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SUMMARY 

Gas chromatographic and mass spectrometric properties are reported for some 
dihydrodiols and tetrahydrodiols. and for their diacetates, di(trimethylsily1) ethers 
and cyclic alkaneboronates. The dials studied include typical metabolites formed via 
epo-xidation of arylalkenes (indene, acenaphthylene) and arenes (anthracene, phenan- 
threne). The results confirm that trimethylsilylation is the most satisfactory general 
procedure for the protection of “metabolic” diols and for their analysis by combined 
gas chromatography-mass spectrometry. The formation of cyclic alkaneboronate 
esters is practicable from cis-diols and (somewhat less readily) from certain mzns- 
diols of sutliciently flexible conformations_ Where they can be formed, cyclic meth- 
aneboronates afford the advantages of short retention times, low mass increments 
and, generally, informative mass spectra with abundant molecular ions. 

INTRODUCTION 

One of the most important modes of metabolism of alkenes and arenes is their 
oxidation (by formal addition of the elements of HzO,) to vicinal dihydrodiols. The 
first such metabolite, 1,24hydroanthracene-1,2-dial, was isolated in 1935 from the 
urine of rats treated with anthracene’. The analogous dihydrodiol from naph- 
thalene2, and three positionally isomeric dihydrophenanthrenediols from phen- 
anthrene (the preponderant metabolite being the 9, lo-isomer) were also character&d 
in early work’-3. Typically, the dihydroarenediols of mammalian metabolism have 
rranscor@urations*-5, and Boyland’s postulate5 of the intermediacy of arene epox- 
ides in dihydrodioi formation has been ampiy contirmed by the extensive studies of 
the N.I.H. group, following the isolation of l&naphthalene epoxide as a microsomal 
metabolite of naphthalene ‘_ Dihydroarenediols of c&configuration are encountered 
particularly in the microbial metabolism of aromatic hydrocarbons via the action of 
dioxygenases . 8*9 Metabolism of the olefinic bond in conjugated benzocycloalkenes 
affords both cis- and trans-dihydrodiols, as was first observed for indene”. 

. The characterisation of dihydrodiols in extracts of metabolites has been aided 
by the application of combined gas chromatography-mass spectrometry (CC-~&IS). 
Since the free dihydrodiols are susceptible to elimination of-the elements of water by 
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thermal or catal_ytic action (especially in the case of dihydroarenediols which thereby 
afiord highly stable phenols), derivatives are generally employed for GC-MS. Tri- 

methylsilyl (TMS) ethers have been used, for e.xample, in the analysis of mixtures of 
naphthdene metabolites, including the preponderant dihydrodio1, extracted from rat 
urine after hydrolysis’ ’ _ Dihydrodiols formed by microsomal metabolism of the car- 
cinogen 7,12-dimethylbenz(a)anthracene, and separated by high-performance liquid 

chromatography (HPLC), have also been trimethyisilylated for analysis by GC- 
MS”. Protection of suitably constituted vicinal dials in the form of cyclic derivatives 
is also possible: thus indane-cis-l,%diol was included in the first study of the value of 
cyciic boronate derivatives in GC-MS”, and cyclic methaneboronates have since 

been applied to the analysis of metabolic dihydrodiols. e.g., from naphthalene” and 
itiostilbener’_ 

The aim of this paper is to compare the properties, in respect of GC-MS, of 
various types of dihydro- and tetrahydrodiols in their free forms and as their acetates, 

trimethylsilyl ethers and (where practicable) cyclic alkaneboronates. 

MATERIALS AND METHODS 

Solvenn and reagents 
Ethyl acetate (Nanograde) was obtained from lMaliinckrodt (St. Louis, MO. 

U.S.A_). Pyridine (AnaIaR: BDH, Poole, Great Britain) was dried over KOH pellets 
and redistilled prior to use. Acetic anhydride (AnalaR) and p-toluenesulphonic acid 
were supplied by BDH. 2,2-Dimethoxypropane (Fluka, Buchs, Switzerland) was ob- 

tained from Fiuorochem (Glossop, Great Britain). Hexamethyldisilazane (HMDS), 

trimethylchIorosilane (TMCS), N,O-bis(trimethylsilyl)acetamide (BSA), N,O- 
bis(trimethylsilyl)trifiuoroacetamide (BSTFA) and methaneboronic acid were ob- 
tained from Pierce and Warriner (Chester, Great Britain)_ I-Butaneboronic acid was 
supplied by Ventron (Karlsruhe, G.F.R.). 

Dials and other reference compounds 
The compounds are denoted below by the numbers shown in Figs. 1 and 18 

(chi,mi compounds were racemic except for No. IO). Compounds 1, 2, 6 and 7 were 
available from earlier work”*“; compounds 3,4 and S-18 were donated by the late 
Prot J. D. Loudon and were synthetic samples, with the exception of compound LO, 
which had been isolated by Prof. E. Boyhind from the urine of rabbits dosed with 
amhracene. Compound 5 was purchased from Alfred Bader Chemicals (Aldrich, 
Gihingham, Dorset, Great Britain), and compound 19 (Nadolol: SQ 11725) was 
donated by E. R. Squibb and Sons (Princeton_ NJ, U.S.A.). 

Gas-lfquid chromatography 
Gas-liquid chromatography (GLC) was carried out with a Perk&Elmer (Bea- 

consfield, Great Britain) F-l 1 gas chromatograph (used for packed colunm studies) 
and a Pye Model 104 gas chromatograph (Pye Unicam, Cambridge, Great Britain) 
equipped with a failing needle injection system (used for open-tubular GLC)_ Sila- 
nixed glass columns (1.8 m x 4 mm I.D.) were packed with I % OV-I or 1% OV-17 
on Gas-Chropl Q, 100-120 mesh (Pierce and Warriner, Chester, Great Britain); the 
nitrogen carrier gas flow-rate was 40 mlimin. Open-tubular GLC was performed on a 
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Fig. 1. Structures of dihydrodiols, tetrahqidrodiols, and related compounds. 1 = Indane-ci%1,2-diol; 2 = 
indane-rrans-1,2-dial; 3 = 1.2,3,4-tetrahydronaphthalenesis-I .Z-diol; 4 = 1,2,3,4-tetrahydro- 
naphthalene-rrans-1,2-dial; 5 = l,S3,q-tetrahydronaph~ene-f~~-~3~iol: 6 = aeenaphthene-c&1,2- 
diol; 7 = acenaphthene-trans-1 ,2-dial; 8 = 1,2,3,-Ctetrahydroantcene-cir-1.2-dial; 9 = 1,2,3,4-tetra- 
hydroanthracene-frl,2diol; 10 = 1,2dihydroanthrxene-frail-1,2-dial; 11 = 2-anthrol; 12 = 1,2-di- 
hydroanthraeene; 13 = 1,2,3.4-tetrahydroanthraeen-2-01; 14 = 9-methyl-9,10_dihydrophenanthrene-cis- 
9,lO-diol; 15 = ~3-dimetho~y-9-me~yhyl-9,l~ihydrophenanthrene-c~-9,l~iol; 16 = 2.X4,5- 
tetramethosy-9-methyl-9,1O-dihydrophenanthrene-ci.+9,lO-diol; 17 = 9,1O_dihydrophenanthrene-cis- 
9.19-dial; 18 = 9,1@dihydrophcnanthrene-rrans-9,lO-diol. 

flexible fused silica column (12 m x 0.25 mm I.D.) coated with QV-1 (Hewlett- 
Packard, Altrincham, Great Britain); the helium carrier gas flow-rate was 2 ml/min. 
Both instruments employed hydrogen flame-ionization detectors. 

Gas chronlatograplrv_nt spectrontetry 

Gas chromatography-mass spectrometry (GC-MS) was carried out on an 
LKB 9000 instrument fitted with a silanized glass column (1.8 m x 4 mm I.D.) 
packed with 1% OV-I on Gas-Chrom Q, 100-120 mesh; the helium carrier gas flow- 
rate was 30 ml/min. Mass spectra (20 eV) were recorded under electron-impact 
conditions: accelerating voltage, 3.5 kV; trap current, 60 ,uA; source and separator 
temperatures, 260°C. 

Preparation of derivatives 

Methaneboronate esters. Methaneboronic acid (l_ l mol proportion) in dry pyr- 
idine was added to the diol(100 pg) (compounds l-3,.5-% and 10-l 7) and the mixture 
heated at 60°C for 30 min_ After removal of solvent under nitrogen the residue was 
redissolved in ethyl acetate (100 ~1) for GLC; compounds 4 and 9 required 2.2 mol 
proportions of methaneboronic acid to effect complete derivative formation. Com- 
pounds 18 and 19 (100 ,~g)), however, were dissolved in 2,2-dimethoxypropane and 
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heated at 60°C for 30 mm in the presence of methaneboronic acid (2.2 mol propor- 

tion)_ The resultant solution was diluted with 2,2-dimethoxypropane (40 ,ul) and used 
directly for GLC analysis (I ~1). 

n-Butaneboronate esters. Compounds l-3,5--8 and I O-l 7 (100 ,ug) were treated 
with n-butaneboronic acid ( I_ 1 mol proportion) and heated at 60°C for 30 min After 
removai of solvent under nitrogen, the residue was redissolved in ethyl acetate (100 
fl) and used for GLC (1 4). Compounds 4, 9 and 18, however, required 2.2 mol 
proportions of the boronic acid for complete derivative formation. 

Trinzefh_vlsi~vl ethers. For non-hindered hydroxyl groups, the compound (100 
pg) was dissolved in BSA (BSTFA for compound 19) and heated at 60°C for 30 mm. 

The reagent was removed in a stream of nitrogen and the product redissolved in 

EtOAc (100 pl), an aliquot (1~1) being used for GLC. For hindered hydroxyl groups, 
the compound (100 pg) was heated with BSA-HMDS-TMCS (IO:!05 ~1) in a Re- 
activial at 90°C for 24 h. After solvent removal the residue was taken up in ethyl 
acetate (100 ~1) and analysed by GLC (1 4). 

Acetyfation- Compounds l-15, 17 and IS (100 p-g) were treated with acetic 
anhydride (30 fi) and pyridine (10 ~1) and heated at 60°C for 30 min. After reagent 

removal under nitrogen the product yas taken up in ethyl acetate (100 ~1) and used 
for GLC (1 ~1). Compound 16 required heating for 24 h at 90°C together with the 
reagents in a Reactivial to effect full derivative formation. Nadolol(100 pg) required 
heating with the reagents at 60°C for 48 h in the presence of p-toluenesulphonic acid 
as catalyst to effect complete acetylation. 

RESULTS 

The compounds studied are grouped (cf- Fig. 1) broadly in order of moIecular 
size. Unless otherwise stated, diacetates and di-TMS ethers were readily formed from 
the diols. The comments on derivative formation therefore refer chiefly to the more 
selective process of cyclic boronate preparation_ 

Indanediols, tetrahydronaphthaienediok and acenaphthenediols (compounds 1-7) 
The conformational rigidity of substituents in the five-membered rings of 

indane and acenaphthene renders the trans-diols incapable of forming simple cyclic 
esters, but leads to the ready formation from the cis-diols of exceptionally stable 
cyclic boronates?3. IF- the case of the six-membered ring diols (compounds 3-5) de- 
rived from tetrahydronaphthalenes, cyclic boronates were tiorded by the 1,2-c&- 
diol, by the 2,3-trans-diol and (incompletely) by the 1,2-rrans-diol. It is well known 
that both cis- and trars-cyclohexane-1,2-dial yield cyclic boronates’“, but the virtu- 
ally planar ring-fused portions of the cyclohexenoids 3-5 make it difficuh for the 
trarrs-diols (especially at the 1,2-position) to accommodate the conformations re- 
qttired in cyclic ester formation. 

Gas chromatographic data for derivatives of diols l-7 are cited in Table I. The 
free diols usually gave unsatisfactory “tailing” peaks, but their retention index values 
are included+0 facilitate consideration of the increments attending derivative forma- 

tion. The most noteworthy fature is the marked decrement in retention time (dl x 
- 120), on the OV-1 phase, for the conversion of a diol to its cyclic methaneboronate. 
The satisfactory nature of the latter derivative for acenaphthene-cis- !,2-diol is ii- 
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Fig_ 1. Gas chromatographic separation of the methaneboronate (6c) di-TMS ether (6b) and &acetate (6a) 
of acenaphtbene-cis-l,%liol (with the peak obtained separately for the free diol superimposed). Column, 
1% OV-I (1.8 m x 4 mm I.D.); column temperature, 150°C; nitrogen flow-rate, 40 mI/min_ 

lustrated by the gas chromatogram in Fig. 2: the sequence of elution of the di-TMS 
ether and diacetate derivatives is typical of the whole group of dials. 

Some salient features of the mass spectra of diols 1-7 and their derivatives are 
summarised in Table II. It is clear that the di-TMS ethers, which are the most gener- 
ally useful derivatives for GLC, yield satisfactory molecular ions oniy for the indane 
and acenaphthene dials, whiIe only one of the. diacetates in the group affords an 
abundant molecuIar ion, because of the preponderance of eliminations of acetic acid 
and ketene. The methaneboronates yield abundant moiecuiar ions, which are a Iitt!e 
Iess prominent in butaneboronates: here the larger alkyl group offers additional path- 
ways of fragmentation, and also appears to promote readier loss of the elements of 
alkanet>pronic acid -a process affording the base peaks of ml,: (iti- 100) from the 
butaneboronates of indanediolx3 and acenaphthenediol. The~fragmentations of typ- 
ical derivatives are further illustrated with respect to acenaphthene-cis-1,2_diol(6)5‘n 
Figs. 3 and A Each spectrum contains a clear molecular ion (preponderant only in the 
methaneboronate) and an ion of m/z 168 formally representing the acenaphthenone 
or epoxyacenaphthene ion. A fra_ment of I+ 152 (acenaphthy!ene ion) resulting 
from loss of both oxygen substituents is prominent only in the free diol spectrum. The 
reiativeiy lower abundance of molecularions inthe spectra of the diacetate and di- 
Th4S ether of the zranr-diol(7) (cf. TabIe II) is of diagnostic and mechanistic interest: 
both the loss of Me,SiOH- by c&$mination to give (AM - 90) a&i, more unexpect- 



W-MS OF DIHYDROARENEDIOLS I97 

152 

_-_-_I 
100 

m/z_ 

147 

168 HO OH 

M’- 
186 

168 

Fig_ 3. Mass spectra (20 eV) of acenaphthene-cir-Qaiol(6) and di-TMS ether (6b) measured on an LKB 
9000 gas chrumato_gaph-mass spectrometer. Column, 1% OV-I (1.8 m x 4 mm I.D.); column tempera- 

tures as in Table I; helium flow-rate, 30 ml/tin; accelerating voltage, 3.5 ZCV: source temperature, XWC; 
trap current, 60 /A_ 

1 ’ M“ 
210 

$H3 

B 
1, 

0 0 

H --H 

&?I :I : 

:M-CH380)’ 

168 

At0 OAc 

.i 

M- 

270 
210 

_~ \. 

!F/z 200 390 

Fig 4. Mass spectra (20 eV) of acenaphthene-cis-1,2_diol methaneboroaate (SC) and diacetate @aa). GC- 
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ed!y, the loss of Me,SiOSiMe, to give (M- 162) appear to be enhanced in the tram- 
diol derivative as compared with the &-isomer. 

Figs_ 5 and 6 provide a simple demonstration of the compkmentary value of 
di-TMS ethers and cyclic boronate esters in structural diagnosis_ Both derivatives 
easily distinguish the tetrahydronaphthalene &s-1,2- and tratzs-2,3-isomers; however, 
for the former isomer (3) the retro-Die&Alder fragment bf m/z 192, strongly promo- 
ted by the dual n-cleavage of the di-TMS ether, is characteristic. The cyclic boronate 
group bridging the 1,Zpositions suppresses the retru-Die&Alder fragmentation_ 
Conversely, the parent 2,3-dial structure (5) is indicated much more clearly from its 
metbaneboronate spect_%m (Fig. 6), by a pair of ions of rrqz 91 (C,H,+) and 97 
(CJLT,BO,~) formed by cleavage of the tetrahydro ring_ The retro-Die&Alder ion of 
172/z 104 is also more prominent in the latter spectrum than in that of the correspond- 
ing di-TMS ether. 

1007 

-1. 

OSi Me3 
K.. 

a? ,‘I 

OSi Me3 
-- H 

50. 
c*-1.2 

2OeV 

100 

.I. 

50 I- 

d 1 I. L L A 

100 ml2 200 -- 

: OSiMe3 s-& =-OS,Mej 

H 
trans.-2.3 

2OeV 

M“ 

308 

300 

Fig- 5. MZSS spectra (20 ev) of 1.2,3.4tetr&ydronaphthalene-cis-l&ii01 di-TMS ether (3b) and 1,2,3,4 
CetrzhydronaphthaIene-rrm-2.3-dial di-TMS ether (5b). GC-MS conditions as in Fig_ 3. 

Tetrahyiroanthracenediois and a dihydroanthracenediol (c~~~oLN~G!.v 8-10) 
The tetrahydroanthracene-cfs- and tram-l ,Zdiols, like their naphthalene ana- 

logues, both formed cyclic boronates, the trams-esters being produced incompletely 
even with a considerable excess of reagent_ It proved impracticable to form a cyclic 
boronate from the cyclohexadienediol grouping in the anthracene metabolite, 1,2- 
dihydroanthracene-trans-1,2-diol(lO). Inspection of molecular models suggests that 
such a cyclic ester would be highly strained (cf: however, the boronates of compound 
18, described below)_ 

In ti_e- tetrahydro series, the methaneboronates -have the shortest retention 
times on OV-1 phase, as illustrated for the cis-diol in Fig. 7. me addition& small 
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I !2a I86 
I 

r 

,CH3 
0-E 

& 

b 
H 

crs-1.2 - 

2OcY 

B-CH3 
Y 

Fig_ 6. Mass spectra (20 eV) of 1,2,3,?-tetrahydronaphthalene-cir-1.2-diol methaneboronate (3c) and 
1.2.3,~tetrahydronaphthalene-francs-2,3-dial methaneboronate (5c). GC-MS conditions as in Fig. 3. 

peaks appear to have arisen from an impurity of octahydroanthracenediol present in 
the parent diol.] GLC data summarised in Table III show that the cyclic boronates 
aZord the largest differences in retention index between the cis- and trapz.s-tetrahy- 
drodiols. an effect attributable to the fixation of distinctive conformations by ring 
formation. The stability of the metabolic dial, 1,24hydroanthracene-trans-1,2-diolt 
towards GLC was confirmed by comparison with its dehydration product, 2-anthrol 
(1 l> and their derivatives. The data included for tetrahydroanthracen-2-o! (13) show 

I 

I Me boronate 

Di-TMS 

DiAc 

t ‘ t I 
0 5-min 10 15 
Fig 7. Gas citromatographic separation of the methaneboronate (Sc), di-TMS ether (8b) and diacetate 
(Sa) of 1.2.3,~tetrah~droan tlnxexw&-1 Z-dioL Column, WCOT OV-I (12 m x 025 mm I.D.); coittmn 
temperature, 1wc; helium flea--rate, 2 ml/mirL 
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TABLE III 

KOVATS RETENTION INDICES (I) FOR TETRAHYDRO- AND DIHYDROANTHRACENE- 
DIOLS AND DERIVATWES, AND RELATED COMPOUNDS 

Srorionary Derfrarive Compowd no. 
phase 

8- 9- locw 

ov-1 Dial 2085 2095 2135 
Diacetate (a)* 225o*ft 225w 2255 
Di-TMS (b) 2150 2140 2215 
Me borozte (c) 1960 1990 - 
Bu boronate (d) 223.5 2290 - 

ov-17 Diol 2540’ 2550 p JJI 
Diacetate (a) 2700”s 2690p’ PS$ 
Di-TMS (b) 2340 s 2330 L 259 
Me boronate (c) 2290 2310 - 
Bu boronate (d) 2570 2615 - 

Compound no. 

ov-I Parent compound 2100 1700 1905 
Acetate (e) 2165 - 2035 
TMs 0-I 2135 - 2cKn 

ov-17 Parent compound 2485 
Acetate (e) 2520 
TMS (0 2390 

1955 2300” 
- 2410” 
- 22jO” 

* Letters denote derivative types. 
M 175’C. 

- -xo’C. 
: 210°C. 

s1 23O’C. 
a 2 p Not examined. 

+ 150°C. 
t+ 19o=c_ 

that the retention increments for introduction of the I-hydroxy group are of the 
expected order (dl z 180 on OV-l phase). 

The base peaks and molecular ion abundances in the mass spectra of diols S-10 
and their derivatives are summarised in Table IV. amass spectra of the tetrahy- 

droanthracenediol series, shown in Figs. S-I 1. are of limited value in differentiating 
between the cis- and trans-isomers. The free dials (Fig_ 8) give strong [Ml-- and 
([M- I&O]* -) ions, together with [M-44]‘- (loss of vinyl alcohol by a rerro-Diels- 
Adler process) and [-RI- 60]+- (m/z 1540785 from diol8) resulting from elimination of 
ethenediol (C-l t C-2). The mass spew&a of the d&et&es (Fig_ 9) are dominated by 
ions resulting from losses of acetic acid and ketene. In both the free dials and di- 
acetates, the relative intensities of the common ions: though different for the ck- and 
trans-isomers, are of little discriminatory value in view of the similar retention times. 
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PA-- 

214 

.--OH 

50 19.0 
ml2 

2i.0 

Fig. 8. Mass spectra (20 eV) of 1.~3,4-teirahydroanthrafene-cis-1,2_diol(S) and -rrons-1,2iiol(9)_ GC- 
MS conditions as in Fig. 3, escept that column temrtures were as in Table n1. 

, ITSO 
lJy_* 2065 

250 

100 

.I. 

SO 

cis 178 
- 0COCH3 

2ocv (731ixl~) 196 &OCOCH3 

M’- 

100 - 

t rans 196 

20 ev ~?3180~1 

*I. 

238 
50 - 

ml2 

Fig 9. B&ass spectra (20 ev) of 1~3,4-tetrahydroamhra~c-c~4 ,&diol diacetate (Sa) and -tranr-l.Uio! 
diacetatc (9a). GC-MS conditions as in Fig_ 8_ 



204 

too- 

C. J. W. BROOKS ef al. 

‘I. 26a &‘“’ 
SC- 

242 Igo, 2150 

103 
M’ 

IL7 

I, 

178 358 

11 L A, 
313 L 

Fig_ 10. _Fkss spect.rum (20 ev) of l,2,3,4-tetrah~droanthracene~~-i *,2-&01 di-TMS ether (Sb). GC-MS 
conditions as in Fig 8. 

in the case of the di-TLMS ethers, the mass spectra are virtually identical, and that of 
the cis-diol derivative (Fig. 10) is sufficiently depictive of both. As in the naphthalene 

.analogue (Fig. 5j, major peaks are due to a retro-Die&Aider process and to the 
elimination of trimethylsilanol moieties, while “rearrangement” ions of m/z 147 and 
103 appear in the lower mass range. Finally, the spectra of the methaneboronates, 
showi! 5 Fig_ 11, are notabIe for the ions [M - 28]+ - which are distinctly more abund- 
ant in the rrans-isomer spec’am then in the cis: this regularity holds too for the 
butaneboronates, and is even more marked for the corresponding tetrabydro- 
naphthalenediols (cf. Table II). Accurate mass measurement shows the ion [M- 28]‘- 
to result from loss of&H,, doubtless from C-3 + C-4: presumably the greater strain 
in the tetrahydro rings of cyclic boronates derived from rrans-diols leads to a readier 
elimination of ethene resultin g formally in a benzo- or naphthocyclobutenediol bo- 

Fig 11. Mass spectra (20 ev) of l,~,~-tetahydroantne~~-l~~ol methaneboronate (SC) and - 
r~znr-I_Liiol methaneboronate (SC)_ K-MS conditions as in Fig. 8_ 
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103 

1 

PSi Me3 

20eu (79/099) 
191 

.I. 

mSiMe3 

50 - 
253 

147 !A*. 

L .I I h, d. 

266 
356 

I, L 
100 200 m/z 300 LOO 

Fig. 12. MESS spectrum (20 eV) of 1,2_dihydroanthracene-zr~-1,2liol di-TMS ether (lob). GC-MS 
conditions as in Fig_ 8. 

ronate ion. A second regular distinction between the cis- and tvans-tetrahydrodiol 
boronate spectra is the greater abundance of [M- RBOIHl]+- ions from the cis- 

isomers. 
The mass spectrum of 1,2_dihydroanthracene-~~!zs-1,2-diol di-TMS ether 

(lob) shown in Fig. 12 includes clear, though small, [&IJ’- and [M+ 14’. ions, to- 
gether with the typical rearrangement ions of m/z 147 (Me+O=SiMez). 191 
(MeSiOCH =OSiMe,) and 253 ([M-CHIOSiMe,]‘). 

Dihydrophenanthrenediols (con~pounds 14-l 8) 

Preparation of derivatives, including cyclic boronates, from 

I 

Me 
Di-TMS 

boronate 2020 
1865 

I n 
Diol 

JdLL 1920 : : 2 1. :: : ‘. ._ 

I. 

- ,L !I A , 
0 min 10 min 10 20 

the four cis-diols 

,c”3 
A: X,Y=H 

B: X=MeO.Y=H 

C: X,Y =MeO 

Fig. 13. Gas chromatographic separation of the methaneboronate (14c) and di-TMS ether (14b) of 9- 
methyl-9,1O-dihydrophenanthrene-cis-9,lO-diol (with the pe& obtained separately for the fke dial super- 
imposed). Column, 1% OV-l (1.5 m x 4 mm I.D.); column temperature, 180°C; nitrogen flow-rate, 40 
ml/min. 

Fig_ 14. Gas chromatogrzphic separation of methaneboronates (l4c, 1% and Itic, respectively) of 9- 
me~yl-9,l0-dihydrophenant,I0-diol ad its 2,3-dimetho_xy- and Z3,4,5-tetramethoxy-deriva- 
tives. Column, 1% OV-17 (1.8 m x 4 mm I.D.); CoIumn temperature, programmed from 165 to 250°C at 
4qnirl; nitrogen t-low-rate. 40 ml/min. 
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[ Oi-TMS ethers Methaneboronates 

I 

5 0 5 10 
l-ill” min 

Fis 15. Gas chromato_gams of derivatives of 9,1~ih~drophenanthrene_cir- and -zrans-9,lO-diol: (i). di- 
TMS ethers (lib, Mb); (ii), methaneboronates (17~. I&). Column, 1 “/A OV-17 (1.8 m x 4 mm I.D.); 
column temperature. ISO’C; nitrogen flow-rate, 40 mljmin. 

(I&-:7). proceeded without difficulty. Formation of cyclic boronates from the trms- 
diol (18) required the use of 2.2 molar proportions of reagent (this diol was early 
reported not to yield an acetonide under conditions suitable for the corresponding 
derivative of the cis-diol”)_ 

Gas chromatograms (Figs. 13-15) exemplify the utility of the methaneboron- 
ates in this se&s_ The invariably lower retention indices (on OV-I) of these deriva- 

T-ABLE V 

KOV;jTS REX-EXl-ION INDICES (I) FOR DIHYDROPHENANTHRENE c&z- AND ~uIzs-DIOLS 
AND DERIVATIVES 

Siat iorzu_r Derirariw Compound no. 

Pbe 
I-I- I>-*- 1i5- Ii- Is-’ 

ov-I Diol 1920 2350 2460 19so 2020 
Diacetate (a)* 2x0 2630 2735 2120 2115 
Di-ThlS (b) 2020 2360 2310 2015 2020 
Me boronate (c) 1562 22ss 2340 1920 1880 
Bu boronate (d) 2125- 2-4 2575 4 2180 2165 

ov-17 DioI 2275 2815 2930 2365 2430 
Diacetate (a) 1570 3100 3245 2525 2535 
Di-TMS (b) 2195 1625 2725 2225 2230 
.Mz boronate (C) 1170 2710 1780 2260 2155 
Bu boronate (d) 2455- 2985 E 304.5 4 2525 2450 

* Letters dencte derivative ty~. 
- 1so=c. 

- XO’C. 
* 2wc_- 
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tives than those of the parent diols are illustrated for the 9-methyldiol in Fig. 13. The 
analogous 2,fdimethoxy- and 2,3,4,5-tetramethoxy-9-methyldiols are equally con- 
veniently studied as methaneboronates, which give very satisfactory peaks, even on a 
packed column (Fig. 14). With respect to the distinction between cis- and rrarzs- 

isomers, Fig. 15 shows that the di-TMS ether peaks are unresolved under conditions 
whereby the methaneboronates are clearly separated, the trajzs-isomer being eluted 
first. The greater degree of tailing of the trans-diol ester peak reflects the strained 
nature of the cyclohexadienediol boronate ring, which probably undergoes partial 
cleavage and reclosure during GLC: the small additional peak may be due to a 
pyroboronate derivative, but the mass spectrum provided no evidence thereof. Gas 
chromatographic retention indices for all the derivatives of diols 14-18 on OV-1 and 
OV-17 phases are listed in Table V. 

The mass spectra of all the 9, IO-dihydrophenanthrene-9,lO-diols and deriva- 
tives studied (Table VI) are noteworthy for the general occurrence of molecular ions 
(absent only for the diacetates of compounds 14 and 15) so that, for example, the di- 
TMS ethers of this group of diols are quite satisfactory for defining molecular masses. 
The base peaks from all the diacetates correspond to the phenantbrol fra_ments 
arising from elimination of acetic acid and ketene ([iti- 102]+.). Nine out of the ten 
cyclic boronates listed yield molecular ions as base peaks: in the exceptional case 
(compound 14d) the abundance of [&1]+- is 76 % of a base peak ascribable to the 

fluorenyl ion (m/z 165) resulting from rearrangements and loss of the boronate group 
together with a two-carbon fra_ment. 

Free diol 
100 

1 I 194 

166 

Methaneboronate 
100 

1 

Fig_ 16. Mass spectra (20 eV) of 9,lO-dihydrophenm&reue-c~-9,IOdiol (17) and its aetbar;eboronate 
(17~). GC-MS conditions as in Fig. 3, except that column temperature 1~2s 18O’C. 

w- 
236 
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100 

1 
Diacetate 

I 194 

Di-TMS ether 
1007 

147 

-I. 

SO- 

OSi Me3 

OSi Me3 

266 
M’- 341 
356 

I 

L v J Ll I 4 L 
50 100 150 2oo m,z 250 300 350 

-- 

Fig_ 17_ Mzss spectra (20 eV) of 9,1O-dihydrophenamhrene-c&P,lO-diol diacetate (17a) and di-TMS ether 
(17b)_ GC-MS conditions as in Fig. 16. 

Full mass spectra are shown in Figs_ 16 and 17 for 9, IO-dihydrophenanthrene- 
cis-9, lO-diol(l7) and three of its derivatives. Dhe spectra of the tram-series are very 
similar, emphasizing the importance of a chromatographic distinction as noted 
above.] Elimination of H,Oz to give a phenanthrene ion (m/z 178) is marked in the 
free diol spectrum, which also contains m/r 194 ([AI- H,O] + -) as base peak. and ions 
of fluorene and fluorenyl character (m/z 166, 165). In the methaneboronate (Fig. 16) 
the preferred fragmentation via loss of MeBO again yields a phenanthrol-type ion of 
m/z 194. Fig. 17 shows the preponderance of the similar ion in the diacetate spectrum, 
and the occurrence of the corresponding phenanthrol TMS fragment (m/z 266) in the 
mass spectrum of the di-TMS ether: the latter spectrum is, however, dominated by 
the rearrangement ion of m/z 147. 

Nadolol (Fig. 18) 
During the course of our work, the compound Nadolol(19) was introduced by 

E. R. Squibb & Sons as an antihypertensive agent. As it was unusual among drugs in 

*‘CH~ 434 - CHz-N /H 

hi4 
‘CMe3 

Fig- 18. Structure of Nadolol [5-(3-ferf.-buty~~2-hydroxypro~xy~I,~3,Q-tetrrthydmnaphthalene- 
ciQ3-diol] (19). 
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possessing a tetrahydronaphthalene-cis-2,3-dial group, some derivatives were exam- 
ined as outlined below. Acid-catalysed acetylation afforded the N,O,O,O- 
tetraacetate, whereas the product of trimethylsilylation appeared to be the O,O,O-tri- 
TMS ether, the sterically hindered NH-tert.-Bu group remaining unreacted. As ex- 
pected, the reaction with methaneboronic acid, which is hardly subject to steric hin- 
drance, occurred Hith both the 2,3-cis-diol and side-chain fl-hydroxyamine groups, 
although the unfavourable equilibria known to prevail in the formation of 1,3,2- 
oxazaborolidines made it necessary to use 2J-dimethoxypropane as a scavenger of 
water produced in the reaction_ 

Gas chromatographic and mass spectrometric data for the three Nadolol de- 
rivatives are collected in Table VII. The tetraacetate had inconveniently long reten- 
tion times, but the bismethaneboronate and tri-TMS ether were both satisfactory for 
GLC, as exemplified in Fig. 19. 

_ NADOLOL bis-Me- 
boronate and tri- 

TMS ether 

1% ov-1.225’ 

Me-B 

2355 TMS 

2505 

1 
0 4 8 

min 
Fig_ 19_ Gas_chramatographic separation of Nadolol bismethaneboronate (19c) and tri-TMS ether (19b). 
Column, 1% OV-I (1.8 m x 4 mm I.D.). Cotumn temperature, 22YC; nitrogen flow-rate, -W mlimin. 

Strikingly different mass spectra were observed for the three Nadolol deriva- 
tives. The tri-TMS ether spectrum (Table VII)‘* contained as base peak the ion from a- 
cleavage, CH, = NH-terr.-Bu (m/z 86)), with no other fragment ions at more than 1 oA 
relative abundance. The ion of m/z 86 has been used in the determination of serum 
Nadololz8. The bismethaneboronate and tetraacetate spectra are dtpicted in Fig. 20. 
The former spectrum shows as base peak the ion of m/z 342 ([MTCH13]f), which 
carries 20 o/e of the total ion current, and could be of value in selective ion monitoring; 
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the only other prominent high-mass ions are [Ml+- and nl/s 204 
(tetrabydronaphthalene-2,3,5-trio1 metbaneboronate fragment). In contrast, the tet- 
raacctate spectrum shows no detectable molecular ion, but includes many fragment 
ions in substantially similar abundance, the origins of which are largely apparent. The 
tetraacetate is thus a very suitable derivative for characterisation of isolated samples 
of Nadolol, by virtue of its structurally informative mass spectrum. 

ICC 

7. 

so 

I 

1 t d J. i.& ._. 

hie 
2oc 

I 
I 

5.0 I&z Ii0 ZOO 250 300 
DIZ -- 

c2 

U.’ 

357 

+ 

zoo 

7. 

CO 

(47;) 

417 (?A“) 

IO0 IS0 200 m,_ 250 300 LOO 
_= 

Fig. 20. Mass spectra (20 eV) of Nadolol bismethaneboronate (19c) and tetraacetate (19a). GC-MS 
conditions as in Fig_ 3, except that c~~!umn kmperature was ‘)9i’C_ 

DISCUSSION 

Attention is focused here principally upon those dihydrodiols that have been 
isolated as metabolites, and also (in the naphthalene and anthracene groups) upon 

the corresponding tetrahydrodiols. The latter compounds have not only been greatly 

used in the indirect characterisation of the less stable dihydrodiols, but they are also 
related fo metabolic tetrahydrodiols such as rhe 1 ,2,3,4-(hydroxy/methylthio) deriva- 

tives of tetrahydronaphthalene recently identified as urinary metabolites of naph- 
tbalene in the ratX1*‘*_ One of these, a 1,34(methylthio)-1.2,3,4-tetrahydro- 

naphthalene-2,4-dioI, as its di-EMS ether. gave the informative retro-Diels- 
Alder fragment”-” analogous to that in Fig. 5; but the methaneboronate of the 

2_+diol grouping (apart from indicating it to be a ckiiol) did not yield a particularly 
useful mass spectnnn except for an abundant molecular ion”. In their early work on 
the biogenesis of 1,2-naphtbalene oxide and its conversion into the dihydrodiol, 
Jerina et ~1.‘~ noted that mass spectra of the dibydrodiol did not yield evidence as to 
the location of IsO in the diol group: accordingly, the diol was dehydrated to a mixture 
of I- and 2-naphthol for mass spectrometry. It is clear that in 1,2,3,44etrahydroarene- 
1_2-dio!s (and l.3-diols1’) obtained as metabolites or by hydrogenation of dihy- 
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drodiols, distinction between the oxygen atoms is readily made via the Fetro-Diels- 

Alder fragmentation: although this is often prominent in the mass spectra of the free 
di01s”~ (c-f- Fig. S), the higher mass of the ions from di-TMS ethers is often ad- 
vantageous. The mass spectra of tetrahydronaphthalene-cis- 1 ,Zdiol and some related 
compounds were largely interpreted in an earlier investigationzo, though the fragmen- 
tation mode affording the ion at ru/r (A4 - 60), mentioned above for the tetrahy- 
droanthracenediols, was not discussed_ 

In,the characterization of metabolic dihydrodiols and dihydrodiol epoxides 
derived from arenes of higher molecular weight such as benzpyrenes, mass spectrome- 
try has been used mainly via direct probe sampling of fractions isolated by liquid 
chromatography”‘*“_ However, as mentioned in the Introduction, GC-MS has been 
applied in studies of the trans-S&iihydrodiol and trarzs-8,9-dihydrodiol of 7,12- 

dimethylbenzanthracene’2: the mass spectrum of the di-TMS ether of the 5,6-dial 
was character&d by the prominent rearrangement ions of IX/Z 191 and (M - 103) 
analogous to those from the 1,24hydroanthracenediol derivative (Fig. 12). Similar 
results have been reported in a study by GC-MS of the metabolites of phenanthrene 
in the coalfishz3 _ The major dihydrodiol produced in that species, in contrast with the 
rat, was found to be a 1,2-dial, with very minor amounts of the 9,lO-diol: the mass 
spectral data for the di-TMS ether of the latter isomer (presumably a trms-dial) are in 
good agreement with our observations on the reference samples (Table VI and Fig. 
17). Brief data on the mass spectra of 1,2dihydrophenanthrene-trans-1,2-dial, and of 
the corresponding cis-1,2-dial (as diacetate) have been reportedz4. 

One group of dihydrodiols to which GC-MS has been more extensively ap- 
plied are those arising from metabolic oxidation of the olefinic bond in drugs derived 
from dibenzocycloheptene, dibenzoazepine’* and related tricyclic structures_ The 
flexibility of the seven-membered ring in many of these metabolites allows the forma- 
tion of certain cyclic derivatives from both cis- and trans-diols (just as in the case of 
the 9,1O_dihydrophenanthrene-9, IO-dial groupings), and butaneboronates have been 
employed in the characterisation by GC-MS of IO,1 l-dihydro-lO,l I-diols among the 
metabolites of protriptyline”, dibenzocycloheptadienez6, carbamazepine*’ and re- 
lated tricyclic drugs_ 

In the light of the above survey, it is clear that the range of derivatives studied 
in this paper includes the most generally useful types for the study of metabolic 
dihydrodiols and tetrahydrodiols by GC-MS. For those compounds which are not 
amenable to GC, the derivatives are still of value in mass spectrometry. The principal 
conclusions that can be drawn from our results, in combination with other published 
work, are briefly summarised below. 

Gas chromatography 
l- Trimethylsilyl ethers and acetates are both effective derivatives for stabilis- 

ing dihydrodiols towards GC, but the TMS ethers have the advantage of shorter 
retention times, especially on the more polar OV- 17 phase. 

2. Cyclic alkaneboronates represent a selective type of derivative. cis-Dihy- 
drodiols of rigid conformation and narrow dihedral angle, such as indane-cis-1,Zdiol 
and acenaphthene-cis-l,Zdiol, form especially stable cyclic boronates, while the 
equally rigid trans-isomers cannot form comparable derivatives. In other instances, 
where the diol groupings have enough conformational flexibility, cyclic boronates can 
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be formed from both cis- and transdiols. We have observed that these derivatives 
provide the most satisfactory means of distinguishing between the cis- and trans- 
isomers by virtue of their different retention times. This is an important feature, 
because the di-TIMS ethers and diacetates usually afford little distinction between 
retention data for cis- and rratzs-diols: moreover, mass spectra do not distinguish the 
isomers satisfactorily. 

3. Cyclic methaneboronates are of special value in yielding retention times 
markedly shorter than those of the free diols and (on OV-1) those of any of the other 
derivatives studied. This allows dials of comparatively higher molecular weight, such 
as 2,3.~.5-tetramethoxy-9-methyl-9~lO-dihydrophenanthrene-cis-9,lO-diol (16) (Figs 
1 and 14) to be studied by GC-_MS.without the need for excessively high column 
temperatures or long retention times. A similar advantage arises for compounds such 
as Nadolol where four functional groups can be protected as a bismethaneboronate 
(Fig. 19). 

&fass speclrmnetq 
1. For the determination of molecular ions, the di-TMS ethers were effective 

for all but two of fifteen diols examined, whereas only seven of the diacetates gave 
detectable molecular ions_ In those instances (twelve diols) where cyclic boronates 
could be formed they invariably afforded molecular ions at least 10 o/0 as abundant as 
the base peak, and usually constituting the base peak (Table VIII)_ In the particular 

case of Nadolol the bismethaneboronate was the best derivative for establishing the 
molecular ion (the peak intensity at Af - 1 conforming with the presence of two boron 

atoms). 

T_4BLE VIII 

MOLECULAR IOi’! ABUNDANCES FOR DIOLS AND DERIV_ATIVES RELATIVE TO RESPEC- 
TIVE BASE PEAKS (20 eV EI): DATA FROM TABLES II. IV AND VI 

07: abwzdmce -c lo”/ almn&7me lO-9P,; abzmfhzme looO/_ abwzhnce 
-- 

DiOb I 6 6 2 
Diitntes 8 5 2 0 
Di-TM!?G ethers 2 3 7 3 
Methaneboronates* 0 0 3 9 
Butaneboronatu* 0 0 4 8 

* Three of the rrm.s-dioIs did nor yielJ boronates_ 

2. None of the particular derivative types examined was uniformly the best for 
the elucidation of structure from fragmentation modes. On the whole, the diacetates 
were the least useful in this respect, because of the prevalence of elimination of acetate 
and ketene moieties: however, in the exceptional case of Nadolol (Fig. 30) the moder- 
ating effect of the N-acetyl group on the a-cleavage reaction led to a good balance of 
informative fragmentations. More generally, the complementary use of di-TMS 
ethers and methaneboronates was found to be of great value because of the distinctive 
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differences in their modes of fragmentation, outlined in this paper and exemplified in 
Figs- 3/4, S/6,10/1 1 and 16/17. One such difBerence is the tendency for the cyciic esters 
to yield ions retaining the boronate group, which may also be accompanied by com- 
plementary fragment ions (cf- Fig. 6 in which tLe latter is a tropylium ion). 

3. While high-resolution mass spectrometry is the most appropriate technique 
for establishing ion composition and for deducing fragmentation pathways, it is 
nevertheless possible to secure useful provisional data from low-resolution measure- 
ments. In this respect, the comparison of closeiy related derivatives (such as TMS and 
[‘H,TMS ethers) is a well established procedure. For the cyclic boronates, deuterium- 
labelled reagents are not conveniently accessible, but the comparative use of methane- 
and butaneboronates is practicable, as the latter derivatives (for a single diol group- 
ing) have only slightly longer retention times than the di-TMS ethers and their mass 
spectrometric fragmentations largely parallel those of methaneboronates. 

The mass spectrometric characteristics of the derivatives studied in this paper 
will be reported in more detail elsewhere. 
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