. In thls '
latter case, the compound might have to bind to a membrane, and pérhaps DDE
does have the prober stereochemistry td do so. At,,'.this point in our discussion
we cannot make a decision as to thé method of reduction (i.e., chemical vs.
biological). The one thing that can be stated with certainty is that with DTE, .
electrochexhistry has again mimicked anaerobic reductiqn.

Lindane |

~ We have seen how lindane is electrochemi-cally reduced ‘t'o '-y-BT'C, which

in turn goes to the final reduction product, benzené'. y=-BTC is also observed

' 67
during the anaerobic reduction of lindane, ~ ’ 68

 The electrochemical reduction -
of lindane to benzene occurs as a single six-electron process at -1.500 V.

This is lower than our new limit of -1.757 V, So it seems pdssible that benzene
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should be the final i‘educﬁon product observed anaerobicélly;

There is other 'evider;ce to -augment i:hé bélief that y-BTC1s being anaero-“.
bically reducéd. When 1 incubated lindane in flooded _soil‘the' ‘y'-E;'T'C- concen-
tration réached a maximum é,t.week 2, after which it decreé,sed 1n cc_)m;,ent;"a- -
tion. This couldl mean that it might be binding irr‘eiversiblyl to the soil 01;
perhaps it is being furfher degrad;ad (reducéd). To test this 'lattéi' hypo’;hesis '
lindane was incubate_d in anaerobic sewage slﬁdgé, vx;here yli‘ﬁt‘ianel has a half

.1ifé of apbroximately 24 hours; 70 | “

Five -2 liter samples of sewage sludge were i'n'cubat.ed, e.ach: containing
400 mg of 1indane. At the end of 56 hours, g.c. analy;si_s :indicatéd the‘ forma-
;tioﬁ of a new compou‘n(-i that had an identical retention time to benzene on two .
different columns.' (20% Carbowax 20 M and 5% Bentone 34/1'0% OV—lOl)‘. ‘The
.average'.amoun.t of benzene detécted was 12,6 pyl With ral I‘aﬁge of 4.6 to 20.8 .uL
Five control inéubat_ions were run, four of which revgaléd no trace of ben-
zene. (’_fhe minimum améunt of benzene that could bé'deté'ctéd under the obé_r‘-‘-
ating conditions was-équivalent t6 0.5 yl benzene). One _'control-sampl‘e did

" have a peak corresponding to benzene with a concéntrationf of 1.6 ul. | However,
the av.erage_'amount of 'b'enzene fodnd in the experimental sgmpies.Wés: eight '
times li.:he aﬁmount fdund‘ in this .6ne control,. so i.t clearly appéai's thai: be.n.z‘e.he |

‘ is indeed being formed anaerobically.

To confirm the formation of benzene, the g—diniti‘o- derivative was made - .
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of each of the experimental samplgs. A peak wéé found that had an identical
g.c. reténtion time to .Qi-dinitrobenzene. This peak was -nét' ‘.foun'd iﬁ any of |
the controls, With the -exception of the one previously di‘s;éuséed,' ’The amounf
of benzene detected is only.around 10% of the amount of lindane gpplied,
aSsuming comple;:e bonizeréioh. There are two reasons that could cause this.. :
low recovery. . Thé_i'e may not have béep efficier;t tra'nsferr of al'l' fhe be_nzene to
the cold frap; This coﬁld have been dqe to an inadequaté ﬁow of -'n.itrogen
through the sewage vessel. Perhaps a better reé,son_is that f.he' anaerobic
organisms in ;che sewagé sludgé were utilizing the ioenze'ne for.med as a 'ca‘rbon'
source, Labeled ca;,rbop ‘dioxide hé,s been foﬁp.d aftér the anaerobic incubation
of 1.4C—1indane‘, 63 _This implies that lindane, but mor.e probably _-or'le'c_)f its
degradation products- @i.e., benzeﬁne), is being used'as a_éarbon sol.lrce.

Chlorobiphenyls

2,3,4,5, G;Pentachiorobiphenyl haé a first reduction potential of: —1;566 V. |
Since this is ﬁlore anodic than our arbitrary cutoff limit of -1.757 V, perhéps
-t‘his coﬁpound will degrade under ahgerbbic degradation.. This chlordbipﬁenyl
was incubated in ﬂo.oded soil, but after the end of eight weeks there was no
detecfable metabolite formation or any breakdown of the parent cvqmpc‘).und. ‘
I thought = that perhaps the anaerobic conditions in the sqil‘ were not "stren-
uous' enough and that incubation in anaerobic sewage sludgé wo,t_ild provide a

more favorable climate for reduction, This idea was based in part on the




| ~158-
observation that while DDT in the flooded s_oﬂ fook fiﬁe weeks to be completelgf ‘
cohverted into DDD, DDT could only be 'detected‘ 20 minutes aftelr' its addi’;ioh.
to anaerobic sex&age slﬁdge. |

Triplicé,fe gamp}es of the penta‘c‘llllorobiphen‘slfl were inc‘ubated in t_hé |
~ sewage sludge. “F_rom each unit all of thé apio_lied pehtachloro‘biphenyl was
recovered. at the 'end of the experiment (206 hours)., This could be due to ‘t\.;vo
reasons. First our "cutoff' limit maj( hot be low_ ‘e'-n,oillgh. ThlS -qompour_l,d ﬁés .
a higher E% théﬁ any cdmpound we have looked at $0 -fa'r‘.. We know that 1ind‘éne |
anaérobicé.lly reduces and that its E% ié -1.521_V., Thié would mean that our P
new limit must be between -1.521 and -1.566, . which seems to be a rathe.‘i"
narrow cutoff point. Perhaps a better reas..on-th'at 2,3,4,5, 6-pe£1tach10robi- !
. phenyl does not reduée is that becausé -its_ pen;cachIOi'o moiety ca-nnot‘
fit into the site (i.e., biological membrane, for instance) where the reduction
ocecurs. - ’I;h_us if we were to try its reduétioﬁ product, 2,3,5, 6-tetrac‘hloro—
biphényl, perhaps it would be able to'fit and be anaerobically reduced.

2,3,5, 6-Tetrachlorobiphenyl was inc‘ub‘éted in the_ séw‘aée‘ system and at .
the énd of 172 hours there was no detectable Ihetab(;lité f_ormation. A_t |
each sampling time (every 24 _hou,rs), éssentially all of the tetrachloro~
biphenyl originally was recovered, This does not necessarily rule' .
out thé idea of the molecﬁle having to fit into an active site; Perh;cmps we _aré__ o

seeing a dual effect. First the molecule must be able to fit ihto a reduction
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center. Sécond, if it can fit, it must have a sufficiently low (more anodic)

reduction potential so that it can be reduced. 2,3, 5,6;Tetrachlofobiphenyl has' -

an E;z_ of —1.787._V, which .is higher than that of DDE which We have ﬁreviousiy
" shown cannot Be .ahaerqbf"cally réducéd., so the tetré-chl_c;ro.biph‘eihyl %nay fit in
the ”acti;re .si‘;e_, " but it will not be reduced becau‘s‘e" its -E% is too cathodic.

" Studying the ahaerobic degradation of decacﬁlorobiphenyl should help- .
élar_ify the situation, Its first reduction.éotential' is -1.406 V. Tlﬁs is loWer
than that of lindane sb if anaerobic reduction is chemicaly ‘i.n nature decachl.oro-.
biphenyl Shoﬁld re_zadily:de'grade. HoWever, if thé compound needs ;CO bind fo an
active site, w'e'méy or may not get degr‘adati'on.

Quiﬁtup1e£ sampl.es of decachlorobiphenyl w'e.rel incubated in .an'aerobi‘(: o
sewage sludge. Sampie‘s were taken at 24 hour intervalsv.for a‘tbtal of i'92 .
hours, I Waé unable‘.tc') detect the formation of any degi'adation p_I‘Odl}C.t.S

and were able to recover essentially all of the added decachlorobiphenyl. N

The second E; for decachlorobiphenyl occurs at -1.687 V which is above .

2

our limit of -1.566 based on 2,3,4,5, 6-;pentachlbrobipheny1, Jbut below the
~1.757 V limit baééd onl DDE. This suggests tha;c‘ while decachlorobiphenyl
will not degrade anaerobicglly', p_erhaps its firstlxl'eduction product, fornlled,
from electrolysis at —1-;466 V, would,

. Farwell's1 do'ni.:r.olled potential electrolysis workjd-(id not ‘inc':lude any

compounds with chlorines in the ortho position on both rings. While loss_
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of the ortho chlorines is not a major pathway with 2, 3,4,5, é—pehtachlorobi—

phenyl, havi'ng chlorines located on the ortho position in the. other ring -

might significantly alter the reduction pathway. Part of -{chis_ belief was based

on the reduction potentials of 2,4,6,2',4', 6'—hexachlorobipheny1 . This com;' '
pound shows two chlorine reduction waves., ‘The first occurs at -1.908 V and

is approximately twice the height of the;se’cbnd which appears at -2.047 -V.

"This tends to indicate that four chlorines are lost on the first reduction and two o

on the second. -The AEZ between the latter reduction and the reduction of

d

biphenyl is =0.364 V which is almost identical to the AEzd for 2,4'-dichloro- -
biphenyl. Thus while 2,4, 6-trichlorobiphenyl forms 4-chlorobiphenyl, the
voltammogram of 2,4, 6,2',4", 6'-heXachlorobipheny1 indicates that 2,4'-di-

chlorobiphenyl might be formed. 1 therefore performéd controlled ,poténtial

electrolysis on the hexachlorobiphenyl at -1.9‘08_ V and analyzed the product’

by flame g.c. The major product found was 4,45';-dich10robipheny1, in marked. -

contrast to the compound indicated by the AE2 d value, .
Having preliminary evidence that the rings of the biphehyl tend to act

independen’ély"of each other, decachlorobiphenyl was electrolyzed at 1,406 .

V. The product recovered was a solid and g.c¢. analysis indicated two rhaj or - ‘

.components, The first compound (approximately 65%) had a retention time of
8 minutes , the second 8.4 minutes (5% QF-1, column 2000). Mass spectral .

analysis revealed that the compounds were a mixture of OCtachlbrobi'phehyls‘.
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Very tentative nmr spectra were obtaine"d <')n‘l'a \.l‘ar:_iari HA-lOO. ) ‘There.were
tWo peaks at 7,59 and 7.71 8 (vs. TMS}; Thesé peaks had a 'r>e1atix'fe‘ integraﬁonf
vglué of approzdﬁately 1:2 respectively, B'ase'd on rep_orted ‘nmr;s for chl.orof '
biphénylé , 181‘,_18.4' pea;ks at thesé positions iridic’até para:i and mei:;l protons,
Two mixtures arle consistent -vs./ith the nm.r'specf;'a. Thg first is compoéed of
2,3,5, 6; 21,3 '; 5',6'- and 2‘, 3,4,6,2',3',4", 65octéch10robiphenyls'. The fof.mér -
.compound would have a single peak af apprommé.tely 7.71 .6, the 1atfer at |
7.59 6. The other mixture would be 2,3,5,6,2",3",5, 6'- and 2,3,5,6,2",8",
4!, 6'—00taph_101;obipf1_enylé. In the.first( mixture, 2, 3, 5, 6, 2',3",‘ 5, 6,'-c;cfa;
| chlo:_cobiph'enyl would be the 60% component; in the I:Tc,l't'ter:'mi_xtur.é it would be-
thé minbr _isofmer. If we aséume that the rings'behéve independently, the corﬁ-
pounds are quite reasonable, basgd on the red_uctionbrbducts of 2-,.3,4,5', 6~ |
pentachlorbbiphenyl. Reducing this latter compou,pd,, FarW‘elll found 58%
2,3,5,6~and 37% 2, 3, 4, 6-tetrachlorobiphenyls. |

The octachlorobiphenyl mixture was i.ncgbated in ,éinaerobic sewage sludge.
in duplicate. ,. Both ‘éctachlérobiphenyl isomers ‘st‘e"adily‘ de;:reaséd mai,htaini_ﬁg
’ the'éame,felativé propbrﬁon to one an‘qthgr." In éadh:cav's"e ,‘a nev-v‘ péak was
forfn_ed with a relative retention time of '0..43 (5% QF-l co.himn) to the majér
component of the octachloro mixture. A typical 'rea_'ction pi‘inIe' is-shown in _

~ Figure 33.

If we assume that the mixture is composed of 2,3,5, 6, 21, 3.’,‘5',.6— and -
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Figure 33. Anaerobic Degradation of Octachlorobiphenyl Mixture in Sewage
O - octachlorobiphenyl mixture, A - unknown meta-

Sludge.
bolite.
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2,8, 4 6,2',3",4', 6'—octachlorob1phenyls and that both of. these compounds are - .

formlng the same product there is on1y one hexachloroblphenyl that can be
‘made 2,3,6, 2' 3' 6'-hexachlorob1pheny1 ThlS compound has a retention -
index (R I.) of 2172132 wh11e the unknown peak from the sewage extract has |
aR.I. of 2260., (This value (2260) has been establis’-hed from the_retention

time of the second component of the biphenyl mixture formed by reacting 1, 2,4~
tr1ch10robenzene with 3, 5-d1chloroan111ne Thls peak (from the Gomberg
reaction) was ztentatix.r_ely ‘assigned the structure _3', 5_,.2‘, '3-",, 5~ whic’h, has an R. I
of 2259, Sislsons and Welti used an Apiezon L column and we used an (SV—-IOL,T '
Since the colunnns have nearly' identical McReynold's const_antsmé the results
. should be comparable). Since any lower chl_orinated analogues of 2,3, 6,2',

31, é'—hexachlorobiphenyl will have even shorter retention times than this .COm-
pound, it appears that the mixture cannot be 2,3, -5_,_6,..2','-3', 5',6'= and
2,3,4,6,2',3", 4'., 6'-octechlorobiphenyls.

The other mixture @,3,5,6,2',3',5',6'- and-2,?,.4,‘.6‘,:.2.',3",4',6-7) can’
give 2,3,6,2',3',5', 6Lhepta- and 2,3,5,2',.3", '6'-'-hexé.ch'10robiphenyls. The '
former of these two products has too great an R.I. (2439) to be the unknown
metabolite; the Iatter has an R.1I, of. 2248 Wthh is. qulte close to the 2260. of
the unknown. Therefore I tentatlvely suggest that 2 3 5, 2' 3',6"-1s the
unknown metabolite, Thls is not an unreasonable struoture. In the mole-

cular orbital section of this dissertation it nvas speculated that 2, 3, 5-trichloro-
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biphenyl was the Ema,jor electrochemical product for 2, 3,5, 6-tetrachlorobi- -

phenyl, with 2,3, 6-trichlorobiphenyl being formed in a slighfly'lesser amount, -

Furthermore, 2,3, 6-trichlorobiphenyl has to be the major pathway fdr 2,3,4,6-"

tetrachlorobiphényl and since it was shown that the fings act independently -

during re_ductién (cf. 2,4,6,2',4", 6'—hexachlorobipheny1') it seems as though

electrochemical reduction and anaerobic degradation go by the same pathwaysl o

for chilorobi}‘;)h'enﬂs.‘

Since the elgctrolysi's product of deca’c-h'ldx_'obiphenyl anaerobically dé-:- _
graded while decachldqubiphenyl itself did no_tl, this lends 'suppor.t‘ jto'ou:‘cj pf;o— ' .
posal thét the céofn_ponihd must fit into an-a'ctive site in addi@ioﬁ to _havir.lg a
low enoggh E%_ ) Whilé the parent-compou‘nd apparently'| coul@l not b1nd to the'. .
act_i've. centevr,‘.\the cbmponents of the octachloro mixture‘uc'quld,. and becaus;e'-__
-.t.heir: E, is b-_'e-lc‘)W our cutoff value of -1.757, they could then‘be‘.re'duce_d“. :

2

Chlqrobenzenes '

The first E% for .hexachlorobenze'r'l‘e is -1.322 V. Since this is more |
anodic than our cutoff limit, héxachl_orobenzene should dégrade in our
anaerobic system. Reﬁlicéte samples of the Chloro'bepzehes were incu‘bated
in the sewage sludge. In eaéh case within 72 hours, peqt_achlofobénzene'wés
produced at about 5% of the original hexachlorobenzene level. Wfla';t is mark-

edly different about this incubation is that even up to the end of the _experimerit,

' (292 hours) after the origiriél formation of the penta isomer, both this ciompé_und
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and hexachlorobenzene r_einained constant in cor;c,ehti‘atio,n. -Thus at 292 h_ours
there was still 92%' hexac-hlorobenzene a_nd. 49, pentaclﬁorobéhz_'ene., This type _-
of behavior has hqt be_en 'obsei'ved before. In th_e ﬁ'su'al case; if. a néw ,cdmpouhd ‘
forms anaérobiéaﬂy, the parent compbund wili degr.ade,éon.t-inqally until back.—
ground leveisv ai'e reached.

I do not know the reason for this tinexpected'behavior. Perhaps it is
an indication that the reduction process is bi'ologically 'mediéted, Whilé we
observed gas prod'uctioq in our anaerobic fermenter for at‘-leasi; 168'h0urs,'by '
far the greatest 'activity'.subsided after 48 hour_s.' This .could mean that theré is
not a sufficient 'i)ioéulati'on of anaerobes present after 48 hoqi's .thorétinue ’ghe;
reduction. proce‘sé'. : In the instances Wherel réduetiéh _tj.loes' occur. after 72 ‘hc'.mxjs.,.
Ilaerhaps' ‘this process is more chemical than biological in nature.

:Since the filrst- E_% for peﬁtachlox_'obenzene (-1.573 : V‘) 1s below the cutoff
limit, I investigated whether or not this compc;und' would degrade. The com-
pound was incuba£ed in the usual manner and worked 'ui) as usual. I was
unable to detect any metabolite formation and - was. able to ‘re_covér essentially |
all of the pentachloijobe,hze‘ne' at later sémpling peribds‘ és was e:;trabted at the

beginning,
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Heptaohlor and ‘Other. Cyclodiene Pe-sticides' |

Hepteohlor-hes a .ﬁrst ‘redu'etionv‘potential of ei.656 V, ahd there’fore
s1nce thls is below our cutoff ‘potential of -1, 757 Vv, should degrade anaero-

b1ca11y Hill and McCarthy reported detectmg a ”heptachlor early e1ut1on” peak. .
“when they 1ncubated it 1n sewage sludge. 70 Mlles et al i 1dent1f1ed chlordene
as an’ anaerobic metabolite,

Triplicate sa:rhples _of'heptachlor were 'ihoubated in. ﬂoode,d soil. In each
serhple vthe atrrlouht of"heptac‘hl_or 'éteadily' deoreased, whilert"he eoh_cehtratioh of
chlordene _ihcreaséd. I ‘di.d not detect formation of the- pentachloro ‘reddctioh '
prodhct of chlordene ih ehy of the eam]gl)les.‘ .More‘ove'r,-‘ when chiordene was | |
'incubated in the 'eoils. Iv wes able to recover ee'senttalty all of the épplied a

chlordene after 8 weeks. o

F,arwell1 reported three reduction‘ potentials 'f‘or' hept'aohlor:, at -1.656 V, |
~2.087 V and ~2.319 V. This compares to four E 3 's found for 't‘h,e other cy’.c‘:Io-, -‘
diene pestic‘ides; rI“_he letter,compounds-'v latst E% islrhore c'a.thodic. than hepta-
chlor .and the Voltarhmograhl of heptachlor ‘d'oe‘s have whatu-appe'arsto he ;

“shoulder at a potehtial (= —20.6 V) where the supoorting eIectrolyte "is_ re'duced.‘
This rneahe that there ‘sh'ould be four redhctio‘h;pot_enti'ais for hepta(:hlo‘r ae its“ |
found with the other cyclodienes. o

| The f1rst reductlon potentlal for all cyclodiene pest1c1des fallg between

-1,5 V and -1, '75 V. In the,compounds that have been studie_d t_his_ repreéents
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loss of a chlpriné in j;he vme,tfiylle_ne‘_bridge'. 3.2‘_37' Hepi:achl_o_r; in addition fo
having a dichloromethyiene group, gi}so. ilas an alllylic‘ chlor;ir;é Wthh 1s ge‘n—' :, o
erally considered to be‘ thé most fép;i:l.e"of'r'-edli'qt.iéns}g: lH;)_weve'r,.: incréaéing L'.
the cMérination aifoundl one ca_rbonnrd‘ecreas'és the redﬁ;:tior; fpoteﬁtiél éo wle.'. ]
hav;e the possi_bility' pf t_w’é ‘diS.ti-nCt‘ réduétive routeé,__either loés‘ o'f‘the‘ allyli.é.;.
chlorine followed by.cléévage éf a carbon chlorine ibond:‘ih the.ll.ne’éhylerlle brldge '
~or vice vérsé.. | |

Controlled potential electrolysis Was vpt'arformed on heptachlor at a ﬁoten_

tial of -1.656 V. - At the Qn;i of two hours g.c. anainié k5% QF-1, ,cc_)iumn '15001)_‘
revealed a new. peak at 9.8 minufég (heptachlor = 8,8 minutes), After eigiht -
hours heptachlc;r.héd completely disabpearéd‘, a—ﬁd t\;v'o 'né\}v p:eaks in additioﬁ to
the 9.8 minute pealr; had for.;ned.. These two ﬁew coxﬁppuﬁds had retéfﬂiio’n .‘clinlles.:"' ;

" of 5.5 and 5.9 mill'nutes‘.,' The formef 'comi)qﬁnd 1_1l',a,s ap- i(ientiqal rété_htion time, -

. to the chlordene-.réductior.l pi‘odlllctt," Bé:sed on 't_hé g.Cy fé’sulfs_,‘we "céln;ca'ttilyély g .‘ |
suggest the reduction pafhWay shown in 'F“_igy.ire- 34 I feel this pathway is ;

" correct for.twojrea._sqns:;, f‘ir_st_, ch_lordeﬂé was :riot observea t'o‘for.in during fh‘e ¥
e‘lecfroéhemical reduction, yet its. 'redlicizzic}n fifdduct was. 's,e_cond,- the AEZA'.;
values for the first ‘redugtion 6f_hep£é.éhlor- does not match chlorde_ﬁe, i&hich
it should if -chl_ordé-ne was a reduction int"ermediate.;

The anaerobicv.deg'r'e;dation goes_ by J;us-t_ thg opposité routé. Sinc’é the .

chlorines are lost at quite similar potentials, this is possible due to a stereo="
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’ Chlordené Reducﬁon
Product

Figure 34, Proposed Electrochemlcal and Anaeroblc Reductlon Pathways for .
Heptachlor :




4

-169~

chemical preférencé for the allylic position, I was unable to demo_nstrate the

anaerobic degradtion of chlordene and am basing this pat‘hway‘o_n the resultg_'
' of Schuphé-n and ‘ﬁaillsc‘hlhiter. 73 They found that 't'hé ,di-c.lllll'o,rbnliethjdene mgiét&
caﬁ belreducéd anaerobically (Figure 5). - | ‘l |

_Siﬁce there is a marked ¢ont1"a.tst, bét"\.iv-eenéhg'ejl-e.c;trodhemical aﬁld- a -
anaerobic i'eductipn pafhﬁvays, CNDO calculations Weré perfbrﬁléd oﬂ ﬁeptaghi,or
to. gain furthéf insight into the-réduction‘ ﬁroéess. The éleétror;. ‘dérisity distri- |
buﬁon of thé low 1y1ng o molecular orbitals aré shoi';m..-iﬁ Figure 35; The

highest density in the LUMO-Q is on the "anti" chlorine in the methylene

bridge. This predicts that this chlorine Wiil b'e lost first as is ‘observed elec- B )

't'rochemically. The _.next‘highest o MO (MO ‘-.'50)"ha's ‘lg:r-'éa%:est déns’ity ‘si-tuatédl

on the "syn'" chioi'iﬁe., ir;diéating.that this chloﬁne 1s 1ost nexf, HoWever; thls :
is an artifact ‘o_f the; calculation, As in the case of DDT, thé -”résidual'.' chior- -
ine (the "anti" chlorine»)'artifiéially depf,esses the level of th1s eigenvalue, -

. Thus MO's 50 and 51 should be closer together in énei'gy. MO 51 has the -
highest density oﬁ the allylic chlorine, This COI;respoﬁds'. to the néxt féduc—
tion o‘béerv"e,d ekp;(;:riﬁlehtally., The' AE between éigehvélués_-48 and 51 is
0.04(‘)5‘a.u'.- » Which is a éignificant' difference. ‘Sin'c’e: during the apaefobié‘ o
reduction the allylic chlo;'i‘ne is lost first, the Pactive'' site for reduction’

must introduce a pertgrbation into the heptachlor‘moleculé. to dépreé's the
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energy of MO 51,
Some of the other cyclodiene pesticides degrade apaerobicaliy, yet 1_16
metabolites have been shown to form, with 1:h_e exception of endrin, Since". g

all of the 6rganochloro compounds have first E; below our cutoff value, they
’ 2

should undergo degradation. Failure to do so, such as in the case of dieldrin, .

may indicate an incorrect stereochemistry which will not allow them to fit

into the "active site.! .

»Pentachlloi'_olnhenol

Pentachlorophenol readily degrades in ﬂoo&ed paddy SOjlg 72 A reducf-'
tion schéme based on thé work of Ide ét al, is shown in Figure 36, The -
values ‘liste-d ,fo‘rﬁéach pathway are quité tenta’give énd are only reported to - |
indicate major %zé-rsus n‘iinor‘ pathways,? The domiﬁant pathways‘ appear to be
loss .o'f ortho chlorines, Thus 2, 3,4, 5-tetrachlorophenol is thé major product

from pentachlorophenol, 2,3,4, 6-tetrachlorophenol reduces to 2,4, 5-tri-

chlorophenol and 2, 3, 4, 5-tetrachlorophenol goés to either 2,3,5- and/or 2, 4, 5- -

trichlorophenol. I question whether 2,3, 5-trichlorophenol is actually formed

from 2, 3, 4, 5-tetrachlorophenol. This former compound is a reduction product

of the 2,'3:, 5,6-tetrachloro isomer, and in turn appears to be reduced to 3,5-
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Flgure 36. Anaerobic Degradatmn Pathway for Chlorophenols as Estabhshed |

- by Ide et al, 72
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dich_lorophenol. Since the 3, 5- isomer is not found as an anaerobic reduction
product of 2, 3,4, 5—tetra‘ch10rophenol, the formation of 2,3, 5-trichlorophenol
seems ‘quite unlikely. |

3 There is a dearth of data on the ele.ct:c_'oc;hemicail reductio‘n of chlofo— '
phenols. Husseyv ana Deife‘nder-fer186' have looked at the .;c‘ed'uction .of brorﬁo—
and iodophenols as part of a study on the ortho subsfifuent effects in polaro~
graphy. They found that there is aﬁ inverse relationship between E 1 and
Hammet o constants. This implies that c‘hlorophenols should not reducé as
easily as their chlorobenzene analogues. This seems to-be in direct contrast
to anaerobic degradation, where pentachlorophenol readily degraded to 1owér
chlorinated products while hexachlorobenzene only formed its be’ntachlox_'q
isomer, Definite conclusions cannot be made, howéver, until there is a
more extensive electrochemical study on the chl_orop‘henbls.

Since electrochemical data is lacking on the chlorophenols, a CNDO cal--

culation was donelon pentacvhlorophenol to see what vpath\‘;'vays it.would: predict, .
‘The calCulatioﬁ revealed tW'O,‘ basically degeneraté, o éntiibondihg LUMO's,
The electron density distribution in these _orbitals glong with the reduqtive
bathway it predicts‘ is shown in Figure 37. In each case the dominant pathwa,y
‘is loss of the meta chlorine to form 2,3, 4, ‘_6_—1:'etrach10rophenol. The electron
distribution in MO 37 predicts a greater proportion of 2,3, 4, 5-tetrachloro-

phenol formed, which is in closer agreement with the anaerobic degradatioh
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Figure 37. Calculated Electron Dens11:y Distribution in LUMO—G for Penta—. “
chlorophenol and Predicted Reductlon Pathways
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pathways.

. These results must be considered quite tentative as Ide et al. 72 did not -

actually report percentages of each tetrachloroisomer formed. They used an

electron capture g. ¢.” for their work and there can be markedly different -
detector responses for compounds with the same degree of chlorine substitu-
tion, 187 Finally, Ide has reported that the ratio of products formed varies

o X . 188
depending on the soil type used.
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SUMMARY

The goal of ‘t'his research 'v&;as twofold. First 1 tried to establish if '
- .molecular orbital calculations could predict the ease of electr'ochemical_ _redué;- )
tion and tﬁe reactibn- pathways foxz organoch’loriné co?npoi;nds of envirdnmentajlj-.
interest. Next ﬂie possibﬂ_ity thati electroéheﬁical 'x'eduction mi‘ghj: ‘m'i.mic
anaerobic degradation was investi"gated. Thié would allow elecﬁfochemistry to be _
used as a means of predicting if oirgaﬁochlorine compounds Will degréde in:an ‘
. anaerocbic environrhent and what their reducfi'on pathways will be. |

The CNDO method of Pople .ind.i'cates thé,t as fhe degree of chlorina~
tion in chlorobenzenes.incre'ases, both the LUMO—O: and —ﬁ decrease in energy.
When an electron was added to the system, the calculaﬁon .revealed that the o
HOM.OV for every chlorinated benzene was a o orbital, By qsing the electrpﬁ
density distribution in. the LUMO-o of the parent chlorobenzene fhe :relative
ordering of the reduction produci;s forined are predicted. | |

In every case the LUMO for chlorobiphényls with ‘chlox.'ines ‘on'one. fiﬁg
was a 7 orbital. Yet When an electron was added to some of the :lower 'chlorf o
inated isomers, the HOMO was always the typcial sigma antiabdﬁding orbitél.
I atte_mpted to predict the reduction pathways using the electron densify 1di4s-’

trib‘utidn in both the LUMO-0 and -7 and had mixed s-,uqces‘s. This failure was’ :

attributed to égcess repulsion between the non-bonding atoms in the positi‘bns‘ I
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orth'e to the bridge junction.
| The CNDO method Was found to provide an accurate representa.tion of
the reduction pathWays of DDT to DDD. In addition the higlier unoccupied .
o molecular orbitals predict the ..connplete re(iuetion pathway..of DDT to -
1, 1-,(iipheny1ethztne._ | |
‘Lindane was ‘showln to forni vBTC as an intermediate during electrochem- -
ical reduction. The Inolecular orbital investigation revealedl a higher electron
density on the axiai chlorines in the LUMO., - This. lends s.npport- to the mech~
aniem of a trens ‘.dia;‘dal elimination to form y-BTC. |
A moleeulai' orbital ‘vstudy'on- the Ine,chanism of carbon—chlerineredue.-‘
‘tion in -dic'hlorobenz'enee was conducted; The results of this inveetigati'on
indicated that while the currently accepted mechanism ofAfree radical forma- |
tion (R-) is quite feasible, an equally promising alternative'ie the formeti'on,
of é dianion R-—Cli
When DTE was incubated in fiooded soil, DDE was formed in complete
accordance with electrochemical reduction. Electrochemical and enaefebie
reduction of DDT. also go by the same pathways. Lindane when anaerobicall;t
incubated Wes found to f_orm y-BTC and then benzene, the same route observed
during electrochemical reduction. Hexachlorobenzene was fonn_d to go to
pentachlorobenzene, while 2,3, 4,5, 6-penta~ and decachlorobiphenyls were

resistant to anaerobic degradation. The first electrochemical reduction product
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of dg'c:‘é.chliorolc-)iphgnyl jréa;dily‘ degrade:d té a produ'c't .té.n'tatiyel‘y "ide‘ ntifiedé._é ’- -
2, 3, 5,2', 3',.'6"-hexac.hlo;r'dbiphenyl. When hept-‘c-a.chlorvw;s' ‘i-nCubat.éd, 1t 1051_:

.'an allylic ‘chlor'i‘.ne .tc.> form chlordene, whereas it loses a: dichlb;'ométﬁyleée
chlo’rine.during eljeétrochemical reductign. |

The results of the ahaerobic degradafion study_indicate‘ that if a

compound has a reduction potential (E 1 ) below abou’t' —.1."75 V,i_n‘ ;)u'r éiectro-"
chemical sysfem, it-J.znay be reduced in .the environment, Whether it does 6r.
not seems fo-depend on its actual structure whidh indicates th-ait“t‘he com_pOund.

may have to fit into some type of "active site, "
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