
M(II,ECt’I.AI( PHAltM�coLo)(;Y, 10, 406-418

Cjvrogiut )�1 i974 b� Aoudenon Press, ire.

All rigl,ts of reprooioiotin in any frtoo ro’sorve:I -

Quantum Chemical Studies of the Metabolism of the Inhalation

Anesthetics Methoxyflurane, Enflurane, and Isoflurane

(bLDA LOEW,’ HARVEY MOTULSKY, JAMES TRUDELL, ELLIS COHEN,

ANt) LEONARD HJELMELAND

Depart mmoemit.s(if Gemietics, (‘hemmoistry, amiol .1 miesthesia, Stamiford Umiover.sity School of Medicine,

Stanford, Califormoia 94305

(Received October 19, 1973)

SUMMARY

LOEW, (bLnA, MOTULSKY, HARVEY, TmtunELI�, ,JAMES, COHEN, ELLIS, AND HJELMELAND,

LEONARD: Quantum chemical studio’s (If thio’ metabolism of thio’ inhalation anesthetics

mo’thoxyflunane, enflumane, and isolfiurane. Mol. Pltarmacol. 10, 406-418 (1974).

Biodo’gradat ion (If t ho’ it ihalat io In aiu’stho’t ics mo’t In Ixyflunano’, enfluratio’, and isoflurano’ is

thought to occur 1)y olxidativo’ 0-dealkylation and dechlorination. In an attempt to under-

stand their known metahollio ho’hiavion, we havo’ calculated tho’ colnfolrmatiolnal and electronic

properties (If tho’ threo’ colmpolunds and proposo’d intermediate metahollit(’s using two semi-

o’mpirmcal m Ilo’cular orbital mo’t holds, it o’rativo exto’nded H#{252}ckel t heolny and pert urbative

(‘olnfigurat 10)11 interact ion using hoIcalized o)nl)it als. The colnformational similarities obtained

for the three compounds pointo’(I to) elo’ctronic prolpenties as the main factors involved, and

using these wo’ i�ero’ ablo’ to estal)hisli criteria which coluld account for thom known relative

exto’nt o)f mo’tabohism and tho’ formatioln (If a numbo’r of identiflo’d intermediates.

INTRODU(’TIO N

Until recetit ly, met hoxvflunane (1 �o’itth-

rane, CH3OCF’2CHC12) has been an o’xto’n-

sively used go’neral ano’stho’tic. (‘oltico’rmt as to)

its nephrotoxicity has stimulato’d a number

of studio’s on its metaho)hsni and it has been

shown tO) 1)0’ extensively biodo’gmado’d (1-4).

Studies (Iii rat liver slico’s in riiro have show-n

it to) biodo’grade through tho’ proc0’sso’s of

o’tizymatic dechloninat iom i and 0-do alkyla-

t ion (ether ho lad clo’avago’), no’quining 1)0th

NADPH and oxygen. Tlecomit studies in man,

using traco’r (1050’s of ‘4C-labo’hed mo’t holxyflu-

ralio’, colmifimn) tho’ eamlio’r animal studies:
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7-21 #{182}�of the methoxyflunane administered

undo’nwo’nt o’ther clo’avage and in one subject

an additiolial 40 % was dechlorinated. In

tho’se studio’s the ido’ntifio’d metabolites of

mo’t hoxvflurane included dichloraco’tic acid,

nu’thoxvdifluoroaco’t ic acid, and free fluoride

ion (3). Additional reports confirm the pres-

o’mice of incno’ased amounts of inorganic fluo-

nido and oxalic acid in the sera of patients

undergoing methoxyfluraiu’ anesthesia and

have sholwn these iiicreases to correlate with

ro’nal toxicity (1-6).

Bo’causo’ of tho’ substantial extent of

metabolism of mo’thoxyflurane and the ap-

paro’nt toxic effo’cts o)f its metabolites, two
new, st ruct unallv nelat o’d anesthetics, the

isomo’rs o’nflurane (Ethinane, CHF2OCF2

CHC1F) and isoflurane (Forane, CHF2�

OCHC1CF3), an(’ presently under clinical

invo’stigatioltt. A recent study of isoflurane
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(7) under clinical anesthetic conditioltis

demonstrated that it is m(’tal)olizo’d to about
20 U/ o)f the extent of methoxyflurane in holth

rats and man, based on a determination of

ionic fluoride in untie. Onganic fluonido’ was

also) detected amid tentativ(’ly identified as

trifluoroacet ic acid. Those results superso’do’

earlier work (8) in which no evidenco’ (If 1501-

flurane could be detected in the portal draiti-

ago’ in liver perfusion studies in miniature

SW1II(’. A comparison of the renal effects of

i,soflurane and methoxyflurane in rats has

also been made (9). Similar reco’Itt investiga-

tiolns (If the metabolism of enflurane (10, 11)
indicate that the extent of metabolism in

rats and maii is approximately 33 % that (If

methoxyflurano’, based on total urinary

fluoride determination. Thus, when ad-

ministered utider chitiical anesthetic colndi-

tions, the relative extent of total metabolism

of the three drugs is in the order metholxy-

flurane > enflurane > isoflurano’, and all

three metabolize to a significant extent. It

should be noted that the metabolism of
methoxyflurane is inducible 1)y phenoharhi-

tol while that. of enflurano’ and isoflurano’ is

not (10). Unlike methoxyflurane, oxalic acid

was not detected in significantly elevated

amounts in the metabolism of enflurane (10),

and no fluoride-containing intermediate

products of metabolism wo’re identified.

However, organic fluoride metabolito’s wo’ro’

detected in amounts 5 times greater than in-

organic fluoride (10). This is strongly suggo’s-

tive of the presence of such m(’tabolhtes as

fluorochioracetic acid and difluolrotnethoxv-

difluoroacetic acid, analogues of tho’ fluolnide-

contammg compounds detected imi metho Ixy-

flurane metabolism.

The blood/gas and lipid/gas partition com-

efficient-s of the three anesthetics are known

(12), and methoxyflurane is appr(Ixitnato’ly

10 times more soluble in both blood and lipid

than are enflurane and isoflurano’. This itt-

creased solubility is reflected in the fact that

much smaller doses of methoxvflurane ar(’

required for chitiical ano’sthesia; i.o’., the

minimum alveolar concentration (13) folr

methoxyflurano’ is less than for enflurano’ or

isoflurane. Since the m(’tahohc studio’s weno’

conducto’d using e(iuivalo’tit clinical doso’s of

each anesthetic, (minimum alveolar comiceti-

tration X hours), this implied an o’qual molar

conco’ntration (If tho’ ago’nt at the sits’ of

actioti, i.(’. , �ti the lipid phaso’ (If the iierve
cell. Thus tho’ ro’lativo’ o’xto’nt of n.ietabolistii

o)1)s(’rved for the thro’e (‘(Impounds does tiot

reflect diffo’ro’tico’s in lipid soluhulity which

are already aecolutited for, prolvid(’(l we make

the neasonai)lo’ assumption that tho’ extent of

S0)hIiI)ility (If tho’ agent in tho’ mnoinbratio’ of

the no’rv(’ cell at the site of action is very

siniilar to) that in tho’ nio’nihratio’ which bitids

tho’ nietabo Ilizing etizynws. I’urt her (‘vid(’nc(’

that diffo’nemico’s in lipid so)lubulity alolno’ can-

hot accolutit foln differetices in extont of

nietabolisni is tho’ fact that emiflurane amid

isoflurarte have aj)j)noximatOlv the same

(lit/gas partitiolti coefficients (99 vs. 98.5)

(12) and yo’t their tn(’taholic behavior is

significantly (liff(’remit.

PROPOSE!) METABOLIC PATHWAYS AND

SUBSTRATES SELECTEI) FOR STUDY

Two parallel pathways for thie biodegrada-

tioln of metholxyflunane have beeit denivo’d,

as shown in 1’ig. 1, on the basis of isolation

of metabolic into’rnn’diates amid the known

presence of etho’r-clo’aving and do’chilori-

nating enzyme systems (4). Although much

less is known about m(’tahohtes of enflurane

and isoflurane, � propose pathways of hio-

do’gradation for these anesthetics in Figs. 2

and 3, which aro’ similar to) those o’stablished

for t ho’ structurally similar met hoxyfluratie.

The first stop in pathway I is an enzyme-

niitigato’d etho’r clo’avage, lo’ading for meth-

oxyflurano’ (Fig. 1) and enflurane (Fig. 2) to

an unstablo’ 1-dihaloethyl alcolholl which pro-

ceeds spoltttano’ously to) tho’ folrmatioin of the

dihaloacetic acid with loss of 2 molles of in-

ongattic fluoride. In met ho Ixyfihiratlo’ dichlor-

acetic acid has 1)(’o’n deto’cted. Itt onfluramu’

the analogo ius co Impound, chlorofluo Iroacetic

acid, is implied by the extensive amount of

orgamiic fluoride found (10). Iii this pathway

a s(’co)nd enzymatic stop, do’hialogo’nat.ion of

the two dihaloaco’tic acid mt o’rmo’diates, is

postulato’ol, lo’aditig t(I tho’ formation (If

oxalic acid. Since significatit amolunts of

oxahic acid havo’ not as vet bo’o’ii detected in

enflurane studio’s, and elevated amounts of

organic fluolnido’ mo’tabolit o’ were pro’sent, it

is possil)lo’ that this so’co)nd stop proceeds

much loss in o’nflurano’ than iti metholxyflu-

rane. By ooltitnast, tho’ metabolito’ pnolduc(’d
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F-C--C-OH + [CF�O]+I.ICL

F

Fic. 3. Proposed mmuctobolic pat/i ways for the anesthetic osofloiramic

TFA, trifluoroacetic acid.

by ether bond clo’avage in isolfiurane is tn-

fluoroacetic acid, which is miow known to ho’

an (nd product (7).
We have made energy conformatiomi

studies and calculations of the electrolnic

properties of mo’thoxvflurano’, (‘miflunan(’, and

isoflurane to) determine molecular pnopo’rtio’s

of tho’ original compounds ro’levant to o’tho’n
cleavage behavior. We havo’ also studied thto’

acid intermo’diato’s of pathway I, HC10

CCOOH amid HC1FCCOOH, to try tol pr�’-

diet their efficacy as substrates in do’chtlolni-

natiolt.

In an alternative metabolic pathway j�mo-

posed for each anestho’tio’ (pathway II,

Figs. 1-3), the first step postulated is o’nzy-

matic dechlonimiation. For inethoxyflunatio’

and o’nflurane this step leads to) a metholxy-

haloacetic acid. In methoxyflunane t his

intermediate (Fig. 1), mo’thoxydifluo Imoac(’t In

acid, has heell detected. In enflurane the

corresponding compound, difluorometholxy-
difluoroacetic acid (Fig. 2), contaimis 4 atoms

of fluorine per mole and could be a likely

source of the excess amount of olrganic

fluoride found in enfluramio’ studies (10).
These intermediates could then servo’ as

substrates for enzyniatic o’ther bond clo’av-
age, leading directly to the formation oif

oxalic acid. Again, as in pathway I, such

subsequent metabolism of an into’rmiio’diat c

appears to ho’ much less extensive for o’nflu-

rane than for muethoxyflurane. 1 o�n isolfiuratie

(F’ig. 3) tho’ prololuct (If do’chlolnitiat ion would

again ho’ tnifluoroaco’tic acid, a knolwn

metaholhito’ (7).

“10) invo’stigato’ this pathway, in additioni

to) t he three (Imiginal c(Impolunds, calculations

wero’ alsol mado’ for tho’ two ititermo’diato’s
which 0(1111(1 1)0’ substrates (If the other-

o’leaving o’tizvtno’ system.

o1ETHOI) OF (‘ALCULATION A ND BASIO’ RESULTS

Fo In each compo Iulid (If interest, t Ite o1ec-
ron (list nihut ion, bomid do’nsitv, no’t ato Iniic

chango’s, and polpulatiolmi (If atolmic olrbitals

wo’ro’ calculato’d by a molo’cular orbital pro)-

gram based olfl tho’ iterative exto’nded HOokel

theory (14, 15). In additioltl, the o’miergy of

each amio’sthio’tic molo’eulo’ as a functiolmi (If a

o’omplo’to’ so’t (If mio’sto’d roltatioltls about all

single 1)olltds iii all t hno’e ano’sth(’t ic mo )lo’culo’s

was deto’nmined using anot lien approximate

mo Ilo’culan on )it al mo’t hold, pent urhat ivo’ e �n-

figurat io In mt o’raction using localizo’d orbit als

(16). Tho’ molo’culo’s were found to have tho’

same mittimutn energy confo Irmuer amid si tmlar

flexihilities. Ho’nce in geno’nal there appeared

to) ho’ �(I confonmatiotial factors which would

obviously influence the nelativo’ do’gno’e (If

muetabolism by a set of rather no)nspo’eific

enzvmuo’s. Additiotiallv, the elect nottic prop-

entio’s of tho’ moIlo’cules �vo’ro’ found tol ho’
itido’po’ndo’nt of tho’ no Itatlolnal comifontuation.

Thus diffeno’tico’sin tho’ elo’ctrolnic proipo’rties
among t lieso’ (0 impo lands, rather than con-
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ALL BOND ANGLES 0095

(-.34) ‘TI

,�2 0�

C3 (i’48)

60k), ‘�- F(- 30)

F(-30

H1 (+ .00)7’
C5 (4.02)

�H(+ 00)

H(’e’.lO)

Tic. 4. Miii immo1110 coierg// cnnfno’oooeo’s, (‘alcomlated oiet atomoo io charges, a oid bomid deoiso ties for mmuethoxyfiurane,

emofiuramue, amid o.so)Jl nra ole

Numbers with sigmus imi paremitlieses are the muet chargo’s, mud muun’uhers betweemu atoms are the fraction

of electron density localized hetweemu tholse two) atolms, called homud demusities.

f Irmatio)nal diffo’no’mices, slit ould be l)nim)1anil�’

no’sponsihlo’ fon t ho’ obso’nved diffo’no’nco’s in

metabolic ho’havion. Tho’ otie instamico’ in

which confonmat io imial considenat iO I� might

play a role is itt the dechiorinatiomi (If isoflu-

rane, since the chlonimie in this isolmo’n is on

the a- ratho’n than the �-o’thvl carbon atom.

Thus, evo’mi thoiugh tho’ (Ivo’n-ahl colnfolrmnation

of isoflurano’ is analogolus to) o’nflunamie and

mo’thoxyfiumane, t hio’ posit io In of tho’

H-C-----Cl group m(’lativo’ tol the activ(’ site

of tho’ nuo’tabollizing o’nzvrne would ho’ dif-

fo’no’nt in tho’ foinmen substnato’.

Figumo’ 4 gives tho’ no’t atomic changes and

bond densitio’s calculated from a Mulliken

polpulation analysis (17) of the it(’native
(‘xto’ndo’d H#{252}cko’l thio’ony results for o’ach

anesthetic rnollo’culo’. In addition, we list the

geomet rio paramo’t o’ns found for the mini-

mum energy c Infolrmat ion. In mo’t hoxyflu-

ratio’ tho’ nu’thyl carbon atom is almost

no’utral, while imi enflurane and isoflurane it
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A DICHLOROACET� ACID ANION
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GEOMETRIC PARAMETERS USED FOR BOTH MOLECULES

r(C-F): I.36A, r(C-O)=I 3OZ, r(C-H)oIIO�

r(C-Cj)� I.77A r(C-C) 0.504

CARBONYL C BOND ANGLES = 1200; aC BOND ANGLES = 109.50

FmG. 5. Geommuetric structures, homod demo.silies, amid mod charges calculateo/ for �ntermmoediate m,uetabolzte.s of

‘meth ox yfi uroi moe (dichloracetic acid) amid e moflura lie (fiomorochloracetic acid) by path um’ay I

Calculatiomis were niade for the acid aniomus.

has a large positive change. The positive

change on the a-carbon increases in the ordo’n

methoxyflurane < enflurane < isoflurane,

w-hile the positivo’ charge on the a-carbon is

in tho’ order enflurane > methoxyflurano’ >

isoflurane. The hydrogen atoms in methoxy-

flurane are less positivo’ than thoso’ in (‘ithio’m

enflurane or isolflurane. Tho’ bond densitio’s

given in Fig. 4 are a mo’asure of the amuount

of electron density localized between tho’

atoms forming a bond. They can he taken as

an approximate measure of the holnd

strength. We note that in each moleculo’ tho’

most denso’ bond is the unique C-C bond.

The O-CH3 homid densities increase in the

order met.hoxyflunane < o’nflurane < iso-

flurane. The C-Cl bond density in methoxy-

flurane is less than in (‘ithen of the other twol

compounds.

In a similar fashion, Fig. 5 givo’s the net

atomic charges and bond densities foln the

t \VO haloaoetic acid aiiio in hit o’nmo’diates of

pathway I assum(’d tol be suhstrato’s for en-
zymatic dechlonimiation. Wo’ See from this

figuro’ that tho’ It(’t no’gativo’ change (Ill the

molecule is distnihuto’d equally and almolst

completo’ly on tho’ two oxygo’n atoms. The

remaindo’r (If the atomiis in tht’ molecule havo’

relatively small tto’t charges, summing almost

to a mtcutnal charge. In these acid anions the

C-(.) bolnds are equivalo’mit and are tho’

stro)ngo’st in the 1110 Ilo’culo’, reflo’ct ing so11110’

double holnd charact(’r, as would he expected

in a carhoxvl anioti. The a-carbon and

hydrogo’n atoms aro’ mono’ positiV(’ in the

nietahohite derived from o’nflurano’ thami frolm

mfl(’t hoxvfluramie.

Figaro’ 6 gives the net atolmiuc charges and

1)omid (lensitio’s foin tho’ two methoxvhahoacetic

acid amiion inttenmno’diates, thie proposed sub-

st rat(’s of o’nzvmat io 0-do’niet hvlatio In �fl

pathway II Again, as in the ionized aoids in
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AS FOR ACID ANION ON FOG 5 AND ORIGINAL MOLECULES IN FIG4
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l”ig. ‘, tho’ canl)(lXyl oxygo’mis shamo’ tIn’ mto’ga-

tive chango’ equally; tho’ twol C--() camboixyl

bomids aro’ equivalo’mit amid amo’ tho’ stromigo’st

itt tho’ molo’culo’. ‘fho’ ()-CH;1 bolnd is wo’aken,

and tho’ methyl carbon atud hydmolgo’mt tttotiis

are less po)sitivo’, itt thio’ metabolito’ derived

front mnothioxyflumano’ than imu that fromu

enflunamio’.

(‘0 RRELATIO N OF 10E51 LTS �V ITH

METABOLIC BEHAVIOR

,Welaboize .11cc/ian isilos

TIme two) o’nzymatic pmooo’sso’s which ap-

pear tO) ho’ imivolved in tito’ bioldegmadatioln of

tho’ thino’o’ VOIl!ltil(’ Ittl(’sthO’ti(’s iimudo’m study

here aro’ (1)-dealkylation amid d(’halolgo’nation.

There is general agneo’miio’mit am �ng aetivo’

invo’st.igatoins in this field that ()-do’alkvlation

proco’eds by hydrolxylatioln (If tIn’ cambomi
atoms alp/ia tol tho’ oxvgeti atooni. It is further

tholught that t his hiydm( oxylat lot) (Ico’ums by

the itis(’mtiott ool au activo’ oxygemi atom,

bound as a higamid to cytoIchrome P-450, iiito

a (‘-H l)oiuid. Sonic (‘vid(’nce for this niecha-

1115111 (If O-dealkylatiomi is tho’ observation

that 02 and XA1)PH are univo’nsally r(’-

oiuimo’d as colfactoms, amid studies using 1802

showed iticorponation of 180 iiito the leaving

mo’thiyl group (1�); O-do’alkylatioln of 4-nitro-

amiisole showo’d an isotope effect (KH/KD) =

2, ittdicating the involvement of the C-H

on C-I) bond in the enzymatic process (19).

Studies with mo)do’l systems have also mdi-
cato’d the above mechanism (20). A great.

do’al of spo’culation has revolved around the

quo’stiolmt (If tho’ naturo’ of the “activo’ oxy-
go’mi,” with no definitive resolution of this

ko’y quo’stion at tIme present timo’. The cur-

no’mit hvpothesis, holweven, is that the oxygen,

whilo’ still in the molecular stato’ and hound

to the ff0111 (If tho’ activatmg enzyme, has an

(Ixeno’ (In olxo’no.Iid character, meutdening it

o’lo’otnolmt-deficio’nt amid isoelectnic with car-
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bo’mies. T nso’mt i II) 0 of this ox’vgo’ui atolni �vould

then ro’preso’uit ami elo’etrophilic attack of tho’

oxygemi (Iii tIn’ (‘arl)o)n on thio’ hydrogo’n atoni

of tho’ (1-H 1)olti(l, or both.

T.Jmihiko’ O-do’alkvlat ion , (1(’hialo Igo’miatiomt

niay ro’ lilino ‘ a miUI’ulI)(’n 0 If p0 Issiblo’ o’iizyiiiatic

prolco’sso’s. rfhir(,(, of tho’so’ invo II v ‘ sonlo’ s mt

of nuclo’olphilio attack (111 tho’ canbolmi atolni to)

which the lo’aving halogemi is attaohio’d. Ono’

such proocess imivolves a solublo’ o’nzytiie whi(h

catalyzo’s the tnaiisfo’n of tho’ sulfhvdnvl

group O)f a ro’diico’d glutathiolne to the alkyl

flioliety (If alkyl hmalido’ suh)stnato’s (21, 22).

Another OlI)s(’rvo’d prol(’o’ss is r(’(luctiVe de-

chlolrinat i(IIi , which appo’ans t o I 10’ involved

in tho’ nlo’tal)ollisuli in Ohio (If (lichlolmol(li-

phio’miylt ri(’hilo Ino(’tlialio’ in pigo ‘out liv ‘n, as

wo’ll as that of CC1 � atid possibly halothano’

and ot lien chlorinated hvdnocarbo �ns.

denco’ points to a mo’ehauiism involving no’-

duced cvtochirome P-450 on cytochimomiio’ b�

and the bimiding o�f tho’ alkyl halide to the

ligand position (23-2�). Finally, o’nzymes

have i)eo’n foumid w’hiich catalyze the hy-
drolysis of a canboln-halogo’n 1)011(1. Thro’o’

such halidohydno Ilaso’s havo’ bo’en founol thius

far, all iii a pseudo)monad (29). All three of

these prolc(’sso’s could itivolvo’ a nucleophilic

at tack on t ito’ nelat ivo’ly o’lect nott-deflciemtt

carbon atom to) which the lo’aving halogeti is

attacho’d. Tlio’ glutathione ro’action involves

the transfer of a suhfhvdryl group to that

canhomi atom, while ro’duotive dechiloninat ion

involves the transfer of 2 o’lectnons to it, amid

during hydrolysis an OH- group attacho’s to

the carbon atom. Itt a previous theon’tical

study of the nine chioniliated ethano’s, we

did indeo’d find a correlation hetw’een tile

extemit of dechloninatiomi and the do’gneo’ of

elo’ctron deficio’ncv of the canl)oti atom (30).

Tho’ro’ is also) o’vido’no’e folr a mechattism of

enzymatic dechlolnimiat ioti itt manimals no’-

quining mo)l(’culan oixygo’mm and XAI)PH amid

imphcatmg tuemhnanO’-l)ound cytochoinie

P-450 (31). It is thus possible that such de-

chloninatiout proceo’ols by tho’ insertio)n of an

active, elect ron-deficient “o�xo’ne” oxygen

into the C-H bond of the carbon to) which

tho’ chlorine is attached, folllolwo’d by the

/

Sl)otitatio’olus oonvensioui of an

group tol (‘==(). l)o’po’nding ott whio’thu’r

/
tho’re is anotho’n hualogemi attacho’oI tol thio’

samo’ cami)omt, an aldo’hivde (ko’tono’) or (Ion-

bolxvlic aci(1 would he formed. This mimo’chia-

nism is consisto’nt with but not necessarily

pmoiven by the do’tectiomi (If tho’ intenmm’diate
mno’tabohito’, HOOC-CF2-0---CH3 , in tlio’

metabolism of mo’thooxyfluramio’.

Machi of tIme ab;ovo’ spo’culatiomis comico’mmi-

big the pathi�vay amid mo’chtamiism (If degmada-

tio lii (If tho’ hah Ig(’tiato’d o’thu’rs remaiuis to 1 1)0

vo’mifio’cl. No’vemtho’lo’ss, the mo’sults (If our

sto’reoelo’ctnotiic (lo’soniptioltl of t ho’ c 1111-

polunds which aro’ substrates for hot hi do’-

chililninating and ()-do’alkylat iuig o’mizvmno’s,

togo’ther with what is knowti (If the mo’ta-

hol jo ho’havi I� (If t Ito’ t hro’o’ attest ho’t jo’s,

shioIuld po’nniit us, oomi tIme Otto’ hiamid, to test

the plausibility (If tho’ llt’0II)0150’(l iiio’chttiuisiims

amid, on the other hiamal, to test thu efficacy

of o)ur mo’thods tOl pm(’(hiot tIn’ relativo’ mimo’ta-

bolic behavio I� (If t ho’so’ mo‘l��t ed (oIIllj)o iutals.

El/icr .Bon(l (#{176}leacaqe

iloleculai laciom’s infloteiucin’j ci’ Cl’ Loii’l

cleao’a�je. Assutmttg that ‘t ho’r 110Ind elo’avago’

proco’o’ds by t Ito’ imiso’rt io Ott (If liii o b ‘o’ta In-

deficient active oxvgo’n imito tho’ � H

bond and subso’quo’mit clo’avage o�f tlio’ ho’mi-

ketal hotid, \V(’ P0I5tt1htt0’ that tho’ substrato’

prop(’rtio’s most crucial in do’termiiimiimig tIn’
relative o’xto’mit of this reactioti are (a) tIn’

relative miuclo’olphulicitv oIl tho’ carbomi atoommu,

(h) the no’lativo’ miuclo’ophihicity of thio’ hiydro

go’mi atomim, anol (c) thio’ mo’lative stmemigthi of

the C’- H bouid. As a measuro’ of tho’ relativo’

1)ond stro’ngth we uso’ the calculato’d valuo’s

of bomid do’misitio’s. As a mo’asune of the ro’la-

tive nuclo’ophilicitv (If tho’ canboln atotim wo’

��0I�05P two mimaimi criteria: the mio’t chiargo’ (In

the canl)on atom, an(1 the o’lectroln density itt

the carhout atoImic orbital 1)imiding to tin’

hydrogemi atom, amid possibly the o’mio’rgy of

these (‘lectrotis which are involvo’d itt domia-

tion to tho’ active o�x�’g�’n. ion the hivdnogemi

atom the mto’t charge amtd uturnher of o’lectrolns

in its bon(l toi the oarboln atom are tho’

parallo’l pr� )po’mties to) Co Itmsiden.

Li/icr cleavaqe, /)ai/l u’aiJ I. Tablo’ 1 A con-

tains tho’ calculato’d 11)0 mlo’culan pr� Ipo’rtio’s



qc.n,’tuyu” qu-n’to,yu” pt_mib PHC pc(H)

+0.02 +0.10 0.820 0.90 0804d (+0.26)e

+0.40 +0.20 0.774 0.80 0.748 (+0.25)

+0.45 +0.25 0.770 0.75 0.744 (+0.24)

B. 1)ech.ioriooat ion of imo termmiediate X( ‘iHC-( 00

qo’” qu” pi( p,j(H) pc_mob pc(Cl) pc_cub

+0.11 +0.15 0.85 0.706�1 (-1-0.27) 0.826 0.62� (+0.27,0” 0.614

+0. � +0.20 0.90 0.651 (+0. 26) 0. 806 0.65 (-1-0.26) 0.640
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T.�nL1: 1

(.]orreiatiooo of electroooic properties with extemot of mmuetabolismmo by pat/oway I

A. 0-Demeth ylatioio of amie.sthetics

Compound

Methoxyfi it rime

Enflu rane

Isoflurane

Compound

X = (‘1 (methoxy-

flu ramie)

X = F (enfluramue)

q = net charge imi fract ion ouf elect roon unit.

PA-B = elect ron deuusitv imi bond between atonis A and B.

� PH = eleotromi density in H atolnmic orbital binding to C.
d po:(H) = [I elect ro�mi demisity in C atolmnic orbital binding to H.

Numbers in parentheses = s elect mu density in C atomiic orbital biuiding to) H.

/ p0.(Cl) = p elect momu density in C atomic orbital binding toi Cl.

Nuunhers in paremul heses = .s electron density in C at(Imnic orbital binding ((I Cl.

just discussed as golold criteria for detenmin-

ing the relative o’xto’mit of o’nzynmatic (‘then

holmid cleavago’ (O----(’H3) imi the three an(’s-

thetics. Thero’ is a stnikitig increase itt the

net polsitivo’ chargo’ bolthi 0111 the muethyl car-

bomi atom and, tol a lesso’r exto’mit, on the

hyda )go’n ato)m, in goimig fromu metholxyflu-

rane to emifluramio’. ‘This trend couitinues to)

80)1)10’ exto’nt in isoflurane. Whato’ven the de-

taibo’d mechanism of tho’ imiso’rtion (If the

o’bo’ct rophihc oxygemi atom, it wo luld cer-

taimily he l(’ss liko’lv toi olccur as the carbon

amid hydnolgen ato)mus themselvo’s bo’comne

moIre positiV(’. Thus wo’ have obtained a

rat lion defimiit ive co Inro’lat io n whiich woluld

j)ro’chict that ()-do’alkylatioln o�ccurs to) a much
gro’ater extemit iii mo’tholxyflurane thami in

o’it ho’r enflurane on iso)fluran(’.

Irom T’tl)lo’ 1A we also tioite that as the

oanh)oti amid hydrogo’n atoms become mor(’

posit ivo’, the numuho’r oIl (‘lo’ctrons in their

l)Omi(I (pc__mi) also do’cro’aso’s. This do’cnease

coluld be tako’n as a measuro’ of the weakening

of the (‘-H bond. Thins, if C-H bond

cleavage wo’re tho’ imiitiating stop in the in-

sent ion, t ho correlat ion oht aimied with extent

of mno’tahohisni w’ould ho’ imwo’rted. Our results

clo’arly implicate into’nactioln with tue active

oxygen as the important first, step which

initiates the C-H hotid cleavage, and tiot

the other way arolund. If it occurs, variation

in tho’ uiet charge (I� the atoms theniselves

which ar(’ invOlv(’d in electrolt donation

woluld appo’ar to ho’ a more deto’rmining

characteristic for extent of insertion than

tho’ C-H bond density.

In the last colummi of Table IA is listed

the fraction ol p electron demisity in the car-

bon orbital binding to) the hydrogen in the

threo’ comiipounds (pc). By this crito’nion,

again, the orden of ability to donate electrons

to) the oxvgeui would be methoxyflurane >

enflurane > isolfiurane, predicting the same

relative o’xto’nt o�f O-dealkvlation as tho’ itet

change vaniatiomi. Wo’ have particularly

singlo’d olut the p electron density as tho’

likely candidate for incipient charge tnamisfo’r,

since tho’se are the nlo)st eno’rgetic electrons

invo)lvo’d in the C-H bond and would ne-

quino’ tho’ least cneng to) transfer. The
figuro’s in parentho’ses in the same colutiuti of

Tablo’ 1A are the amounts of the more stable

2s elo’ctnons invollved in bonding.

If the hydrogen atolm is also involved in

electnomt domiatiomi to) the oxygen, then the

greater electron density in its atomic orbital,

the better domior it would he. We see from

both the second (qH-,ethym) and fourth (PH)
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T.u.ou�m.. 2

(‘orrelatiomi of electromi ic properties ui/h. er/emil of mmu(’tabo/i.smmo by pathway 11

A. Dechlorimoa/ioooo of amie.s’ th.etics

qiu#{176}’ pij’ pr(H) P(’-H” pc(Ch)

+0.18

+0.23

+0.22

0.82 0.70)5” (+0.26)e

0.77 0.648 (+01.26)

0.78 0.7(r2 (+0.25

415

po’-(.!

0.614

0.4140

0.632

(1.798

0.774

(4.784

0.65” (+0.26)0

0.66 (+0.26)

(1.71 (+41.25)

X = H (methoxyfluramie) +0.0)2 +0. 1(1 0.90 0.86 (+0.201)’

X = F (enflimrane) +0.47 +0)26 (1.74 0.80 (+0.2(1

qc = muet charge omi (‘ atoont (a or /3) wit IiCl subst it tiemut

qH = net charge omu H atom on C atom (a or /3) wit Ii Cl substituemit.

C PH = eleo’tron demisity iuiH atomic olrhital himidiuig to C.

d pc(H) = p elect romu demisity imi C atomic orbital biuiding to H.

s electron density imu C at omio orbit mil bimidimig to H.

PA-B = electromi density iii bouid between atoms A amid B.
pc(Cl) = p elect roumi demusity in C atomic orbital binding to Cl.
s elect romi density imu C at omio� orbit iii binding to Cl.

Compound qc”

Methoxyflurane +0.18 (�3)

Enflurane +0.30 (/3)
Isoflurane +0.24 (a)

Compound

B. 0-1)emmoeth ylatiooo of ioitermioediate fX(’H--O- -( ‘F2-(’0()J

qc_C0h1’u quu-n,Ctovu plIC p(1(H

columuis that by this cmit(’ni(Iui as well, tho’

extent (If ()-dealkylation woiuld 1)0’ methoxy-

flurano’ > (‘nflunan(’ > isofluramie.

Cleavage of in leo’noea’iales in pal/i nay II.
As can 1)0’ seen in Fig. 3, the dechlorination

of isoflurane leads dino’ctly to tnifluoroacet-

aldo’hyde and by oxidat bItt to t nifluoroacet ic

acid, as in pathway I. For methoxyfluratie

and (‘nflurane, tho’ pn� iduo’t of do’chlo ininat ion,

a metholxyhalo aoid, could ho’ a substrate for

O-dealkylatioui.

We havo’ already discussed thio’ molecular

propertio’s used to) molnitor the ease of o’ther

cleavage. Table 2B gives the valuo’s calcu-

lated for these factors nelo’vant to O-CH3

cleavage for the twoi indermediates. In theso’

moleculo’s exactly the samo’ (‘nito’nia were used

for each O-CH3 clo’avago’ as for paro’ttt

mobo’cubes t hemselvo’s. Tho’ net positive

charge ott the carbon amid hydrogen atoms is

greater; the numho’n (If carbon 2p electrons

in the carboiti orbital binding to hydrogo’n is
less, as is the o’lectron density in the hydro-

gen orbital binding tol the carboln.

All these factors lo’ad to the conclusion

that tho’ imitermo’diato’ of methoxvflurane

l’netahollism would be the more reactive sub-

strate in ether cleavago’ rather thian tho’ inter-
mediate from enflurane metabolism.

Dee/i loninal ion

,‘hlolee’ular fa(’lo)i’s a!Te(’l in,q (le(’/o loi’inai ion.

If d’hioniitmttiott l)ro(o’o’ds by the inso’mti(Imu (It

an o’lectron-deficio’nt ‘‘activo” oxygen ato Ini

into) a C-H bolnd of the canholn toi whtichi the

lo’aving chlorine is attachio’d, a similar on-

teni(In for the extent of deo’hlolniuiatiolui woluld

pno’vail, as itt the caso’ (If O-CH3 cleavago’.

Thus criteria for uiucleopliilicity olf tho’ oar-

bomi and hydrogen atoms would he mo’levant.

Tho’ more polsitive o’ach atolm and thie hess

(‘lO’ctnOIl density in the hotiding atoimiiio’ (It1)i-

tals connecting the two, tho’ lo’ss easy will be

iuiso’rt iO I� (If t ho’ o’lo’ct ron-do’ficient o�xvgo ‘n.

Simice the C-Cl hotid dolo’s clo’avo’, if it is at

all conco’rted with (Ixyg(’ul insert io Iti, t Ito’

stro’ngth of this bond would also ho’ a factor.

Do’chloninatiomi can also pnolceo’d thm(lughi at

beast three otho’n mechanisms, all of which

iiivolve nucleophilic attack ott tho’ cambomi

atom to) which tho’ chlonino’ is attacho’d. Thins

it is also possible that propo’rties (If this samo’

carbon which pentaiti to the o’xtent (If its

electron deflciettcy woiuld be importamit. In

our pno’vious study tho’ moIst relo’vamtt Incas-

uno’ of the electnophilicitv of the canl)o)n atom

in any r(’actio)ti in w’hich the Cl woluld be

displaced appeared tol 1)0’ the do’gno’o’ of o’lo’c-
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tro)n deficio’ncy itt tho’ (anl)oIti atotuic orbital

bomiding to the lo’aviuig Cl. In our current

study w’o’ have examimio’d both sets of en-

tenia-thioso’ nebo’vamit. tol active o�xygen itt-

so’ntioln amid thoso’ relo’vant tol (ll displace-

niemit-imi our att(’nlpt to pro’dict the relative

extemit. (If do’chloninatioln (If the threo’ ano’s-

tho’tics and their n)(’tahollito’s atid alti(I gain

insight ilit(l tho’ mechiauiism (If do’chlonination.

Dee/i lorin al to/i of’ in ieriioed iates of pal/i oeay

I. As shiO)\Vti in I”igs. 1-3, tin’ stable metabo-

lito’ whioh is the result (If o’then cleavage for

all thro’e ano’sthiet.i( mnollo’culo’s is a haloa.cetic

acid. The tnifluoroacetic acid formed by iso-

flunatto’ at this stago’ would ho’ an o’nd

product . l”oln tho’ otho’r ami(’sthetios, the halo-

aco’tic aoids (Olitaili chilonimie and could serve

as subst rates folm a dechili Initiating enzyme

systo’m. Sucli ti do’chloininatiooui would be the

s(’cond ko’y no’actioui in deto’mniiuiimig the t(Ital

(‘xto’tit 0)f hiodegnadatioln 1)OIsihlo’ 1)y path-

way I . Table 1 B i)mo’so’nts tho’ properties

no’lo’vant to the exto’mit of do’chloninat.ion of

dichlolracetic acid amid chilo)nolfluorolac(’tic acid

( mt erno ‘ohiat es of m’no’t hox\’flumamio’ amtd cmi-

flumane, no’spectivo’ly).

All tIll’ cnito’nia no’lato’d tol itiso’ntiomi-

namely, net positivo’ chamgo’ (In tho’ carbon

and hydrogo’tt atoms, amid o’lo’ctmoln do’misity itt

tIll’ canl)on (Irhitals binding to the hydnolgen

and in tho’ hydnogeut olrbitals 1)iuidiuig toi the

cambolmi-predict that the dichlonaco’tic acid

froni met hoxyflumano’ do’chlolninates mono’

readily, lo’ading to) gno’ato’r production olf

oxalic acid from methioxvflunamie thait from

emifluramie (Tablo’ 1B). This is in keeping with

cunno’mit (‘limiical oIbso’rvatioltis (4, 10). Tho’

vaniatiolti in (‘-Cl botid detisity, pc_cu

coluld also favolr do’chlolmimlatioui (If dichilon-

aco’tic acid if C-Cl bond clo’avage were at

all colnco’rted w’ith oxygen insertion. The

C’-H 1)(Iti(l deuisitv cnito’nioln again appears

to be supo’rseded by the decreased nucleo-

philicity (If the carboln amid hydrogett atolms

in goling from tho’ dichibomol- to the chlolnol-

fluolnoaoo’tic acid. On the (Ithem hiatid, if o�ne

(omtsido’ns Cl’ displaco’mno’mit, the degro’e of

elo’ctnon do’ficieuicy in the camboln atomio’

orbital binding to) thio’ lo’aving chlonimio’ do’-

creaso’s omilv slightly fnomu the dichloro- to

the chlonofluonolaco’tic acid. Thus tho’ di-

mimiisho’d mo’tahohism (If tho’ latter woluld he

no’gligihle by this mo’chamiism compared to) ati

insertion mechanism. The fact that very

little oxalic acid is observed in enflunane

metabolism, togetho’n with the criteria we

have us(’d to to’st each possibility, favor an

oxygen insertion mechanism for dechioni-

tiatio)mi.

In ilial (lee/iloninaiion : pathway II. As

shown in Figs. 1-3, dechlorination of the

anesthetic molecules is postulated as the first

step iii biodegradation along pathway II.

Table 2A contains all the calculated molecu-

lar factors just described, which could play a

role in determining the extent of dechionina-

tion of these thneo’ molecules. We see front

the first four columns (If this table that if

dechlorination proceeds by an active dcc-

tnon-deficient oxygen imisention into) the

C-H bond of the carbon to which the

chlorine is attached, the increasing positive

charge on both canboit amid hydrogen amid the

do’cno’ase itt electron density in their bonding

atomic orbitals w’oiuld favor the dechlonina-

tion of methoxyfiurane oven enfiunane or

isofiunane. These electronic criteria alone

w’ould pr(’dict that isoflurane should de-

chlolninate to a somo’what greaten o’xtent than

enfiunano’ . Howevo’r, unlike both Ifl(’thOXy-

fiurane and o’nfiunatie, the chlorine atom in

isoflunane is on the a- rather than the

$-et hyl carboit atom. Analogous minimum

energy conformers were found for all three

compounds. Titus the H-Ca-Cl group in

isoflunane niust be iti a sto’nicallv different.

position relative to the active oxygo’n iii
the dechlonimiatimig enzyme thati is the

H-Cfl-Cl group (If tho’oltho’m two muoll(’culo’s.

Tho’ differetit ro’lativo’ amranget’nent oif the

tnansfenmimig oxygen amid the group to which

it is tnamtsfenred could o’asily play a role itt

detenmitting the o’fficacy of the transfer amid
might dirnimiishi it. Again the variation imt

density of the C-H homid itt all thro’e corn-

pounds’ appears either mio)t to) play a role or

to be superso’ded by the variation in nudleol-

phihicity of tho’ carhott attd hydrogen atoms.

To) imivestigato’ dechlorination by direct dis-

placememtt of the Cl, Table 2A also lists the

miumben of p o’lectnorts itt the carbon atomic

orbital i)imidimtg to tho’ leaving chloriute. By

this cnito’niomi, the o’xto’mtt of dechlonimiation o)f

methoxyflunane and enfiurane would he

about equal to) each other and greater titan

that of isoflurane. Tho’ vaniatioln in C-Cl
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I)omtd str(’tigth favors niethoxyfluramte de-

chtlonitiatio)mi, if the C-Cl cleavago’ occurs

with auty do’gneo’ (If concertedness in either

mno’chamiismii.

Degree of’ Conipeiiliveness of Pal/i ways I and

II for Eae/o Molecule

Imi addition to �)n(’dicting the relative cx-

temit of i1)etal)olismi) of thi(’ thno’o’ auicsthetic

I1lOlecul(’s to) 1)0’ expect(’d 1�,’ each l)roI)os�’d

patht�’ay, t�’o’ cami use the cnit(’nia w’e iiave
(‘stai)hsho’d for O-dealkvlatiott amid dechloni-
nation to predict the o’xto’nt to which o’ach

nioleculo’ would initially follow pathway I

vs. pathway II in its hiodo’gradatioti. Com-

panimtg the calculated pn(Ipertio’s listed in

Table 1A and B, wo’ (Ibtailt the imiteno’sting

result that pathtva� I would be greatly

favored Iven pat hway I I in mitet hioxyfiurane,

with the no’vense situatioln holldimig for the

other tiV(l colnipolutids.

CONCLUSLO NS

1”roni our molecular olni)ital amialvsis of tho’

elect r(lmiic features (If met hoxyflunane, (‘tt-

flurane, amid isolfluratic, we have deduced

that the order of Susceptibility of these drugs

to initial ether bond cleavage on dechlonimia-

tion is methoxvflurane > enflurano’ > iso-

flurane. Mo)reover, we have deduced that

pathway I is favored itt rnethioxyflurauio’ mo’-

taholism whilo’ pathway II would be favored

itt enfluramw and isolfiunatto’ metabolism. Wo’

have also deduced that the intenmo’diate

nietaholites formed by either pathway I o�n

II (If mo’t.hoxyfluramie w’ould be better sul)-

strates for cotttinuitig o’nzymatic metabollismu

than tho’in counterparts itt o’nflunano’. Theso’

deductiolmis are in keeping with atid hielp to

elucidate tho’ kmtown behavior of thio’se ano’s-

thet-ics up to) the pmo’setit. ion examplo’, o�um

results aro’ consisto’utt with t he ro’duco’d

amount (20%) of inolrgamiic fluolnide detected

from the mo’taholism of isofluramie compared

to methoxyfluramie. Also, if we consider the

quantitative limit of our qualitativo’ pro’dic-
tiolns for o’miflunano’ nietah(Ihismn, i.e., that

100 #{176}/�o�f tho’ metabollism of cuiflurano’ prol-

ceeds by pathway II amid the imito’rmediato’

formed is altitost cotwplo’telv imiactive as a

substrate for O-dealkylation, we would 1r’-

diet a ratio) of imionganie fluoride to olngamiio

fluoride of 1:4, w’ith tio olxahc acid folnmo’d itt

cmiflumamto’ netal)olisn). Thus result is itt

stnikimig accord ivitit fimiditigs itt the niost

no’co’mit st udv (If euiflurauio ‘ ti-ietah)( Ibistli (10)

ama! could 1)0’ further colnrolh)o)rat(’d hi�’ the

i(1(’tit ificatioln amid nio’asunenietit oIf t he

amilolunts (If organic, fluonido’-c Imitaimiimlg

muetahohites. \Vo’ 111-HI l)no’(lio’t gro’ato’r aC(utnu-

lat ion of difluoromiwt hoxvdifluonIacetic acid

froni o’mtflunamio’ thami oIf niethoxydiflu Irol-

aco’tic acid fnomii mno’thiolx\’flurano’, a result

that could also ho’ vo’nified by further studio’s.

:‘� I oIn(’ inorganic fluoride is o)1)taitted fnolmi

methoxvfluraute thami fromit enflurauio’ me-

taholism, despito’ the fact that 4 moles of

inorgamuc fluoride would be neleaso’d front

each pathway (If eutflunamio’ coIIi’lpared to) 2

for miio’thoxyflurmt.tie tlietal)obisn). In view’ of

the nun)I)en of mob’s of itiorgautic fluoride

no’leaso’d itt each st(’h) OIf o’ach pnop(Ise(l path-

ivay ( b”igs. 1 amid 2) , tho’se results ano’ imi

keeping with our l)redictioti that pathitvay I

is favored itt miio’thoxyflumane tflo’tmtl)oliSfli

amid proceeds to a much gro’ater o’xto’mit than

in o’nflurano’, w’hiibe in emifluraute mo’taholism

�)athway ii is favored amid the initial step
would proceed tol a greato’n o’xtemit thami tho’

second stop.

The cnito’nia we iiave o’stahhishied for easo’

of O-dealkvbatioln amo’ based ott the assutup-

tion of ami active o)xygo’mt imis(’rtion mecha-

nism. Co lmn(’lation wit Ii observed behavior is

best if wo’ ttlsol assume that dechloninatioui

pnoceo’(lS by a similar mito’chianism. The maimi
asp(’ct (If OIUr colmro’lation is that imisentioui of

activo’ o�xygen intol (‘-H hottds is mono’

likely to occur, tito’ mno�ro’ electrolmi-niohI o’ach

atom is. luisofar as the aSsumptio.In (If those

meohatmisnis, coluplo’cI with our analysis,

leads to agreememit with obso’mvatiomi amid

correct predictiolmis, wo’ have increased the

plausibility’ o�f thieso’ postulated hut miot

provemi nu’chauiismts.
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