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Abdeu?-Fourteen compounds have been identified as products of rhc acd catalyzed cyclization of citral under 
mild aqucou~ acid conditron\ ‘Three mayor products of the reactton. 1.8epo~)-.p.mcnlh.!.cnc (II) and franl. and 
rir-p.menth-!ine.l,sdiol (16 and 18) arc reponcd here for the first time as products from cilral. Dosr~blc 
mcchanrstrc pathways leading IO the product5 are discussed. 

II had long been accepted that the acid catalyzed cy- 
cliration of citral (I) gives rise to p-cymenc (5) as the 
single. end product, with intermediate formation of 

piperitenol (2) and/or isopiperitenol (3) and mcntha- 

2.4(8).6-triene (41.’ However. unequivocal evidence IO 
confirm this sequence appears IO be lacking. 

Recently, scverdl investigators have questioned the 

validity of this reaction pathway.” Thus. it has been 
reported’ that treatment of citral with aqueous acid gives 

a mixture of hydrocarbons and unidentified alcohols in 
which p.adimcthylstyrene (IO) is a major product. 

In a more detailed investigation it was determined that 
a mixture of 5 and 10 results from complete reaction of 

citral with aqueous acid.’ Roth piperitenol (2) and iso- 
piperitenol (3) were detected when the reaction was 

arrested at intermediate stages. Identification of 2 was 
based on an interpretation of its mass spectrum in the 

absence of an authentic sample.“ Mass spectral data 
reported by the authors for 3 have been questioned.” 

II is evident that questions still exist regarding the acid 

catalyzed cyclization of citral. As a contribution IO the 

understanding of this reaction, we are prompted to report 

the results of our investigation of the acid catalyzed 
cycliration of cttral under mild aqueous acid conditions. 

Citral reactions were carried OUI at various pH values 
between 2.4 and 3.2. The data shown in Table I were 
obtained for a typical reaction in which a vigorously 

stirred 4.3 x IO” molar aqueous suspension of citral. 
adjusted IO a pH of 2.5 with hydrochlorrc acrd. uas al- 
lowed lo react under nitrogen in the dark until essentially 

all the citral had been consumed (approximately 35 
days). In this and other reactions the work-up always 

included washing the product with mild hase. The struc- 

tures. retention indices and area percent of the products 
obtained from citral under the above conditions are given 
in Table I. Products previously reported” are marked 

with an appropriate reference number. 
For identification, the products were separated by 

preparalivc column chromalography on silica gel inlo six 
major fractions: (I) hydrocarbons (dicnes and trienes). 

(2) hydrocarbons (aromatic), (3) an ether, (4) mono- 

alcohols. (5) 3.8-dials and (6) l.8-dials. Usually. in- 
dividual compounds were isolated ciu preparative glc 

from the appropriate fraction for identification. The 14 
products discussed below accounted for 86% of the 

volatile (glc detectable) products in the particular exam- 
ple cited in Table I. 

In the first fraction. a-terpincne (6) was identified hy 

glc peak enrichment and MS. Terpinolene (7) was iden- 

tified by glc peak enrichment and comparison of IR and 
MS with puhlishcd spectra. ‘The compound with rcten- 

tion index 5.8 gave a MS. UV and glc retention index 

that were compatible with the structure p-mentha-l,S,g- 
triene (8). Compound 9 was not identified. but on the 

basis of a molecular weight of 134, retention index, 

reaction mechanism and consideration of other reaction 
products, it is tentatively formulated as p-mentha- 

1(7),2.8-triene. 
The aromatic hydrocarbons present in fraction 2 were 

identified as p-cymenc (5) and p,adimethylstyrene (10) 

by glc peak enrichment and by IR and MS comparisons 
with authentic samples. 

The 60 MHz NMR spectrum of ether Il. detected in 

fraction 3. exhibited three. )-proton singlets at 60.98. 
1.2X and 1.33. corresponding to three Me groups. In 

addition, the vinylic protons (H, 2 and 3) appeared as a 

quintuplet with additional fine splitting centered at 6.4. 

Decoupling of H, (2.26) yielded the vinylic protons as an 
AR quartet centered at 6.4 (J = 8 Hz.). The structure of I1 
was confirmed as I.8 - epoxy - p - mcnth - 2 . ene (2 - 
dehydro - 1.8 - cincole) by reduction to I.g-cineole (12) 

and by comparison of the IR and KMR spectra of 11 
with published values.‘ 
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I 
:ne dssfam-ent of stereochents:ry nds hot been rrgorously 
proved. iie text. 

The dienols 13 and 14 in fraction 4 were identified as 
follows. The IR speclra were idenrical with those pro- 

vided by Rogers.* The NMR spectrum of alcohol 13 
exhibited a fqrolon sin&l at S I.2 (OCMe,), a 3-proton 

multiple1 al I.71 (C=CYeJ. a I-proton broad multiplet at 
C 

I 
5.42 (H-C=C-C) and a narrow 2-proton multiplet at 5.88 

fHC=CH). 
The NMR was in accord with a published’ spectrum of 

13 except that the 5.42 mulliplel did not appear in the 

published spectrum. The IR spectrum of 13 was identical 
with that obtained for an authentic sample of the dienol 

synthesized from verbenol by a published procedure.* 

The dienol 14 showed IWO. 3-proton singlets at 6 I.13 
and 1.20 (OCMe& a broad 2-proton singlet at 4.73 

(C=CH,). and a broad ?-proton quartet at 6.03 with 

considerable secondary splitting (HCXH). In addition. 
the IR of 14 was idcnlical IO an authentic sample of the 
dienol from verberrol.’ Alcohol IS was identified by com- 
parison of its IR IO a published spectrum’0 and MS IO 
published values.” 

The suucture proofs of compounds 16-19 found in 
fractions 5 and 6 can be discussed together. Ex- 
amination of lhc IK spectra indicated the compounds 
IO be diols similar in structure IO I,8-terpin. The diols 
gave identical MS except for slight differences in relative 
peak intensities, suggesting they were isomers. The pos- 
sibility that diols 16 and 18 and diols 17 and 19 con- 

We thank James A. Hogerr. Frrrzxhe. IIodae & Olcou. Inc. for 
sharing with us the IH spectra of rhc alcohols 13. I4 and IS and other 
data on the reactmn of citral prior to publication ’ 

stiruted isomeric pairs was suggested by their elution 

times on silica gel. The diols 17 and 19 cluted in fraction 

5 and the diols 16 and I8 cluted later as a separate 
fraction (fraction 6). 

Confirmalion of the close slruclural similarity between 
16 and 18 was provided by NMR which showed them IO 

be most likely frans - p - menth - 2 - ene - I.8 - diol and 
cis - p - menlh - 2 - enc - 1.8 - dial. respectively. SMR of 

16 in deutcrated dimethylsulfoxide showed three, 3-pro- 
ton singlets at 6 1.02. I .08 and I. I3 (Me-C-O) and a 

2-proton singkt at 4.15 (OH protons). A singlet OH is a 
strong indication of tertiary OH, especially when the 
spcclrum is run in dcuterated dimethylsulfoxide.” 

The NYR and m.p. of diol 18 compared well with 
puhlished values”.” for c-is - p - menth - ? - ene - I.8 - 
diol. The stereochemistry and structures of the diols 

were unequivocally determined by reduction of a 3: 2 

mixture of 16: 18 lo form a 3:2 mixture of frons - I.8 - 
terpin:cis - I.8 - terpin. which exhibited identical IR IO 
authentic materials. 

?hal the compound 19 was an isomer of diols 16 and 
I8 was indicated by its identical MS and similar IR. The 
NMR of 19 in DD.WSO showed IWO. 3-proton singlets. 
(Me:CO) at 6 I. IO and 1.15. a 3-proton narrow multiplet 
a~ 1.63 (MeC=C). a broad l-proton multiplet at 4.23 
(C=C-CH-0). a I-proton singlet at 5.10 (3”OHJ. a I- 
proton doublet at 5.12 (J = 3.2 Hz; POH) and a broad 
I-proton vinylic mulliplcl al 5.28. These vahrcs suggesl 
that he suucurre of compound 19 is p - menth - I - cnc - 
3.8 - diol. Other compatible structures (20, 21) can be 
ruled out on mechanistic grounds. 

No spectral data were obtained on pure compound 17. 
Its suucturc was tentatively formulated as a p - mcnth - 
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I - enc - 3.X - diol on the basis of its clution in the 
fraction with diol 19. 

Further s~~ctural information was provided by cataly- 
tic hydrogenation of a mixture of 17 and 19 which 
yielded a mixture of four isomers (22) as cxpectcd. three 

major dials and one minor one. All the reduction 
products were not characterized. but the first major 

reduction product based on glc R, was identical by IR 
with a major isomer isolated from hydrolysis of iso- 

pulegol (23). The 3,8diol structure is consistent with 
these data. 

The stereochemistry of the minor diols 17 and I9 was 

no1 resolved. but is most likely as assigned since the cis 
product (19) would be expected IO have the longer glc R, 
as is the cast with the isomeric I,X-diols. 

WC have proposed a reaction scheme (Scheme I) IO 
account for our resulls. First, the formation of a common 

charged species such as A from both citral isomers, 

n +*- 
A 

0 

c ‘I 
/ 

0 

- - 

neral (la) and geranial (lb), is postulated. A can undergo 

cycliration to carbonium ion B followed by hydration to 

3.8-dials I7 and 19. The diols 16 and I8 may be formed 
by allylic rearrangement of 17 and 19. This process has 

been shown to be quite facile in the p - menth - 2 - en - I 
- 01 (24)e piperitol (25) equilibration and other similar 
reactions.” 

The ether II may be formed by cyclodehydration of 
the diol 16. 

Dienols I3 and 14 may be produced by elimination of 

water from dials 16 and 18 and/or by rearrangement and 
elimination of water from 17 and 19. In both cases the 
driving force is creation of a conjugated system. Even 

though the reaction was run under nitrogen. rigorous 
precautions IO obtain a completely inert atmosphere 

were not taken, and apparently some oxidation occurred. 

WC have subjected a mixture of I3 and tJ IO air oxida- 
tion al 5°C and found that they are transformed to 

p-cymen-X-01 (IS) as the major product. 

The dicnols 13 and IJ could also dehydrate IO the 
menthatrienes 8 and 9 which arc known IO isomerizc 

readily to p-cymenc (5). Dehydration of p-cymen-X-01 
(15) may lead IO p.a-dimethylstyrenc (IO) or the latter 

could be formed by disproportionation of unspccitied 
compounds IO yield the small amounts of a-tcrpmene (6) 
and terpinolcne (7) found. 

II will be noted that the data given in Table I. and 

lb 

t 

16 

Scheme I 
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consequenlly the mechanism proposed for acid catalyrcd 
cyclization of citral (Reaction Scheme 1). differ sig- 
nificantly from those discussed previously.‘.’ For exam- 

ple. the hydrocarhonc p-cymcne (5) and p.adtmcthyl- 
styrene (IO). reported IO be the major products from the 
reaction of citral with acid,’ appear as minor constituents 

in the reaction mixture (Table I). The contrast in these 

results is probably associated with differences in reaction 

conditions. The conditions used in our investigations 
were chosen IO provide product and mechanistic in- 
formation about the cycliration of citral under mild 

conditions. In fact, we found that higher concentrations 

of citral and acid gave increased yields of hydrocarbons. 
Of greater significance is the tdentification by other 

workers of piperitenol (2) and isopiperitenol (3) (in the 

reaction products) and proposals that these alcohols are 
important intermediates in the cyclization of citral.’ We 

did not detect 3 either at the intermediate stages chcckcd 
or after complete reaction of citral with acid. Based on 
the detection limits inherent in our investigation. these 

observations suggest that 3. if present. constitutes less 

than I% of the reaction products. A sample of 2 was not 

available to us and consequently we are unable to com- 

ment on whether this alcohol is present in our reaction 
mixture. However. based on the compositional data in 
Table I and the rclativc areas of unassigned gas chroma- 

tographic peaks. it is belicicd that 3 can only be a 
relatively minor component of our reaction mixture. 

The two most important features of the data given in 

Table I are probably (II the presence of three major 
products. diols 16 and 18 and the ether 11. which have 
not previously been identified as products of the cy- 

cliration of citral. and (2) the formation of the alcohols 
13 and IJ and diols 16 and 18 as major products, which is 
supported by the results of periodic MdySeS of the 
reaction mixture. II was found that 13. 14, 16 and I8 are 

major products even in the early stages of the reaction. 
II is clear from the results reported here that acid 

catalyzed cyclization of citral under these mild con- 
ditions proceeds by a different pathway and yields 
different products than those generally formulated for 
the reaction of citral with acid. 

All m ps are uncorrected and were ohtaincd in capillary WCC 
on a Thomas Ummclt apparatus Analyses h) glc u-crc per. 
formed on a PE~YOO equipped with dual I!fr. I/81n. 1.d pIas\ 
columns, mod&d for oncolumn injectron. packed uifh 5’3 
Triron X-W on Chromosorh H’ H I’ XGlMlmc\h The own 

temp was programmed from 70’ IO IiW at 2’lmin with IOmin 
initial hold. ‘The mjcctor and detector were maintained al IW 
and 250” rcspccrr~ely A Row rake of 35 mllmin of hchum ua$ 
employed. Compound\ wcrc in general Isolated by collcctron 
with alass capdlanes from an F & 51 Xl0 gk equipped with a TC 
detector. l/4 m glass columns. and generally operated as ahove. 
‘The reaction products wrc rsolated on Triton X-305 or (IV-17 
liquid phases. IR spcc~ra were dctcrmmcd usmg a PE.221: NMR. 
a Varian T60; and MS. a WC model II0 

C’~-/r:o~ion o/ cxrrul. (‘feral 14opIr ncral la and f#Z gcranial 
lb). 2Og. war drtpcrwd In MO ml water (deacrated with N?). The 
pH of the soln u-as adjusted to 2 5 with cone HCI. the flask war 
placed under Si? and stirred \igorourl) m the dark at room temp. 
The rcaclion us monitored hy glc pcrmdically and after all IRK 
cural had been allowed IO react (35 days). a 2tHl ml ahquot of ~hc 
mixture was then treated wth 2Op of ?la(‘l and extracted 4 timer 
wrth ether The ethereal layer was washed with sag SaHCO,aq. 
H,O. saf SaCI aq. drred over ?(a,SO, and concentrated IO yield a 
)cllou oil. 

The cwal rcactron products wrc fractionated bg prcparati\c 
column chromatograph) Xcncrally on H’oclm 111 srhca gel ac 
follou 5. 

Frac- 
tion Solvent t’ompounds 

I Denlanc H!drocarhonr (6. 7. 8. 9) 
2 Yenlane ktydrocarhonc (5. IO) 
3 ttherlpcnlanc I X Ether 1111 

4 Ethcripcntanc I I Monoalcohols (13. 14. IS) 
! Ether p-mcnth-I-cnc.3.tiiolr (If. I91 
6 Ethanol/ether I .4 p-menrh-2.cne.l.X-Clols (16. 18) 

p.\f~nrha.I.~.X-rntw 18) CV cf:10H1. A,,, 203 (r.m t1.11". 

265 nmj. MS: mir lrclarrvc ahundanxj I!% I I I. I341 100). r!WX). 
119179). IO6flO. lO5(?i1. 9326). 9326). 9lf91). 79f27). 77(27, 

1.X.f~p~pox~-~mmrh-?-mr (2.d~h!-dm-l.n-rinrolr II). See ICJ 
for EMR detail\ IR tncatj. r’_, MIO. 2950. 161X. IW3. 1230. 
IId?. IIOX. 1070. Y!?. 84Ocm ’ IIS m/r rrclatrvc abundance) 
ICU11. IC?(?Cl. I?Uu)). lOYflM+r. w(?Oj. YJ(26). Yl(?!j. iYtlOoL 
ncv,. 4YrXo). 

Ktducrion o/ It IO 1.X.rmrolr (121 Approximately 100 rnfr of 
II m a Parr apparatus &ax reduced In 95% FIOH with 7.3 mg. 
PrO: and I ( mg SalrO: ;II 6’ P\I H: wnp. a \randard procedure 
of Henherr :’ The cthcr II was convrrted quantitatively IO 
t.X.cmcole. tdcntrcal IO authcntrc materral hy gk peak cnrrch- 
ment and IR. 

p-\f~nfhu.I.‘.dlrn.X.~~/ (13) See ICU for NSIR data Ci 
tEloI1). A,, 261 nm. e 2735 (IA." rtowtanc A,, 263nm. 

e !.UOj. IR KCIJ. “,, 3300. !W. 2910. 1660. 1452. 1378. 120~. 
1160. IIM. 922. 915. X53. X2X. 77<. 73Xcm I MS: m/r frelatiw 
ahundancc) 15311. lW221. IIR5OL ll7flOt. p4(lOOj. 9x40). 
Y!(IX). Ylfuo. 79wj. 7:(2X1. hct IO). ‘Yf??). 4U26j 
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p.,W~lho-l(7).!.di~-X-ol (II). See tcx~ for NMR data. IR 

NxI,J. Y,, 3450. 3120.2075. 3010. l6M. 1610. 13X0. I2OS. II!!. 
1132. 922. X7X. XlOcm ‘. MS. m/r (relalw abundance) 15!(l). 

134(2X). llq3CL 94flOO). 9N26). 9lb42). i9f70. 77(24). 59NN. 

4X17). 
rrans-p.Uenrh-?-~nr.l.n-di[~/ (16) See IEM for ?ihiR data. 

M.P. X4 LX&(’ (IL” 80-X1’). IR (KBr). Y_, 33&I. NlO. 2940. 
1380. 1360. 1175. II!!. II??. 102n. INlO. 972. 942. 905. x34. 

XO9cm ! MS: m/c (relative ahundancc) I?!(3). 13NlO). lIWl6). 
109Cl5). 9!(10). 94(100). 9Y??). 92llO~. 79cXN 77(271. C~~IOO-L 
43(43). 

ci\-p_Mlnfh-!-cnr-l.X-dbl (181. SMR (IXII,). 6 I.16 (3H.Sl. 
I.21 (3H.S). I 26 0H.S). 2.5 (2H.S). 5.76 (2H.S) IR (KAr). Y,, 
3300. 2wO. 166X. 1370. 1360. 1150, IIIX. 1100. iocn. 1012. 97X. 
950. X4X. 793. 7XXcm ’ MS. m/r (relative abundance) I!!(5). 

134(6L 119IlO). 109CCJ. 940XL 9325). 91(2!). 79(77). ~WICQ). 

43t.w 
Rrducflon of CIV and trawp-mmrh .!enc- I .X-diolr (I& 18) A 

3:! mixture of 200 mg (16. 181 uas quanritalively reduced h) the 
prcwusly descrdxd method of Henbest” IO a 3. ! mw.rure of 

~runr~I.X~rerpin (confirmed h) glc peak enrichment and IR corn. 
parison wlh aurhrntlc material) and rts.l.X-rcrpin: m.p. 154-l-56’ 
(Lit. 1!1.(‘.” l!7-I!Ip”) IR of isolated ris.I.X-rcrpin was iden- 
heal to IR of authentic material 

p.Wcnfh.l-mr-~.X.diol (~5”) (19). See ICXI for NMR dcrarls. 
IR (KBr) p,.,,. ~?Ro. 29CO.2X6O. 2x05. IO?!. 1435. 1472. I!xO. 1366. 
1309, 1260. 11x1. 1131. IOU). IOIX. 1006. 995. 9X5. 9300. 916. 900. 

XX!. R!f cm ‘. 5I.S. m/c (relative abundance) l>!(3). IEudo. 

Il97C). I Iit IO). 109t22). 94t 100). 9N4r-N. 91(6X). XOI IO). 79l99). 
77(40). 65( 141. 5% IOO- I. $I( I I ) 

proofreading and I)r. R. 1. Sullivan under whose direction this 
work was camed OUI 
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