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Abstract+R)-(+)_Frontaiin (1) and its antipode (1’) were synthesized from (R)-(t )-2-hydroxy-2-methylpentane-l,S- 
dioic acid 5 -+ 2 lactone (2) and its antipode (2’), respectively. This established the absolute configurations of both 
enantiomers of frontalin and afforded key materials to study the relationship between pheromone activity and 
chirality. 

Our recent synthesis of the both optical isomers of 
exe-brevicomin (A) opened the way to clarify the chiral 
nature of the pheromone receptor of the western pine 
beetle, Dendroctonus breoicomis Le Conte.’ Indeed only 
the @)-(+)-isomer of exo-brevicomin (A) was shown to 
be biologically active? This very interesting observation 
prompted us to synthesize optically active forms (1 and 1’) 
of frontalin, an aggregating pheromone of bark beetles. 

FrontaIin was first detected in the hindgut of females of 
the southern pine beetle, ~ndFocfonKs ~~~fQ~is Zimmer- 
man, and later isolated from hindgut extracts of male 
western pine beetles.’ Its structure was revealed to be 1,5- 
dimethyl-6,8-dioxabicyclo[3.2.l]octane (1 or 1’) by 
spectroscopic data and confirmed by the synthesis of its 
racemate.’ Due to the scarcity of the pure natural 
pheromone (- 0.3 mg), it was impossible to measure its 
optical rotation. Therefore its absolute stereochemistry 
remained unknown. Although two other syntheses of 
(~)-front~in are recorded, none of them can be modified 
to give optically active products.” This paper describes 
the successful synthesis of both enantiomers of frontalin 
together with assignment of absolute stereochemistry to 
them. 

As the resolution of (-c)-frontalin itself is beyond the 
scope of the conventional resolution methods, our 
synthesis must follow either of the following two ways. 
One was to employ an optically active natural product of 
known absolute stereo~hemist~ as the starting material 
just like what we did in the synthesis of brevicomin (A).’ 
For this purpose opticafly active linalool seemed to be the 
best starting point as illustrated by the Comforth 
synthesis of optically active mevalonolactone.* A draw- 
back to this approach was the very limited availability of 
the optically pure linalool. After several attempts we had 
to abandon this route from linaiool. The second and 
successful approach involves the resolution of a simple 
intermediate, ( ~)-2-hy~oxy-2-methylpentane-l,5-dioic 
acid 542 lactone (2+ z’), and will be detailed below. 

A quantity of the racemic lactonic acid (t+r) could 
readily be prepared from levulinic acid by cyanohydrin 

“Pheromone Synthesis-V. Part IV: k. Mori, Tetrahedron 30, 
4223 (1974). 

tThis was a gift of Mr. Y. Ozawa of Ajinomoto Co., Inc., 
Kawasaki, who prepared it in a conventional manner from 
L-(+)-giutamic acid. 

fo~ation and acid hy~olysis~ Its optical resolution with 
quinine was reported to give (+)&tonic acid? In our 
hands two diastereomeric quinine salts of the lactonic 
acid were successfully separated by careful fractional 
crystallization from EtOH. The less soluble salt afforded 
(+)&tonic acid after acidification. So this was the salt 
recorded by Adams.* The other salt was more soluble in 
EtOH and exhibited distinctly different IR spectrum with 
that of the salt of the (+)-acid. This gave the (-)-acid after 
acidifi#tion. The ( - )-acid was more easily dbtainable by 
resolution with cinchonine. The cinchonine salt of 
(-)-acid was highly crystalline, while the antipodal 
(+)-acid gave non-crystalline salt. Recrystallization of the 
resolved acids gave pure enantiomers (2 and 2’), 
[a]~=‘+ 16.2” (HZO). 

In order to assign the absolute configurations to the 
resolved acids, their CD spectra were compared with that 
of (St-(-)-2-hydroxypentane- I ,Sdioic acid 5 + 2 lactone 
(B).t Although it might not be approp~ate to apply the 
lactone sector rule9 in the presence of an adjacent C02H, 
the rule predicted a positive Cotton effect for the 
(S)-lactonic acid (B). This was shown to be the case. The 
(S)-lactone (B) exhibited a positive CD extremum at 
213 nm (he = + 1.72). Since C02H is far more bulky than 
Me, the (S)-lactonic acid (2’) was expected to exhibit a 
positive Cotton effect curve similar to that of the 
(Wactone (B). The (-)-lactonic acid obtained by 
resolution was found to possess a positive CD extremum 
at 215nm (A6 = + 1~80), while the (+)-lactonic acid 
showed a negative one at 215 nm (Ar = - 1.75). Thus it is 
concluded that the (-)-acid possesses the (S)- 
configuration (29, while the (+)-one belongs to the 
R-series (2). 

The conversion of the lactonic acid to frontalin was first 
tried with the racemate to optimize the reaction condi- 
tions. ( ?)-Lactonic acid (l/2 2 + 112 2’) was reduced with 
LAH to give a trio1 I(t)-31. This was dissolved in acetone 
and treated with p-TsOH yielding an acetonide f(lr)B. 
The corresponding tosylate I(+)-51 was treated with 
NaCN in DMSO to give a nitrile [(*)a]. Addition of 
MeMgI and subsequent acidification converted the nitrite 
into (k)-frontalin (l/2 1 + l/2 1’). After chromatogmphic 
purification and distillation, the product showed the IR, 
NMR and mass (M’ 142. 1015) spectra entirely identical 
with those reported for the natural and synthetic 
frontalins.?-’ 

1381 



1382 K. MORI 

The same sequence of transformations afforded (R)- 
(+)-frontalin (l), [aID” + 53.4” (ether), and its antipode 
(S)-(-)-l’, [a]~= -52.0” (ether), starting from (R)-(+)- 
lactone (2) and (S)-(-)-2’, respectively. For the confirma- 
tion of the absolute stereochemistry of our products, the 
ORD curve of (IR :7R)-(+)-exe-brevicomin (A) was 
compared with those of the optical isomers of frontalin. 
Positive plain curves were observed for (+)-exo- 
brevicomin (A) and (+)-frontalin (1). This supports the 
R-configuration at C-l of the latter. (-)-Frontalin (1’) 
exhibited a negative plain curve. This established the 
correlation between the optical rotation and absolute 
stereochemistry of two enantiomers of frontalin. The 
absolute configuration of the natural frontalin, however, 
remains unknown until enough material for rotation 
measurement is re-isolated in future. 

Finally the optical purity of our products was checked 
with the NMR optishift reagent, Eu(facam),.“.“t In the 
case of (+)-frontalin, the addition of the shift reagent 
induced a remarkable downfield shift of every signal. 
Moreover, the Me singlets were separated into two sets of 
enantiotopic signals, a signal due to l (CH&- was 
broadened and the AB quartet due to -OCH& was 
broadened to a pair of multiplets. On the other hand, the 
NMR spectrum of (R)-(+)-frontalin (1) suffered little 
change in pattern after the addition of the shift reagent. Of 
course a large downfield shift of each signal was induced, 
but the set of Me singlets and the -0CHG AB quartet 
were both remained unresolved This clearly indicates the 
satisfactory optical purity of the (+)-pheromone (1). In the 
case of (S)-(-)-frontalin, however, the two Me signals and 
the lower field doublet of the -0CHzG AB quartet 
showed a small splitting (2 - 3 Hz). This splitting may be 
due to the presence of two ether oxygen atoms in the 
frontalin molecule as the possible sites of coordination 
with Eu. As our frontalin optical isomers show [aID 
values of the same magnitude of opposite sign, we can 
regard our (S)-(-)-frontalin (1’) to be optically pure, 
although the optishift study gave somewhat anomalous 
result. 

In conclusion the optically active forms of frontalin 
were synthesized in enough quantities (I.5 g of 1 and 1.2 g 
of 1’) to study the relationship between absolute 
stereochemistry and phenomone activity. The ‘biological 
result will be published elsewhere by our co-workers in 
entomological laboratories. 

+Tris[3 - (trifluoromethylhydroxymethykne) - d - cam- 
phoratoleuropium (III). 

All b.ps and m.ps were uncorrected. IR spectra refer lo films 
unless otherwise specified and were determined on a Jasco IRA-I 
spectrometer. NMR spectra were recorded at 60 MHz with TMS 
as an internal standard on a Hitachi R-24A spectrometer. Optical 
rotations were measured on a Jasco DIP-4 polarimeter. ORD and 
CD spectra were recorded on a Jasco J-20 spectropohuimeter. 
GLC analyses were performed on a Yanaco G 80 gas chromatog- 
raph. 

Optical resolufion of (?)-2-hydroxy-2-methylpmtane-l,5-dioic 
acid 5 + 2 &tone (2 + 2’) 

(a) 83th quinine. The (*)-acid (I I7 g) and quinine (267 g) were 
dissolved in hot 95% EtOH (2OW ml). The soln was left to stand 
overnight in a refrigerator lo give lesi soluble crystals A-I (249 g). 
This was recrystallized from 95% EtOH to give crystals 
AG(l35g). The mother liquor after removal of A-2 was 
concentrated in uacuo and the residue was recrystallized from 
95% EtOH lo give A-3 (60 g). Recrystallization of A-3 from 95% 
EtOH gave A4 (I7 g). Since the crystals A-2 and A-4 exhibited the 
same IR and [ab values, they were combined 10 give pure salt A 
(152 g, 38%). We salt A was less soluble in EtOH than the salt B 
described below and had the following properties: needles from 
EtOH, m.p. 222- 224’ (dec); [U ID’-’ - 138” (c = 0.74%, EtOH) [lit. 
q .p. 199.5 -201.3”; [aID”- 134.41” (c = 0,546, EtOH)]; V, 
(nujol) - 3100 (m), 1765 (s), 1615 (m), 1590 (m), I510 (m), 1405 (m), 
1375 (m), 1305 (w), 1280 (m), 1260 (s), 1220 (m), I I95 (w), 1170 (m), 
1150 (w), 1095 (s), 1080 (m), 1040 &), 1000 (w), 980‘(W), 940 imj, 
925 6). 915 (m). 900 (w). 885 Iw). 870 (w). 850 fwl. 805 fm). 785 . ,. . .- . ,. . ,. , ,, . ,. , ,, 
(w), 760 (w), 715 (m) cm-‘. (Found: C, 66.78; H, 6.77; N, 5.82. 
C,H,lO& requires: C, 66.65; H. 6.88; N, 598%). The mother 
liquors obtained after removals of A-l, A-3 and A-4 were 
combined and concentrated in uacuo. The residue was recrystal- 
lized from 95% EtOH 10 give crystals B-l (87g). The mother 
liquor gave further crystals (B-2, 33.5g) after concentration in 
uacuo. Since B-l and B-2 showed the same IR and [aID values, 
they were combined (salt B, 120.5 g, 30%). An analytical sample 
was obtained by further recrystallization from E1OH. ‘JXe salt B 
crystallized from EtOH as prisms, m.p. 224-225” (dec); 
[U]~~ - 133.6” (c = 068%. EtOH); Y,, (nujol) - 3200 - - 3000 
(m), 1775 (S), 1615 (m), 1590 (s), 1510 (m), 1400 (m), I380 (m), 1305 
(w), 1280 (w), 1240 (s), 1220 (m), I I45 (m), 1095 (s), 1060 (w), I030 
(m), 1000 (w), 980 (w), 945 (m), 915 (m), 855 (m), 830 (m), 800 (w), 
720 (m) cm-‘. (Found: C, 66.83; H, 6.83; N, 5.95. C,H,*O,N, 
requires: C, 66.65; H, 6.88; N, 598%). 

(b) With cinchoninr The (*)-acid (50 g) and cinchonine (95 g) 
were dissolved in hot 95% EtOH (Wml). The soln was left to 
stand overnight in a refrigerator to give crystalline salt (74g). This 
was recrystallized from 95% EtOH 10 give 50 g (41%) of the salt. 
This crystallized from EtOH as prisms, m.p. 228-230” (dec); 
[a],“+ 14P (c = 0.81%, E1OH); Y, (nujol)- 3160 (m), 1785 (s), 
- 1570 (m), MOO (s), 1305 (m), 1250 (m), I215 (s), 1140 (m), 1120 
(m), I I IO (m), 1040 (w), 1010 (w). 995 (w), 950 (m), 930 (m), 920 
(m), 880 (w), 860 (w), 840 (w), 800 (m), 790 (m), 780 (ml, 750 (m), 
720 (w) cm-‘. (Found: C, 68.54; H, 6.83; N, 6.22. C H 0 N U)oJI 
requires: C, 68.47: H, 6.90; N, 6.3%). 

(R>(+)_2-Hydroxy5-methylpentane-1,5-dioic acid 5 + 2 lactone 
(2) 

A soln of the quinine salt A (151 g) in 10% HCI (2500 ml) was 
extracted continuously with ether for 3 days. The ether soln was 
concentrated in UQCIW, The residue was mixed with C& and 
concentrated in uacuo lo remove trace of H,O. The residue was 
recrystallized from &Ii&Cl, (I : I) to give crude acid (39g, 83%). 
This was recrystallized from Cd&CCL (I : I). Further recrystalli- 
zation from E1OAc-G.H, gave pure 2 (27.2g, 58%). The acid 2 
c~~tdlized from EtOAc-light petroleum as elongated prisms, m.p. 
81.5 - 88.5’ (lit? 87.8 - 89.8”); [a]b + 16.2” (c = 3.15%, H,O) 
[lit? [a]~~“+ 15.39” (c = 2*5%, H,O)]; Y, (nujol) - 3200 (m), 
- 2600 (m), 1760 (s), 1710 (s), 1290 (m), 1280 (s), 1250 (s), 1220 (m), 
1180 W, 1160 (m), 1 II0 (s), 1080 (m), 1000 (w), 980 (w), 950 (w), 850 
(w). 800 (w). 760 (w), 715 (w) cm-‘; CD (c = 0.30%, EtOH): [@I,, 
0; [OIZls - 5770 (min); IfI], - 3100. (Found: C, 49*%; H, 5.45. 
C,HIO. requires: C, 50.00; H, 560%). 
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1.4356; [U]~,” + 53.4” (c = 2.757%, ether); ORD (c = 0*62%, 
ether): [&]uo+ 134”; [&],~t2253°; [4],+536”; NMR with Eu 
(facamh [30 mg of 1 and 100 mg of Eu (facam), in 0.3 mt of CCL] 8 
(CCL) 1.66 (3 H, s), 2.24 (3 H, s), 3.57 (6H, br. s), 4.67,5*26 (2 H, 
ABq, JAs = 7 Hz); GLC (5% SE-U) on Celite 545, 1.5 m x 3 mm i.d. 
at 80”; Carrier gas, N,, l.Okg/cm’): Rt 8.8min (96%), 13.8min 
(3%). 14.6 min (I%). 

(c) (S>( -)-Front& (1). This was obtained from (S)-(+)- 
nitrile (a’, 3.8 g) in 41% yield (1.2 g). b.p. 99 - loo”1120 mm, noU 
1.4354; [alnU- 52.0” (c = 1.63%, ether); ORD (c =0*621%, 
ether): [~$l.~- 141’; [&],%o-256”; [&]uo-560”; NMR with Eu 
(facam), [30 mg of 1’ and 100 mg of Eu (facam), in 0.3 ml of CCL, 
measured after 2 hl 6 (CCL) 1.63 (3 H, d, J = 3 Hz), 2.18 (3 H, d, 
J = 2.5 Hz), 3.70 (6-H. br. s), 4.50 (i H, d, J = 7 Hz), 5.00 (1 H, dd, 
J, = 7 Hz. J, = 2.5 Hz): GLC (5% SE-30 on Celite 545. 1.5 m x 
3.mmi.d. ‘at-80’; Car& gas l&, 1.0kglcm’): R, 8.8min (%%), 
13.8 min (3%), 14.6 min (1%). 

(1 R:7 R)-(t)-exo-Breuicomin (A). Due to the scarcity of the 
material, a sample recovered after [a ]D measurement was used for 
this ORD study. So it was highly probable that the sample 
contained a small amount of ether which was the solvent for [air, 
measurement. This means that pure A possesses somewhat 
greater [b] values than those reported here. ORD (c = 0.621%, 
ether): [I$L%+ ll5’; [I$],,~+ 160”; [I#J]~+ 275”. 
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