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SUMMARY

Mass spectra were obtained for the n-butylation products of 2-ketopropionic,
2-ketosuccinic and 2-ketoglutaric acids by combined gas chromatography-mass spec-
trometry (GC-MS). The esterification reaction was accompanied by the formation of
variable amounts of n-butyl ketals, which were resolved by GC and identified by MS.
The fragment structures were ﬁn’ther confirmed b} means of the perdeutcrated n-
bi}t}’i {zenﬁ.mes. - ~

INTRODUCTION

Gas-liquid chromatographic (GLC) estimation of -Krebs® cycle and related
acids has remained of much interest in biomedical applications despite the need for
preliminary extraction and derivatization with possible loss of volatiles and forma-
tion of artifacts*. The popularity of GLC analysis is due to its high speed,-high
sensitivity of detecticn of the acids?> and the ease of combination with mass spec~
trometry (GC-MS) for exact identification of components™®. - - -

"~ In recent years increasing use has been made of the butyl esters as derivatives
for GLC®" and for GC-MS?®-®, because of their lower volatility and the possibility of
recolution of enanfiomers as- the diastereoisomers, when- employing enantiomeric
isobutanol in the derivatization®*t. Furthermore, the butyl esters can be purified by
thin-layer chromatography (TLC) prior to GC-MS, which is not possible with the
commoz=ly used methyti esters due to volatility or with the trimethylsilyl esters due to
volatility and chemical instability’?. The esterification of the keto acids, however,
leads to by-products, which may be easily confused with the normal esters. In the
following communication we have determined the mass spectra of #-butyiation prod-
ucts of the common keto acids as 2 means of distinguishing between normal esters
and ketals generated during the esterification reaction, and have proposed the revi-
sion of some previously reported structures.
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z-Ketoglutaric zcid was obtained from Aldrich, ‘Milwankee, WI RS S.A. and
owiiacetic acid from Nurritienal Biechemicals, Cleveland, OH, U.SA., while pyruvic,
oxalsuccinic and adipic acids-were supplied by Sigma, St Louis. MI, U.SsA. Per-_
deuterated r-butanols (CPH,C*H,C*H,C’H,0*H and C*H,C?*H,C*H,C*H,0H}
were purchased from Merck, Sharpe znd Dohme, Montreal, Canada. Other reagents -
and solvents were of Certified Reagent Grade supplied by Fisher Scientific, Don
Mills, Canada_ .

Prepararion of n-utyvi esters

The =-butyl esters were prepared by treating the free acids or their sodmm salis
{(5-13 mg) with sufficient 3-6% (v/v) sulphuric acid in #-butanol to cover the dry
residue (0.25-90.5 mi). The esterification was completed by heating the tightly closed
vials zt 80°C for 153240 min'3. After cocling the contents of the vials were diluted
with water and the butylation products extracted with chloroform. Deuterated n-
butyl esters were prepared similarly.

Thin-laver chromatography

The butyl esters of the organic acids were purified by TEC on Stkw, gel H
(Merck, Darmstadt, G.F.R} plates (30 x_ 20 em), 250 um thick Iayer, using pe--
troleum ether (b.p. 30-60°C)rdiethyl ether—formic acid (80:30:1) as the developing
solvent. The separated components were located by exposing the plates to icdine
vapour. They were recovered by extracting the gel with chlorcform and washing the
extracts with water. )

Gas chromatographiy—rmass spectrometry
Combinaed GC-MS anazlyses of the n-butyl esters of the crganic acids were
made with Varian MAT CH-5 single focusing mass spectrometer coupled to z Varian
Data 6201 computer previously described for work with fatty acid methy! esters®<.
The GLC separations were made with a2 Varian Madel 2700 Moduline gas chromato-
graph equipped with 2 180 x 0.3 cm [.D. glass tube filled with 3 97 Silar SCP on Gas-
Chrom Q. The carrier gas was helivm at 1Q mi/min. The gas chromatograp‘z which -
did not contain a separate detector was temperature-programmed from 100 to 275°C
at, 6°C/min with the injector at 250°C. The transfer line was maintained at 275°C. Al
spectra taken over the GLC peak were correctad for background by thecomputer using
Varian Module SUR. Alternately, mascs spectra were obtained for all compoundson a
Hewlett-Packard 53858 guadrupole mass Qpectromet#r coupled via a jet separaior to
3 3840 A gas chromatograph, equipped with a similar Silar SCP column or with a 25-
mi SP-2100 fused-silica capiilary cclumn. The mass spectrometer was cperaied in the
electron impact (EI) mode. The mass spectrometer was coupled to an HP-1000E
computer, HP 7946 disk drive, HP 2648A graphics terminal and a Tectronix 4632
video kard copy unit . .
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-diketals as by-products of the esterification’®. The n-buty! dérivatives of thesé acids
_possess excellent TLC and GLC propemes and are resolved intc pure specws onthe .
bams of molecular weight and overall polarity- (results not thown) ‘Table I gives the-
"R values on silica gel H and the relative retention times om a variety of iquid phases
7t‘or the simple esters and the a.lkylatmn products’of the different keto.acids. In alf -
- instances the mono- and diketals are-clearly resolved from each other and from the -
'correspondmz snnple esters. Ia add.mon the two geometric forms of the monoketals
“of oxalacetic and x-ketoglutaric : acid esters-are also resolved by GC. The quantxtatzve
'erIds of the esters and of the alkylatmn products for these keto acids are summarized
-in Table IL. The yields are given relative to that of the n-butyl ester of adipic acid-
which was: quantitatively derivatized.at all expenmental conditions tested.-It is seen-
that pyravic and «-ketoglutaric acids reach maximum yields of the ¢ ester within [Smin
2t 80°C with 3-6% H;SO,. The formation of the #-butyl pyruvate'is accompanied by
a parallel-dialkylation of about 40 of the ester. The proportion of the dialkyl ester
of a—ketoalutarate under these condxtxons is abox.t 20%. In both instances only small
amounts of the monoketal were formed. There is no significant change in the propor-
tions of these products over the next 120-240 min. The f-keto acids (oxalacetic and
- oxalsuccinic) undergo extensive decarboxylation to the lower homologous keto com-
pounds- which also are subject to alkylation. Thus, the oxalacetic acid vields about
€65-70 % of the diketal and 2% monoketal along with 309 of the diketal and trace of
monoketai of pyruvic acid, and [-2% of the simple z-butyl pyruvate. None of the.

‘the keto acids are kriown to’enolize and to ‘produce variable: amounts of mono- and- -
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RELATIVE YIELD (MOLE ) OF n-BUTYLATION PRODUCTS OF COMMON KETO %CID&

Yieids refative to m-Butyl adipate formed in 10074 yizid at all o:)ud'nons,
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oxzlsuccinic acid remaired intact during the acid reactiom corditions, 1009 of it
-befng comverted into the corresponding simple n-butyl ester of x-ketogiutaric acid
and its mono- and diketal derivatives in proporticns previously recorded for the x-
etoglutaric acid itself. In all instances the diketal derivatives were present in much
bigher conceniration than the corresponding moncketals. The identity of the various
GI.C peaks was confirmed by GC-MS of the #-butyl and the deute ated n-butyl
derivatives as explained below.

Afuass spectrometric praperties
The overall electron impact fragmentation patterns of the keto scid esters are
well established®® aithough those of their alkylation products have remained in
doubt. Except for oae attempt®, the mass spectra of the n-butyl esters of the keto
carboxylic acids kave not been reported. Fig. 1 gives the mass spectra of the three
praducts recovered from the n-butylatior of pyruvic acid. The simple r-butyt ester
(Fig. LA} is recognized from the parent ion at n:/z 144 and characteristic fragments.
The base peak at mi/z 43 represents the CH;CO portion of the original acid as
pravicusiy shown by Cronholm er 2f.!7 for methyl pyruvate. The ion at m/c &5
represents the carbon from the carboxyl group along with the n-butyl group. It was
shifted 9 mass vnits higher following esterification with perdeuierated n-butancl. The
ion at my/z 57 represents the buty! group aad those at mijz 41 and nzfz 29 further
breakdown products of it, as indicated by appropriate shifts in the masses of the
_ corresponding ions in the spectrz of the perdeuterated n-butyl esters. The monoketal
of n-butyl pyvruvate gave a molacnlar fon at m/z 200 (Fig. 1B} with the base pezk at
mfz 57. Other prominent tons (rz/c 145, 99, 89) are eenerated by a loss of 35, 101 and
I 11 mass units due to the elimination of CH,CH, C=CH, (2-but-l-envi},
CH5(CH,),0C =0 (carboxybutyl),and CH,CH.C= 5H %+ CH,CH,CH=CH, (i-
butane} fragments. respectively, from the molecuiar ion as confirmed by means of the
denterated n-butyl derivative. The diketal of n-butyl pyruvate failed to give 2 molecu-
iar ion, but vielded a significant ion corresponding te M — 73 (mfc 211} duc to a foss
of a butoxy {CH;(CH,),Ol group (Fig. 1C}. Further cleavages produced ions at m/z
173, 145, 117, 82 and €1, which resulted from loss of masses 56, 73 and 101 in a variety -
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Fig. I GC-MS spectra of t.he r-butylation produots of pynmc acid. (A} n—buzyl ster, (B} n-buni nona-
ketal; (C) a-butyi diketal : .

of sequences.’ The base peak at mf._ 61 is specxﬁc for ketais and the formatton of ttus

fragment is confirmed by theabsence of a molecular ion'S. The mass spectrum report-

ed by Choudhary and Mass® for authentic n-butyl pyruvate including a base peak at

mi= 61:is therefore in error, as it must have been derived from the fragmentation of

the ketal:In such a case, the fragment assigned a mass of n1/z 144 by these authors
‘should have had a mass of m1/z-145, as shown here: Cronholm et al.] 17 have also

suggested that the derivative formed From methy! pyruvate is probably 2 l-cixmethoxy-
propionate. In any event the base peak at m/._ 6L cannot be denved from the sxmpie
n'-butyl ester of pyruvate.: -~
Fig. 2 gives the mass spectra cbtamed for the Iz-butti zz-ketoglutaratc and its

’ mone- “and diketal. The simple #-butyl ester (Fig. ZA) gives a small molecular ion at

Am[; 258. The base peak is at mn/z 101 and represents multiple losses of fragments ™M
— (101 +°56)1 and includes onerearranged hydrogen, as mdlcated by a shift of one
"mass unit (m/z 102) in the perdeuterated n-butyl ester. Theion at mfz. 129 isduetca
icss of a butoxy radical plus a butene grox.p M — 1’?9) and contams one rearranoedv



3
R
!

i
"1
»
2
s
faw

\\t"‘ !
ki

...

)

A

] =3 - " ™
- TaT " e (37 .8
3 2-11 - .
sa 23 <t ST - )
- ¢ i { 3 3¢ poen 128 1s7
&i—*% N ————t s r—— - oy
raa 2% < sa sg tes 128 148 €8 e
584 = -
123 2s8
84z v - + + Yot 3 v v - < v v v
p% <3 28 229 - 24T 268 Zee 366
S
-
= 123 - B & c14.7
= et 5 te1 tz8
= S5 - <% 1435
rd
i ’ ! i 7T ga ‘ng 354 L P 2 o
el a s ;if . o : X <5
= ¢ ——r T —r r——if * - * iy r—
§ tag 28 43 13 3 tea 128 t<a 11 P
-4
£ 2 ige "
§ :7s L 281 pp3 221 229 248 257 ) -3
b 8-r—— T * v £ T Tyt T T
i3s3 2ee 223 262 28§ 283 3e8
18C - C ] T p28.8
tat ts7
[T s7 3
2> A 73 >4 L1 2% €S 1672
3 to A |7 IS , 11
e ) Y . . k3 - T R L3
10e 28 <e e =2 tae L2e 1 22-3 e o.a
52 . ®-73
7S 285 195 233 23 22T aqs 25 287 318
P . I 2 2 2
—— * - = x ‘ r—— * t T — e
188 28& 228 “248 252 2e IGQ
mfz

Fir. 2. GC-MS specira of the n-butyiation products of =-keroglutaric acid. (A} r-butyl diester; (B) n-butyi
monokeral; (CY n-buty! diketal.

hydrogen as indicated by 2 shift of one mass unif, when analyzing the perdeuterated
ester. This hydrogen arises from the side chain as shown for butyl propionate®®. The
ions at rfz 157 and 185 represent loss of 101 and 73 mass units, due to the elimination
of carboxybutyl and butexy groups, respectively. These fragments are shifted by 9
mass upits, when derived from the deunterated ester, confirming the preseance of an
irtact butyl ester group in each of them. The monocbutyl ketat of n-butyl x-keto-
glurarate gives 2 molecular ion at m/z 314 (Fig. 2B). It has a base peak at mfz 57. A
foss of 74 mass units provides an ion at mifz 24C representing the elimination of an
iritact butancl group probably from the ketal function which includes one hydrogen
from the adjacent methylene carbon. Other ions are generated by the loss of mass 101
{rniz 213} and viz combined losses of butyl, butoxy and carbexybutyl groups in a
variety of sequences to vield fragments at mjz 201, 184, 157, 145, 128 and 101, with
relative intensities ranging from 13 to 73 %4, The correctaess of these assignments was-
confirmed by appropriate shifts in the masses of the ions from the correspoading de-
rivatives prepared with deuterated n-butanol. The two forms of the monoketal give
identical mass spectra. The dibutyi ketal of the n-butyt x-ketoglutarate yielded no



GC:&%S{}F&E}‘GAGBS - PR ‘?rf;ff :’, RS SE - !{: 4‘ 5.;,

—-mo!gcnlar or: M SS ion (E" o :ZC} It gave a base peak at m[zIGI Wﬁzcﬁ ﬁas tﬁe same ’
- Structure-as th.at found in-the simple ester and- is:formed  via combined :fosses of - -
gzeuge{&{ — (101 +.73 + 57+ S@I.The othez: iofis.can ; be recognized on the basis
_of gystematic muluglc fosses of't common fragments consxstentmth the ﬁ-agmentaﬁon '
‘pattern proposed by Simmonds et al.*® for the d:methyi ketal derivative of methyl o- -

. ketoglutarate.-This identification of: the various ions is again supported by. the f’rag-
meut.atxon gat.e:m observed for the deuterated z-butanof reaction products .

_ Fig. 3 gives the mass spectra for the:n-butyl derivatives of oxalacetic acxd. The

) s:mgle fi-butyl ester of oxalacetic acid was-not recovered by TLC among the reaction -
pmducts- However, oz GLC of the diketal, a peak was obtained, which possessed aif -

_ the ions anticipated for the szmpIe ester. This peak showed (Fig. 3A) a molecular ion
at m[z 244, and other charactensuemns at m[z 189 (M — 55) and mfz 171 (M — 73)
in low intensity. The fon- at mfz 143 regresems a fragment formed by a loss of one
carbo'iybutyi radlcal (M —_101; 13 Combmed Iosses of -one butoxy radlcal and cne.
butene group (M — 129) yield anion at m/z115: The base peak at m/z 87 is produced

via the concerted loss of one ca:Boxybut\«l and ‘one butene group. The fon at miz 69 is
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_Fg 3‘ GC-MS spectrz of the r—butyiauon ptodncts of oxafacetic acid. (A} r-butyl diesters (B) n-bu:yz
monckatal; (C) n-butd dikstal ‘ ) )
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-generated by ehmmatxon_ cf one carboxybutyl and one butanol goup ‘The denvauvw ;
prepared with deuterated- n-butanal yielded the anticipated corresponding mass
shifts. Furthermore, the mofecuiar weight of the simple ester was confirmed by méth-
ane chemical icnization spectrum. The monobutyl ketal of z-buty oxalacetate yielded -

-a szaall molecular ion at mi/z 300 (Fig. 3B). It gave a base peak at miz 87 and charac-
teristic major ions at /s 115, 143 and {71, which possessed the same structures as the
comresponding ions from the simple n-butyi ester. These tons are preduced via mul-
tipls cleavages or losses of common fragments, as confirmed by the mass spectra of
the corresponding deuterated n-buty! derivatives. The two forms of the monobutyl
ketial possessad identical mass spectra. The spectrum of Fig. 38 corresponds closely to
spectrum ED NO-EF 140 (Pezk I} reported for a methivl ether 6f methyl oxalacetate by -
Markey er-ai.?, which may therefore be identified as that of theé monomethylketal of
otaxace"* acid. The dibutyl ketal of n-butyl oxalacetate gave no molecular ion (Fig.

C) as expected for a diketal®. It had a base peak at m1/z 105, which results from loss
of & carhoxybutyl and thres butene groups. The other fragment ions are formed by
multiple cleavages or losses of common fragments, the identity of which again is
corfirmed by the mass spectra of the corresponding derivatives prepared with deu-
terated butanol. This spectrum has similarities to the spectrum [DF NO-EJ 141 (Peak
2) reported by Markey et al.? for another methyl ether of methyl oxalacetate, which
can now be identified as that of the dimethyviketal of cxalacetate. However, the ion at
mf= V7S must have been mistaken previsusly for m/z 174. As noted above for the
pyruvate derivative, it is clearly 2 dialkyl ketal spectrum.

Deuterium-hiydrogen exchkange .

The activated hydrogens in the methyl group of the pyruvate and in the meth-
ylene group of oxalacetate undergo deuterium—hydrogen exchange during esterifi-
cation of the acids with r-butanol containing deuterium in the hydroxvi function. Fig.
4A shows the mass spectrum obtained for the simple #-butyl ester of pyruvic acid
prepared with perdeuterated n-butanol. The ion at m/- 43 represents the CH,C=0
portion of the original acid, while the ions at /= 4446 in the specirum represent the
deunterivm-hydrogen exchange ptodu..ts on the methyl gz’ohp It can be calculated
that the methyl group contained 25% 2H,, 43 % °H,, 26 % 2H, and 5% *H, species.
Comparable earichment of the deuterium content of the mcthvl group-was found in
the mono- and diketal derivatives of pyruvic acid prepared with perdeuteraied n-
butanol. The deuterium-hydrogen exchange in the methyl group of the pyruvate
served to support the identification of the ion at mi/z 61 by the formation of ions at
m 'z 64 and 65 in the perdeuterated n-butyl diketal derivative (Fig. 4B), with one and
two deuterivme atoms in the methyl group and twe deutertum atoms associated with
the oxvgen function (see Scheme 1},

Fig. 4C shows the mass spectrum obtained for ‘the diketal of oxalacetic acid
derived from esterification with perdeuterated r-butanol. It can be seen that alf the
fragments possessing the methylene group contain 1 or 2 deuterium atoms arising
from a devterium-hydrogen exchange on the methylene group during derivatization.
It was calculated from scveral fragments contzaining the methylene group {(eg. M —
i0l, M — 129) in the simple ester 2nd in the mono- and diketal derivatives that the
extra deuterizm averaged 44 % 2H; and 31 % *H, with 23 % 2H, species. A similar
deuterium-hydrogen exchange was noted when the pyruvic and oxalacetic acids were
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- Fig. 4. GC-MS spectra of the reacﬁon products of- pyruvxc and oxalacetic acids with perdeutered - .
butanol. (A} perdeuterated f-butyt pyruvate; (B} pcrdcmcra.tcd n-butvx diketal ot‘ pyruvate. (C) pcrdeu-
~ terated n-butyl diketal of oxalacetate i

'butyiated in the oresence of zH,SO.t_. No such deutenum exchange was noted \mth -
butanol containing all the deuterium:bound to carbon atoms (#-butanol *Hy with
‘undeuterated OH group). As noted by Djerassi and Penselaui18 the deuterium atoms
from the side cha.m could contribute to the mass of certain ion. fraements (eg. McLaf- _
ferty rearrangement ions) aside from any contribution of the deutenum in the methyl
group of the pvmvate or. of the methylene group of the oxalacetate. These observa—

Bu - .
| S - -
[ - . OH
: 4 f
- CH3—<I:-—-CGCBU ——-—CE-{?—?
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tions indicgte that the methyvi hydrogens pymvxc acxd and tixc meth} Ienehyérogen..

in the oxalacetic acid are readily exchangeable in the presence of a strong acid and-
cannet be relied upon te indicate their deuteration during a metabolic transformation

in the presence of deuterium oxide or deuterated reducing nucleotides. Other means

of n-butylation (e.g. diazobutylation} muse be empioyed to retam the deutenn.m in

these positions of the metabolites.

It is concluded that the acid catalyzed preparation of n—but}l esters is not,well
suited for quantitative analysis of the keto acids because of multiple product forma-
tion and partial or complete destruction of tf’... ariginal a.cxd& - o
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