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Racemic 2-, 3- and 4-methyloctanoic acids were synthe- 
sized. The 2-mercaptoethanol S-esters of these branched 
acids, and of octanoic acid, were exposed to lipases of 
the fungi Candida rugosa and Aspergillus niger. Reac- 
tions were followed spectrophotometrically using Ell- 
man's Reagent. Branching at the 3-position retards 
lipolysis more severely than at either the 2- or 4- 
positions. Features of the assay method are discussed 
with reference to titrimetry. 
Lipids 24, 434-437 11989). 

There is considerable interest in enhancing, and under- 
standing the basis for, the several kinds of selectivity 
(positional, fatty acid and stereo) exhibited by lipases. 
Recently we synthesized 1,2- and 1,3-dialkylglycerol 
ethers and developed methods for analyzing their con- 
figurations. These compounds and their esters were 
viewed as complementary to the triglycerides and would 
avoid some of the ambiguities inherent in the use of 
the trifunctional substrates (1). As was the case for the 
major portion of the literature dealing with lipase stereose- 
lection (2), asymmetry resided only in the alcohol por- 
tion of the compounds. At this time far less is known 
of the effects of chirality in the acid residue, despite 
the inference that one might develop from the litera- 
ture that lipases primarily bind the acid. 

A survey of the effects of methyl branching on the 
maximum velocity (Vmax) of ester hydrolysis catalyzed 
by porcine pancreatic lipase was limited to commer- 
cially available, and racemic, fatty acids (3). Little could 
be learned from these other than that branching close 
to the acid carbonyl severely retarded reaction. Never- 
theless, a-substitution by halogen or ether oxygen does 
not preclude reaction; and hydrolysis, esterification, 
and transesterification methods served as the basis for 
resolving the enantiomers of such acids (2, 4--8). A 
recent examination of fungal lipases that  had been 
solubilized in organic solvents by derivatization with 
polyethylene glycol indicated that 4-methylvaleric acid 
was as reactive as valeric acid itself in esterification 
of 1-pentanol in benzene, although 2- and 3-methylval- 
eric acids were not (9). A selection of configurationaUy 
pure methyl branched fatty acids could prove useful 
for learning more of the details of lipase binding, as 
well as serving to monitor and guide efforts at protein 
engineering of these enzymes. However, since such 
compounds are not available they would have to be 
synthesized. 

*To whom correspondence should be addressed. 
Abbreviations: DTNB, 5,5"-dithio-bis-(2-nitrobenzoic} acid; GLC, 
gas-liquid chromatography; HMPT, hexamethyl phosphoric tria- 
mide; IR, infrared; LDA, lithium diisopropylamide; MS, mass 
spectra; NMR, nuclear magnetic resonance; V i, initial velocity; 
Vma x, maximum velocity. 

Before undertaking the preparation of a series of 
configurationally pure methyl branched fat ty acids, 
we prepared the more readily obtainable racemic 2-,3- 
and 4-methyloctanoic acids as model compounds. In 
addition, it was necessary to select 1) a suitable acid 
derivative to submit to lipolysis, and 2) a lipase assay. 
The initial velocities (Vi) of several octanoic acid esters 
were obtained by titrimetry, and those of several thiol- 
esters were measured both titrimetrically and spec- 
trophotometrically (10, 11) using commercial lipase prepa- 
rations of the fungi Candida rugosa and Aspergillus 
niger. The reactivities of the 2-mercaptoethanol S- 
esters of the racemic acids were then determined spec- 
trophotometrically. 

MATERIALS AND METHODS 

Infrared spectra (IR) were obtained on a Perkin-Elmer 
1310 Spectrophotometer (Norwalk, CT) using 3% solu- 
tions in CCI4. 1H Nuclear magnetic resonance spectra 
{NMR) were obtained with a Varian A-60 spectrometer 
(Florham Park, NJ) using CCI4 solutions. Gas liquid 
chromatography (GLC) was accomplished using a 
Shimadzu GC-Mini 2 instrument {Columbia, MD) us- 
ing an SBP-1 column {0.25 mm i.d. • 30 m) fitted with 
flame ionization detection and employing He as carrier 
gas with a 50:1 split ratio. Mass spectra (MS) were 
obtained with a Hewlett-Packard 5995 GC-MS system 
(Avondale, PA) interfaced with an OV-1 column (0.25 
mm i.d. • 12 m). Free fatty acid titrations were per- 
formed with a Radiometer titrilab II unit (Westlake, 
OH), and the spectrophotometric assays were conducted 
with a Perkin Elmer Model 559 UV-Vis spectropho- 
tometer. 

All organic solvents were reagent grade; hexamethyl 
phosphoric triamide (HMPT), 99%, was purchased from 
Aldrich Chemical Co. {Milwaukee, WI) and was stored 
over 13A molecular sieves to remove dimethylamine. 
Ellman's Reagent, 5,5"-dithio-bis-(2-nitrobenzoic) acid 
(DTNB) was obtained from Aldrich Chemical Co. All 
other chemicals were reagent grade and were obtained 
from commercial sources. 

2-Methyloctanoic acid (2). The general procedure 
of Pfeffer and Silbert was followed {13) to alkylate the 
dianion of octanoic acid 1 with methyl iodide produc- 
ing 2 {92%): b.p. 131-135~ (20 ram) IR,NMR data 
consistent with assignment (13). 

Methyl E-2-octenoate (5). Hexanal {freshly distilled) 
(104 ml, 0.87 mol), malonic acid {100 g, 0.96 mol), pyri- 
dine {dried over KOH) (100 ml) and diisopropylamine 
{3 ml) were brought together and allowed to stand for 
24 hr. The mixture was then heated to 60~ for about 
24 hr. The reaction mixture was acidified with cold 
6N H2SO4 and extracted with ether. The organic phase 
was washed with water, dried (MgSO4), and concen- 
trated, stripping with benzene to remove residual water 
azeotropically. The crude acid was esterified with metha- 
nol (500 ml) containing H2SO 4 (1 ml) by heating under 
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reflux for 16 hr. The mixture was concentrated and 
worked up in a standard manner, then distilled to give 
5 (72% from hexanal): b.p. 88--93~ (20 mm); IR and 
NMR were consistent with assignment (14). 

3-Methyloctanoic acid {3). Cuprous iodide (23.9 g, 
0.125 mol) was stirred in dry ether under an inert 
atmosphere and cooled in an ice bath as methyllithium 
(180 ml of 1.4 M in ether) was injected. The mixture 
was stirred for 0.3 hr at 0-5~ and then was cooled 
in dry ice-acetone. Compound 5 (19.5 ml, 0.11 mol) was 
injected, and the resulting mixture was stirred over- 
night attaining room temperature. The reaction was 
worked up by adding a solution of 90 ml of sat. NH4C1 
and 10 ml of conc. NH4OH (slowly). The resulting mix- 
ture was filtered by suction through Celite, and the 
organic phase was isolated and washed several times 
with water. After drying (MgSO4) and removal of sol- 
vent, the product was distilled to give methyl 3- 
methyloctanoate (56%): b.p. 84-86~ (20 mm); IR, 1740 
cm-L The ester was saponified with 6N KOH:methanol 
(1:1) by heating under reflux for 2 hr. Product workup 
was standard and produced the acid 3 (15) (quantita- 
tively): b.p. 93-96~ (0.5 mm) (16); IR 1700 cm-~; NMR, 
0.90 (bt, CH3), 0.95 (unresolved d, CH3), 1.28 (CH2 
envelope), 2.2 (2H, m, CH2 C=0), 11.97 (1H, s, 
CO2H). 

4-Methyl-E-2-octenoic acid (8). Hexanal (freshly dis- 
tilled) and t -butylamine were converted to N-t- 
butylhexanimine, 6, in 78% yield by the general method 
of Stork and Dowd (16): b.p. 56--62~ (20 mm); IR, 
1670 cm -~. Imine 6 was treated with 1.1 equiv of lith- 
ium diisopropylamide (LDA) in dry tetrahydrofuran 
in a manner completely analogous to the alkylation of 
octanoic acid. Reaction with excess CH31 followed by 
the usual workup procedure gave N-t-butyl-2-methylhex- 
animine, 7, in 84% yield: b.p. 60-70~ (20 nun); IR, 
1670 cm-I; NMR, 0.94 (m, 2CHa), 1.10 (s, t-butyl CH3), 
1.3 (CH 2 envelope), 2.2 (m, CH), 7.35 (d, J=5,  N=CH). 
Imine 7 (30 g, 0.178 mol), malonic acid (27.7 g, 0.178 
tool) and pyridine (25 mol) were allowed to react as 
above for the preparation of 5. Acid 8 was obtained in 
81% yield: b.p. 140-144~ (20 mm); IR, 1690, 1650 
cm-'; NMR, 0.92 (bt, CHa), 1.08 (d, J=7,  CH3), 1.3 
(CH 2 envelope), 5.72 (d, J=16,  C=CHC=0), 6.94 (d of 
d, J=8,  16, HC=CC=0), 11.95 (s, CO2H). Anal. calcd 
for: C,69.19; H,10.33; found: C,68.99; H,10.31. 

4-Methyloctanoic acid (4). Acid 8 (5.7 g, 36.5 mmol) 
was hydrogenated in absolute ethanol (30 ml) over 20% 
Pd/C at 3 arm in a Paar shaking apparatus. The reac- 
tion mixure was filtered, diluted with water, and ex- 
tracted with ether. Continuing a standard workup pro- 
cedure, the product was distilled giving the acid 4 
(quantitatively): b.p. 94-98~ (0.5 mm) (17), IR and 
NMR were consistent with assignment. 

Thiolesters. Compounds la, lb, lc (Table 1) were 
prepared by a general procedure of Renard et al. (11) 
whereby the requisite thiol was treated with one equiv 
of octanoyl chloride and 2.4 equiv of pyridine in anhy- 
drous ether (ice bath). The reaction product was ob- 
tained by a conventional workup procedure, and the 
hydric thiolesters (containing O-ester) were chromato- 
graphed over silica gel (12). Obtained in this manner 
were: la  (33%); IR, 1690 cm-i; NMR 0.90 (bt, CH3), 1.3 
(CH 2 envelope), 2.56 (t, J--7, CH2C=0), 3.02 (t, J=5,  

CH2S), 3.68 (t, J=5,  CH20); MS, m/e 127 (CTHI~C=0)+; 
b.p. 86-89~ (0.6 mm)-rearranges! 

lb (24%); m.p. 59-60~ (hexane); IR, 1690 cm-~; 
NMR, 0.92 (bt, CH3), 1.3 (CH2 envelope), 2.62 (bt, 
CH2C=0), 3.04 {d, J=5,  CH2S), 3.6 (m, CHOH, CH2OH). 

lc (98%); b.p. 120-123~ (0.45 mm); IR, 1690 cm-~; 
NMR, 0.90 (m, CH3), 1.25 (CH 2 envelope + CH3), 1.30 
{s, CH3), 2.5 {m, CH2 C=0), 2.96 (d, J--6, CH2S), 3.4- 
4.2 (CHOH, CH2OH}; MS, m/3 259 (M-15) +, 127 
(C7H~C=0) +. The required thiol for lc was obtained 
by converting 3-mercapto-l,2-propanediol to a mixture 
of the two acetonides and separating these by silica 
gel column chromatography (19). 

Compounds 2a, 3a and 4a, the 2-mercaptoethanol 
S-esters of the branched octanoic acids, were prepared 
directly from the acids (1 equiv) and dicyclohexylcar- 
bodiimide (1.1 equiv) in methylene chloride. The prod- 
uct was principally S-esterified and was isolated by 
precipitating dicyclohexylurea with hexane followed 
by suction filtration. The solvent was removed from 
the filtrate, and the crude product was chromatogra- 
phed as before. Each adduct was obtained in 60-70% 
yield: IR, 1690 cm-~; MS m/e 141 (CsH17C -- 0)+; NMR 
consistent with structure. All S-esters containing vic- 
hydroxyl underwent rearrangement to a mixture of O- 
and S-esters in the injection port (glass liner) of our 
GLC. 

Lipase assays: Titrirnetry. Weighed amounts of 
commercial lipase were allowed to react in an emulsion 
created by brief sonication of mixtures containing sev- 
eral concentrations of substrate esters in 5 ml of 10% 
gum arabic. Free fatty acid release was measured by 
titration with 0.10 N NaOH using "pH stat" mode at 
pH 7.3. enzyme solutions were prepared in distilled 
water; substrate concentrations were varied to maxi- 
mize the initial reaction rate. 

Lipase assays: Spectrophotometry. The general pro- 
cedure of Renard et al. (11) was followed in which 
solutions of substrate in HMPT (100 tA of 0.0105 M 
stockl, 100 ~ of DTNB (Ellman's reagent) in HMPT 
(20 mg/ml), HMPT (300 ~) and 2.4 ml of 0.05 M Tris 
buffered at pH 8.0 were brought together in a cuvette. 
The absorption at 412 mm was immediately monitored 

TABLE 1 

Initial Velocities of Lipas~Catalyzed Hydrolysis of Octanoate 
Esters/Thiolesters Determined Titrimetrically a 

Compound iNo.) C. rugosa b A. niger c 

Trioctanoin (11) 
Methyl octanoate (12) 
2,2-Dimethyl-4-hydroxymethyl- 

1,3-dioxolane octanoate {13) 
S-2-Mercaptoethanol 

octanoate (1 a) 
S-3-Mercaptc* 1,2-propanediol 

octanoate (lb) 
2,2-Dimethyl-4-mercaptomethyl- 

1,3-dioxolane octanoate (lc) 

8.7 19.0 
0.3 2.5 

7.7 12.0 

0.4 5.7 

0.5 1.5 

3.2 4.7 
aTitrimetric velocities were obtained on emulsified mixtures (Ex- 
perimental Methods}. Values are umol fatty acid min -1 mg of 

bPOWder 1 _+ 5%). 
C. rugosa lipase was purchased from Enzyme Development 
Corp., NY. 

CA. niger was a gift from Amano Co., Troy, VA ~Lipase-K). 
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for background hydrolysis.  A solution of the enzyme 
in buffer (100 t~1) was added and the new slope calcu- 
lated. The E l lman ' s  r eagen t  did not  reac t  wi th  the 
enzyme itself. 

RESULTS A N D  DISCUSSION 

Synthes is  o f  me thy l  branched octanoic acids. Octanoic 
acid, 1, (Fig. 1) was deprotonated  with l i thium diiso- 
propylamide (LDA), and the result ing dianion was al- 
ky la ted  with methy l  iodide to give 2-methyloctanoic 
acid, 2. Hexanal  was condensed with malonic acid in 
pyridine and then heated to decarboxylate  the adduct  
producing E-2-octenoic acid. The methyl  ester  of this 
acid, 5, was alkylated with l i thium dimethylcupra te  in 
ether, and the result ing methyl  3-methyloctanoate  was 
s a p o n i f i e d  to  3 - m e t h y l o c t a n o i c  acid,  3. T h e  N-t- 
butyl imine of hexanal, 6, was deprotonated  with L D A  
and methyla ted  to give 7, and this in termediate  was 
condensed directly with malonic acid to give 4-methyl- 
E-2-octenoic acid, 8. Hydrogenat ion  of 8 over palladium/ 
carbon in ethanol led to 4-methyloctanoic acid, 4. 

Synthes is  o f  thiolesters. Thiolesters la,  b, c were 
synthesized f rom the corresponding thiols using oc- 
tanoyl  chloride and pyridine in ether and purifying the 
product  by column ch romatography  in the case of l a, 
b ill} or by  distillation for lc. The thiolesters of 2- 
mercaptoethanol  and the branched acids, namely  2a, 
3a and 4a, were prepared using dicyclohexylcarbodiimide 
in methylene chloride. 

Lipase assays. Earlier  we had noted tha t  es ters  of 
the  1 ,2 -ace ton ide  of g lycero l ,  2 ,2 -d ime thy l -4 -hy-  
droxymethyl-l ,3-dioxolane,  often were hydrolyzed by  
lipases with ra tes  comparable  to those of the corre- 
sponding triglycerides (19). The da ta  of Table 1 indi- 
cate again tha t  the octanoate  ester  of the acetonide of 
glycerol, 13, does react  more rapidly than  methyl  oc- 
tanoate  and comparably  to (trifunctional) trioctanoin. 
The corresponding thiolester l c  similarly reacted more 
readily than  did the other thiolesters examined {except 
tha t  l a  was slightly more reactive than  lc), though 

0 0 
R " ~ ' ~ O H  1,2. ~ a ~ o  ~ 

1 2 

H 0 0 

, OCH3 5,6 OH 

H H 

1,2 N-~- 3 

6 7 

0 0 

R ' ~  ~= '~  OH 8 ~ R ~  OH 

8 4 

FIG. L Synthesis of racemic methyl branched octanoic acids. 1} 
LDA; 2) CH3I; 3) malonic acid, pyridlne; 4) CH3OH, H+; 5) lith- 
ium dimethyl cuprate; 6) OH-; 7) bbutylamine; 8) Hz, Pd/C. 

more slowly than  13. An assay  of thiolesters has been 
devised tha t  makes  use of E l lman ' s  Reagent  at  p H  8 
to monitor  format ion of thiolate ion (10}; some exam- 
ples of its uti l i ty have been reported (20)(21). The sug- 
gested use of H M P T  as a cosolvent i l l )  can provide a 
homogenous medium tha t  avoids the prepara t ion of 
emulsions normally required for studies of lipase cata- 
lyzed hydrolysis.  The reproducibil i ty of such da ta  and 
the ability to refer with greater  cer ta inty  to " subs t r a t e  
concentra t ions"  improves  the value of kinetic da ta  ob- 
tained. Additionally, this methodology would be more 
sensi t ive  so t h a t  precious s u b s t r a t e s  migh t  be em- 
ployed sparingly. Implici t  are assumpt ions  tha t  1) can- 
didate subs t ra tes  do not  hydrolyze under  these condi- 
tions; 2) S to O migrat ion in compounds  such as l a  and 
l b  does not occur during l ipolysis-- the assay  monitors  
for th io la te  ion generated,  hence indirect ly for free 
f a t ty  acid, and 3) the same H M P T  concentrat ion will 
mainta in  a clear solution for a broad range of sub- 
s trates .  

The da ta  of Table 2 indicate slower ra tes  of lipoly- 
sis in the H M P T  containing solutions, with compound 
lc  fas ter  react ing than  l a  and l b  with bo th  lipases. 
The solution of l c  was cloudy, however, and underwent  
spontaneous hydrolysis  as determined by  t i t r imet ry  
at  (the required} p H  8.0. Al though solutions of l a  and 
l b  were homogeneous,  a low background hydrolysis  
was observed as well {about 10%}. The values in Table 
2 have been corrected for the backgrounds.  Al though 
the point  was  not  thoroughly  evaluated,  synthet ic  work 
in our laboratory  indicates tha t  S to O migrat ion can 
occur at  high pH,  and t i t r i m e t r y  us ing  the  H M P T  
mixtures  does not indicate non-enzymatic hydrolysis  
of compounds  l a  and lb.  

The spectrophotometr ic  assay  was then performed 
with the S-mercaptoethanol  esters  of the branched ac- 
ids, 2a-4a, {Table 2). The reaction velocities relative to 
l a  (unbranched analog} showed slower reaction for 2a 
and 4a, and no react ion  a t  all for 3a. The ac t iv i ty  
changes are roughly parallel for both  commercial  li- 
pases. 

In summary ,  we prepared several  methyl  branched 
octanoic  acids. Several  es te r s  and th io les ters  of oc- 

TABLE 2 

Initial Velocities of Lipase-Catalyzed Hydrolysis of Thiolesters 
by Spectrophotometric Assay (15% HMPT~ a 

C rugosa b A. niger c 
Compound V i Rel. V i V i Rel. V i 

la 0.24 + 0.01 1.00 0.49 • 0.06 1.00 
lb 0.40 • 0.01 -- nd d -- 
lc 0.74 • 0.01 -- nd d -- 
2a 0.04 • 0.01 0.17 0.025 -- 0.01 0.05 
3a 0 0 0 0 
4a 0.13 - 0.01 0.53 0.09 • 0.02 0.18 

aValues given are ~mol fatty acid min -1 mg of powder -1 and are 
the averaged results of at least three runs corrected for back- 
ground hydrolysis. Solvents other than HMPT gave these re- 
sults for lc (solvent, %, Vi): DMF, 15, 0.55; DMF, 20, 0.60; 
DMSO, 15, 0.59; DMSO, 20, 0.56; dioxane, 15, 0. All mixtures 
were heterogeneous. 

bSee Table 1, footnote b. 
cSee Table 1, footnote c. 
dNot determined. 
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tanoic acid itself were hydrolyzed by two commercial 
lipase preparations, and the 2-mercaptoethanol S-ester 
was selected as the most  conveniently prepared deriva- 
tive. We then made and assayed the esters of the race- 
mic methyl  branched acids. Although faster reacting 
thiolesters than those originally described (l l) are evi- 
dently possible, reaction homogeneity may have to be 
sacrificed. The parallel changes in react iv i ty  of the 
branched octanoic acid esters observed using two ran- 
domly selected (impure) lipases is intriguing, and stud- 
ies are projected for the corresponding configuration- 
ally pure compounds, as well as the remaining methyl  
branched octanoic acids of the series. 

ACKNOWLEDGMENTS 
Gordon Moore assisted in obtaining NMR data from the Science 
Department at Penn State, Ogontz Campus, The lipase of Aspe~ 
gillus niger was a gift of Amano Company of Troy, VA. 

REFERENCES 
1. Sonnet, P.E., Piotrowski, E.G., and Boswell, R.T. (1988) J. 

Chromatogr. 436, 205-217. 
2. Kirchner, G., Scollar, M.P., and Klibanov, A.M. (1985)J. 

Am. Chem. Soc. 107, 7072-7076. 
3. Brockerhoff, H., and Jensen, R.G. (1974) Lipolytic Enzymes, 

pp. 64-65, Academic Press, New York. 
4. Japan Patent 894,294 (1982). 
5. Cambou, B., and Klibanov, A.M. (1984) Biotech. Bioeng. 

XXVI, 1449-1454. 

6. Cambou, B., and Klibanov, A.M. (1984) Biochem. and Bio- 
tech. 9, 255-260. 

7. U.S. Patent 4,601,987 (1986). 
8. Dahod, S.K., and Mangeno, P.S. (1987) Biotech Bioeng. 

XXX, 995-999. 
9. Inada, Y., Takahashi, K., Yashimoto, T., Ajima, A., 

Matsushima, A., and Saito, Y. (1986) Tibteeh 190-194. 
10. Cox, J.W., and Horrocks, L.A. (1981) J. Lipid Research 22, 

495-505. 
11. Renard, G., Grimaud, J., E1 Zant, A., Pina, M., and Graille, 

J. (1987) Lipids 22, 539-541. 
12. Pfeffer, P.E., and Silbert, L.S. (1970) J. Org. Chem. 35, 

262-264. 
13. Meyers, A.I., Poindexter, G.S., and Brich, Z. (1978) J. Org. 

Chem. 43, 892-898. 
14. DeKimpe, N., and Schamp, N. (1975)J. Org. Chem. 40, 

3749-3756. 
15. Heide, R., de Valois, P.J., Wobben, H.J., and Timmer, R. 

11975) J. Agric. Food Chem. 23, 57-60. 
16. Stork, G., and Dowd, S. 11963) J. Am. Chem. Soc. 85, 2178- 

2180. 
17. Wong, E., Nixon, L.N., and Johnson, C.B. (1975) J. Agric. 

Food Chem. 23, 495-498. 
18. Annisuzzaman, A.K.M., and Owen, L.N. (1967) J. Chem. 

Soc. (C) 1021-1026. 
19. Sonnet, P.E., and Antonian, E. (in press) J. Agric. Food 

Chem. 
20. Furukawa, I., Kuruoka, S., Arisue, K., Kohda, K., and 

Hayashi, C. (1982) Clin. Chem. 28, 110-113. 
21. Rick, W., and Hockeborn, M. (1982) J. Clin. Chem. Clin. 

Biochem. 20, 537-552. 

[Received October 11, 1988; Revision accepted January 15, 1989] 

LIPIDS, Vol. 24, No. 5 (t989) 


