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Isolation and Identification of Terpene Chlorohydrins Found in
Cold-Pressed Orange Oil
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Three terpene chlorohydrins found in cold-pressed orange oil were concentrated by silica adsorption
chromatography and purified by preparative HPLC. Formation of these chlorohydrins was determined
to be the result of a reaction of d-limonene, the major component of cold-pressed oil, with hypochlorous
acid, found in chlorinated treatment water used in the oil recovery process. NMR analyses indicated
that the major chlorohydrin present was the diequatorially substituted (1R,2R,4R)-2-chloro-8-p-
menthen-1-ol (1). The other two compounds were the diaxial trans stereoisomer, (1S,2S,4R)-2-chloro-
8-p-menthen-1-ol (2), and the dichlorohydrin, (1R,2R,4R)-2,9-dichloro-8-p-menthen-1-ol (3).
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INTRODUCTION The objectives of this study were to identify the three main
chlorohydrin compounds detected in citrus essential oils and
test a hypothesis regarding formation of these compounds from
limonene and HOCI.

Disinfection byproducts occurring in chlorine-treated water
have been studied and may have important implications in
the process of manufacturing citrus essential oils. Preliminary
screenings in the authors’ laboratory of some commercial cold-
pressed citrus oil samples by gas chromatography with a halogerMATERIALS AND METHODS
de_tector revealed_ the presence O.f chlorlnated_ compounds. Detection of Chlorohydrin Compounds. Commercial citrus oil
Widespread chlorine sanitation in citrus processing led to the g3mpjes were analyzed on both nonpolar and polar columns utilizing
hypothesis of a reaction between hypochlorous acid (HOCI) and 5 Hewlett-Packard 5890 series Il gas chromatograph (Avondale, PA)
d-limonene, which is present at90—95% in citrus oils. with an O-1 Analytical model 5220 electrolytic conductivity detector
Potential sources of HOCI as a reactant include chlorinated (GC-ELCD) (College Station, TX). Nonpolar column conditions were
treatment water used in the oil recovery process and sanitizersas follows: 30 mx 0.53 mm.d., 1.5im DB5 column (J&W Scientific,
used in postharvest handling and process equipment cleaningFolsom, CA); He carrier gas, 5 mL/min; detector base atZBELCD

The electrophilic addition of HOCI to alkenes is an established Egg‘:tﬁ; at ?Ogct? Hi re?CEO? gas Withd“icﬁ_elrt]Ube; S_tt?l\{tem%rlopgncol
reaction mechanism for chlorohydrin formation. The reaction pimin); cetector in halogen moce, high sensiivity. “ne was
follows the Markovnikov rule with the hydroxyl group adding programmed from 130 to 228 at 5°C/min and then to 250C at 25

- ; . ; °C/min (hold for 15 min). Polar column conditions were as follows:
to the more substituted carbon. Reactions of HOCI with a variety 35, (0.53 mm i.d. J,u)m DB-Wax column (J&W Scientific); GC

of terpenes sm_ular in structure td-llmonene_, including li- programmed from 150 to 23C at 5 °C/min (hold for 15 min); He
monene monoxide (2jy-pinene (3), andx-terpineol (4), have carrier gas, 6 mL/min; detector base at 24D. Other conditions
been reported. The formation of chlorinated monoterpenes remained the same. All injections were manual, on-column atD.1
during kraft pulp bleaching has been studied, and a multitude of the neat sample. Three peaks in higher concentration (chlorohydrin
of reaction products have been identifiég). ( peaks 1—3 on DB-Wax) were chosen to stuéjg(res 1and2).

Of particular importance to the present study, two major Quantification Utilizing GC-ELCD. 2,3-Dichloroaniline (Acros
products of the aqueous chlorinationaterpineol have been ~ Organics, Pittsburgh, PA) was used as an internal standard in quantita-
identified as diaxial and diequatoritians-chlorohydrins (4). tive studies of peak 1 on the DB-Wax cc_)l.umn. A linear response was
The diaxial product was observed only at acidic pH, readily observed from 0.7 to 35 ppm for the purified _chlorohydnn peak 1 and
losing HCI at basic pH to form the corresponding epoxide. NMR from 0.4 to 30 ppm for the internal standaddLimonene (99.5% pure

| ¢ chlorohvdri f d b . ith related from a local flavor company) was used as the solvent for peak 1.
analyses of chlorohydrins formed by reaction with related |5onropyl alcohol (Acros) was used as the solvent for the internal

terpenes have been reported (6—9). standard. The internal standard was spiked at similar concentrations as
the analyte. Oils were diluted with isopropyl alcohol when necessary

* Corresponding author [telephone (863) 956-1151; fax (863) 956-4631; to remain within the range of linear response. A relative response factor

e-r?ail ribk@ufl.edu]. o was calculated to be 0.59.

L Sirgggnt address: Firmenich Citrus Center, 1585 10th St., Safety Harbor,  ~~_r|p Analysis. The purity of chlorohydrins during recovery and
* Firmenich, Inc. isolation procedures was monitored by GC-FID as follows: Hewlett-
8 Citrus Research and Education Center. Packard 5890; 30 nx 0.53 mm i.d., lum DB-Wax column, splitless
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2 Figure 2. Structures of chlorohydrins (1R,2R,4R)-2-chloro-8-p-menthen-
3 1-ol (1), (1S,2S,4R)-2-chloro-8-p-menthen-1-ol (2), and (1R,2R,4R)-2,9-
-l
o ; dichloro-8-p-menthen-1-ol (3).
= w: residual chlorine and dried with anhydrous sodium sulfate. In other
experiments, similar reactions were conducted with 2000 ppm solutions
1 of HOCI.
2 Total residual chlorine in bleach solutions was quantified by the

diethyl-p-phenylenediamine (DPD) colorimetric EPA Method 330.5,
using potassium permanganate standards. Modifications to the method
B were the following: DPD tablets no. 4 (Orbeco, Farmingdale, NY),
which contained all of the necessary reagents (DPD, potassium iodide),
were used for total residual chlorine analysis; 10 mL samples were
placed in 15 mL test tubes, rotated on a chemistry mixer (Fisher
Scientific) for 10 min. Absorbance was measured at 515 nm.
To increase yields of limonene chlorohydrins, synthesis was also
undertaken by a reaction method using chloramin&®l).@-Limonene
(1 mol) was reacted with chloramine-T (1 mol) suspended in 1:1
acetone/HO (800 mL). After reaction, the organic phase was separated,
the aqueous phase was extracted with pentane 88 mL), and the
pentane extracts were added to the organic phase, dried with anhydrous
sodium sulfate, and solvent evaporated in vacuo. Reaction products
were concentrated and purified by silica gel column chromatography
and preparative HPLC.
Concentration of Chlorohydrins in Cold-Pressed Orange Oil.
3 Concentration of chlorohydrin compounds was accomplished using
adsorption chromatography (112). Silica gel (22 g), 200425 mesh,
" Davisil grade 633 type 60A, was applied as a slurry in hexane to a 2
‘A s cm diameter column, column height 18 cm, volume= 56 mL. A
commercial cold-pressed orange oil confirmed to contain chlorinated
compounds was applied to the column until breakthrough of chlorinated
compounds (by GC-ELCD) occurred (300 mL of oil). The column was

Ry

~a s

Figure 1. GC-ELCD chromatogram using a DB-Wax column of (A) a
cold-pressed oil containing chlorohydrins 1-3 and (B) a limonene—bleach

reaction mixture containing chlorohydrins 1-3. then rinsed with hexane (1 L) to remove the remaining limonene and
_ ) ) oil. Chlorohydrin compounds were eluted with 10% ethyl acetate in
insert; programmed from 100 to 230 C at®/min, hold for 10 min; hexane until none were detected in the fractions collected $® mL

injector at 230°C; detector at 240C; H, carrier gas, 5.25 mL/min.  fractions). Fractions containing similar peaks were combined, and the
Retention indices (RI) for the three chlorohydrins were determined using solvent was removed by rotary evaporator.
C-12 through C-26 hydrocarbons on a DB-Wax column (RI peak 1 Concentration of Synthesized Chlorohydrins Limonene-Bleach.
1994; RI peak 2= 2049; RI peak 3= 2530) and C-10 through C-22  Sijlica gel (20 g), 206-425 mesh, Davisil grade 633 type 60A was
on a DB-5 column (RI peak ¥ 1342; Rl peak 2= 1340; Rl peak 3 applied b a 2 cmcolumn as a slurry in 99.5% pucdelimonene. Column
= 1609). Calibration curves were established by fitting to a polynomial height was 16 cm, volume 50 mL. The reaction products (180 mL)
regression equation fR= 0.9999). from the limonene—bleach reaction were applied to the column. To
Reaction Products of Bleach and Chloramine-T.Chlorohydrin conserve resources, the limonene that was eluted from the column was
synthesis to prepare standards was performed by two different methodsreused for additional reactions with HOCI and continually reapplied
one using household bleach (5.25% sodium hypochlorite) and the other,to the column until breakthrough of chlorinated compounds of interest
chloramine-T (Fisher Scientific). High-puriy-limonene was further occurred. In total, 730 mL of reaction product was applied to the
purified by silica gel adsorption chromatographyt89.5% purity (GC- column. The column was rinsed with hexane (8 column volumes) to
FID peak area). HOCI (200 ppm) was prepared from common remove the remaining limonene. Chlorohydrins were eluted with 10%
household bleach using pH 6.2 phosphate buffer. Purdidithonene ethyl acetate/hexane (400 mL) followed by 15% ethyl acetate/hexane
(200 mL) and the HOCI buffered solution (200 mL) were placed in a (200 mL). Fractions containing the same GC-ELCD peaks were
beaker with a stir bar and mixed for 0.5 h, and the bottom agueous combined, and solvent was removed using a rotary evaporator.
layer was removed using a separatory funnel. The reacted limonene In another experiment in which a 2000 ppm HOCI solution was
layer was rinsed three times with 200 mL of purified water to remove reacted with limonene, a total of 963 mL of reaction product was applied
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Table 2. 13C and 'H NMR Data for
(1S,2S,4R)-2-Chloro-8-p-menthen-1-ol (2) (Recorded in CgDg)

Table 1. 13C and *H NMR Data for
(1R,2R,4R)-2-Chloro-8-p-menthen-1-ol (1) (Recorded in CgDg)

C Oc (mult) On (mult) cosy C Oc (mult) On (mult) Cosy

1 73.0 (s) 1 71.6(s)

2 71.5(d) 3.8(dd, J=4,125) H-3a, H-36 2 66.1 (d) 3.73(dd, J = 4,4 Hz) H-3a, H-33

3 39.7 (1) 1.50 (m) H-2, H-3a, H-4 3 35.5(t) 1.84 (m) H-2, H-3a, H-4
1.96 (m) H-2, H-33, H-4 2.15(m) H-2, H-34, H-4

4 45.6 (d) 1.62 (m) H-3a, H-34, H-50a, H-53 4 38.1(d) 2.48 (m) H-3a, H-34, H-5a, H-58

5 28.6 (t) 1.00 (m) H-4, H-5a, H-6a, H-6/3 5 26.7 (1) 1.48 (m) H-4, H-50, H-6a, H-6/3
1.35 (m) H-4, H-54, H-60, H-6 1.60 (m) H-4, H-5(, H-6c, H-6/3

6 39.3 ()2 1.38 (m) H-63, H-5a, H-54 6 334 () 1.30 (m) H-6(3, H-5a, H-53
1.74 (m) H-6a, H-50, H-55 1.78 (m) H-6a, H-50, H-5/3

7 21.0 (q)° 1.10 (s, 3H) 7 29.1(q) 1.15(s, 3H)

8 148.1(s) 8 149.3 (s)

9 21.1(q)P 1.45 (br s, 3H) H-10, H-10' 9 21.5(q) 1.62 (br s, 3H) H-10, H10'

10 110.0 (1) 4.59 (brs) Me-9 10 109.9 (1) 4.78 (brs, 2H) Me-9
4.67 (brs) Me-9

Table 3. 13C and 'H NMR Data for
(1R,2R,4R)-2,9-Dichloro-8-p-menthen-1-ol (3) (Recorded in C¢Ds)

a Assignments may be reversed. ® Assignments may be reversed.

to a 25 g silica gel column and a similar procedure for elution of

chlorinated compounds was followed. ¢ Oc (mul) On (mul) cosY
Limonene—Chloramine-TSilica gel (10 g), 206425 mesh, was 5 ;ig 8 3.67(dd, J = 4, 12.5 H2) H-30,, H-38

applied to a 2 cntolumn as a slurry in hexane (volurre 25 mL). 39.8 ° 138 (m)' T H-2, Il|-3(x, H-4

Chloramine-T reaction products (2 mL) were applied, and the column 1.90 (m) H-2, H-38, H-4

was rinsed with hexane (400 mL) to remove the remaining limonene 4 41.1 (d) 1.85(m) H-3a,, H-38, H-50, H-54

and other less polar compounds. Chlorohydrins were eluted sequentially 5 28.9 (t) 0.90 (m) H-4, H-54, H-6a, H-6/3

with 5% (300 mL), 10% (100 mL), and then 20% (50 mL) ethyl acetate/ 1.36 (m) H-4, H-50, H-60, H-63

hexane. Fractions containing the same GC-ELCD peaks were combined, 6 39.1(*  144(m) H-6, H-50, H-50

and solvent was removed using a rotary evaporator. 1.64 (m) H-6a, H-5a, H-55
HPLC Purification of Chlorohydrins. Cold-Pressed OilCrude  §  ja0qq) 0%

concentrated oil fractions were purified using an HPLC system g 475 (1) 3.52 (s, 2H) H-10, H-10'

consisting of an LDC Analytical (Riviera Beach, FL) programmable 19 114.1 (t) 4,57 (br s) H-9

isocratic pump, a fluid metering pump, and a refractive index detector 4.80 (brs)

(LDC Analytical). A 25 cmx 1 cmi.d., particle size= 8 um, Dynamax

60 A silica preparative column (Rainin Instrument Co., Woburn, MA)
was installed. The solvent system consisted of 9% ethyl acetate/91%
hexane at 4 mL/min.

Reaction Products from Bleach and Chloraminetilizing the
HPLC system described previously, chlorohydrin peak 1 was purified
using 1% isopropyl alcohol (IPA)/hexane at 4 mL/min, peak 2 was
purified with 0.9% IPA/hexane at 3.5 mL/min, and peak 3 purified
with 3% IPA/hexane at 4 mL/min.

@ Assignments may be reversed.

RESULTS AND DISCUSSION

Detection of Chlorohydrins. Polar column GC conditions
produced the best separation of the three chlorohydrins produced
by the reaction of limonene with HOCF{gure 1), whereas
chlorohydrin peaks 1 and 2 appeared as a poorly resolved

Mass Spectrometric Analysis A Hewlett-Packard 5971 MSD (70 doublet using a nonpolar column (not shown). After HPLC

eV) connected to a Hewlett-Packard 5890 gas chromatograph was use(puri]‘ication of the individual peaks, it was determined that the
for low-resolution EI mass spectral analysis. Polar column conditions €lution order of the polar GC column peaks 1 and 2 was reversed

were as follows: 60 mx 0.25 mm i.d., 0.25%m DB-Wax column on the nonpolar GC column.
(J&W Scientific), splitless insert. The GC was programmed from 100  Concentration and Purification of Cold-Pressed Orange
to 230°C at 5°C/min (hold for 5 min); H carrier gas at 1.17 mL/min; Oil Chlorohydrins. Concentration. During this study, 52
injector at 230°C, detector at 250C. Nonpolar conditions: 60 nx commercial citrus oils were quantitatively analyzed, using 2,3-
0.25 mm i.d., 0.2m DB-35 (J&W Scientific); H carrier gas at 1 djchloroaniline as the internal standard, for the presence of
mL/min; injector at 250°C, detector at 280C; GC programmed at 60 cjorohydrin peak 1. Of the oils tested, 35 were found to contain
°C (hold for 1 min) to 250°C at 5 °C. min (hold for 5 min). <2 ppm, 15 oils contained between 3 and 25 ppm, one
High-resolution electron impact mass spectra were acquired using a g mmercial folded orange oil contained 160 ppm, and an orange
Kratos MS 50 RFA spectrometer. ) carbonyl fraction contained 850 ppm of peak 1. We concentrated
NMR Analysis. A Bruker 300 MHz NMR spectrometer with an  ne chjorohydrins from one of the more contaminated samples
ARX console and an Avance magnet was use.d for NMR_ analyses. ot commercial cold-pressed orange oil estimated to contain 25
deE-ls{s §é4—F2;t’2(_:(':IhFI%OE§i)lﬁ_)p§;n??§ tggg_ol_c%- V!Qg?;glyjﬂg?mg- ppm of chlorohydrin peak 1. Chlorohydrin-containing fractions
' haBEh ! ' " from ~1200 mL of this cold-pressed oil were concentrated and
spectroscopic shifts; EI-HRMS (M calculated for GoH170%ClI purified ~1200-fold
188.09679; found, 188.09705). ) . . It was difficult to separate chlorohydrins in cold-pressed oils
(15,2S,4R)-2-Chloro-8-p-menthen-1-ol (2): clear viscous liquid; IR ¢ " 5 olatile pigments and oxygenated polar components
(film) 3440, 2940 cm?; seeTable 2 for NMR spectroscopic shifts; . 9_9 y9 P . p -
EI-HRMS M+ calculated for GoH;70%Cl 188.09679; found 188.09743). retained on the silica column. How_ever, column eluthn with
(1R,2R,4R)-2,9-Dichloro-8-p-menthen-1-ol (3): white crystalline 10% ethyl acetat_e/hexane resulted in the best separation of the
powder, mp not determined: IR (film) 3430, 2940, 2360; Sable 3 three chlorohydrins. Peaks 1 and 2 eluted together in the first
for NMR spectroscopic shifts; CIMS M240, 242, 244 [V NH4] *; three fractions. Peak 3 eluted in fractions&
Purification. Concentrated fractions produced by silica col-

EI-HRMS M* calculated for @H130%Cl, [M — CH3] * 207.03435;
found 207.03467. umn adsorption were further purified by HPLC. Separation of
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the three limonene chlorohydrins was accomplished with unsaturation indicatetl was produced frond-limonene by the
recoveries sufficient for GC-FID and mass spectral analyses. loss of either the ring or a double bond.

The three chlorohydrins found in cold-pressed oil were  ThelH NMR spectrum ofl contained singlets that could be
compared with the threg-limonene reaction products. Similar  assigned to the two tertiary methyl groups found in the menthene
mass spectra and similar retention times on both nonpolar andcarbon skeleton. A broad singlet &tl1.45 (3H) was assigned
polar GC columns were presumptive evidence that they areto Me-9, whereas a singlet at1.10 was shielded relative to
identical compounds. Thus, no further purification steps were the corresponding methyl resonance in limonene, indicating that
conducted on the cold-pressed oil fractions. Instead, we focusedin 1 it was situated on a saturated, fully substituted carbon. A
on purification and identification of the synthetic limonene pair of broad singlets at 4.67 and 4.59 were assigned to H10
chlorohydrins. and H10'.

Syntheses of Terpene Chlorohydrins.Reactions ofd- The 13C NMR spectrum Table 1) contained 10 carbon
limonene with unbuffered (pH 9.6) and buffered (pH 6.2) HOCI signals, consistent with the molecular formula. A single pair of
were compared. Formation & was observed only in the olefinic carbon resonances at148 (s) and 110 (t) indicated
buffered reaction. A weak acid, HOCI dissociated readily at that 1 contained only one double bond. An APT NMR
higher pH, whereas at pH 6.25% of the HOC| was dissociated  experiment provided information about the multiplicities of the
(13). Thus, we performed all reactions in pH 6.2 buffer. carbons present ih. The chemical shifts of the olefinic carbon
Reactions conducted with a 2000 ppm HOCI solution as the resonances as well as the triplet multiplicity of the resonance
reactant formed higher concentrations of chlorohydrins. Forma- at 6 110, determined from the APT spectrum, indicated that
tion of peak 3 was especially dependent on higher concentrationscontained an exocyclic double bond.

of HOCI. Accordingly, peak 3 was detected only in highly  carbon NMR signals at 71 (s) and 73 (d) were consistent
contaminated cold-pressed oils. with the reaction of hypohalous acid with the internal double
Data supported the pH effects as follows: GC-ELCD peak bond of limonene to form a halohydrin. An HMQC experiment
areas at pH 9.6 (unbuffered) were peak 100,000, peak 2= was acquired to identify all protons afdéC nuclei that are
40,000, and no peak 3, whereas at pH 6.2 (buffered), peak 1  connected by a single bond. From the results of APT and HMQC
130,000, peak 2 120,000, and peak3 40,000. Commercial  experiments, the resonance’a3 was assigned to C-1, bound
oils with large peak 2 concentrations could be explained, becauseto a hydroxyl group, whereas the signal at 71 ppm was assigned
careful water chlorination involves proper pH water treatment. to C-2, which bore the chlorine substituent. This assignment
Some processors probably monitor and adjust water pH morewas consistent with Markovnikov’s rule and with literature

carefully for more effective chlorination. reports of chlorohydrins formed from reactions of HOCI with
Polar column GC-ELCD chromatograms of a highly con- alkenes4, 5). The HMQC spectrum af contained a correlation
taminated, unconcentrated cold-pressed orang€&igilife 1A) from the3C resonance at 71 to the'H signal at 3.8 ppm (dd,

and limonene—HOCI reaction product (Figure 1B) indicated 1H, J = 4, 12.5 Hz), and accordingly th¥1 resonance was
that more of peak 2 was present in the limonene reaction mixture assigned to H-2. The isopropylene substituent at C-4 was

compared to the cold-pressed oil shownFigure 1A. Our tentatively assigned the configuration. From the observation
analyses indicated that some cold-pressed oils contained higheof a diaxial trans coupling constant between H-23(8, dd,J
amounts of peak 2 than of peak 1. = 4, 12.5 Hz) and H-3, H-2 was assigned the and the

Purification of Synthesized Chlorohydrins. Batches of  chlorine substituent th@ configuration. COSY and HMQC
several reaction mixtures were combined to obtain sufficient correlations allowed us to elaborate an isolated proton spin
amounts of chlorohydrins for purification and structure elucida- System consisting of CHCI—CH,—CH—CH,—CH; (Table 1).
tion. HPLC conditions were modified to increase the resolution TO observe two- and three-bond coupling between the protons
and separation of the compounds of interest. After initial and**C nuclei presentirl, a COLOC spectrum was acquired.
attempts at HPLC purification using ethyl acetate/hexane The COLOC contained correlations from the H10 and H10
(9:91) eluent, it was found that no further purification could be resonances at4.67 and 4.59 to C-4 (45.2 ppm) and C-9 (20.7
achieved after concentration and re-injection. Therefore, the ppm).
solvent system was changed to 2-propanol/hexane. Flow rate TheH NMR spectrum ofL in pyridine-d; was compared to
and percent 2-propanol were optimized to achieve the bestthe spectrum in CDGIto determine the configuration of the
separation for each peak, with a result=094% purity for all hydroxyl group 4). In this experiment, the pyridine nitrogen
three chlorohydrins. Fractions from different experiments were exhibited selective hydrogen bonding to the hydroxyl group of
combined to accumulate the required amounts for NMR 1, resulting in a selective anisotropic effect of the pyridine upon
analyses. the protons neighboring the hydroxyl group, and consequently

NMR Analyses and Structure Elucidation. Chlorohydrin a significant downfield shift£0.3 ppm) in the resonances of
1. (IR,2R,4R)-2-Chloro-8-p-menthen-1-dl, (Figure 2) was these protons was observed. A latyé for the H-2 resonance,
isolated as a white crystalline powder (47 mg; purity95% from 4.0 to 4.35 ppm+0.35 ppm), was observed, allowing
by GC-FID), from reaction mixtures af-limonene with HOCI ~ assignment of the equatorial configuration to the hydroxyl
or chloramine-T reagent. The small crystals observed on the substituent14). The results were consistent with a diequatorial
sides of the glass vial in whichwas stored were not suitable  trans configuration for the halohydrin substitution lof
for X-ray crystallographic analysis. Retention indicesXavere NOE experiments provided information concerning the spatial
determined on nonpolar and polar GC columns. Chlorohydrin proximity of protons within chlorohydrirl. Upon irradiation
1 gave a parent ion in the EI-HRMS at/z 188.09705 Da, of the H-2 resonanc@&( 3.8), nuclear Overhauser enhancements
consistent with a molecular formula of;§1,70%°Cl (AM + (NOE) were observed at 1.96 (H-3), 6 1.62 (H-4), and)
0.26). Additionally, the low-resolution electron impact mass 1.38 (H-§,). Upon irradiation of théH NMR signal atd 1.62
spectrum showed molecular ions @'z 188 and 190 with (H-4), a reverse NOE was observed at 3.8 ppm (H-2). These
relative abundances of approximately 3:1, respectively, char- results indicated that was in a chair conformation and the
acteristic of ions containing chlorine isotopes. Two degrees of isopropenyl substituent was in the equatorial configuration. The
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results of the NOE experiments in conjunction with tReNMR
shifts observed in pyridinescand based on the known stereo-
chemistry ofd-limonene [(4R)-1,8p-menthadiene] permitted
assignment of the stereochemistrylads (IR,2R4R)-2-chloro-
8-p-menthen-1-ol.

Chlorohydrin2. Fractions from reactions aFlimonene with
chloramine-T and bleach were pooled to yiel&(24S,4R)-2-
chloro-8-p-menthen-1-ol (Figure 2) as a clear viscous liquid
(36 mg, purity= 95% by GC-FID). Retention indices were
determined on nonpolar and polar GC columns. Chlorohydrin
2 gave a parent ion in the EI-HRMS at/z 188.09734 Da,
consistent with a molecular formula ofy§1,70%°Cl (AM +
0.54).

The 'H and3C NMR spectra o were very similar to the
spectra ofL (Table 2). The NMR spectra d? indicated that it,
too, was a cyclic, monoterpene halohydrin with a single
exocyclic double bond. A significant difference was observed
in the'H NMR spectrum o compared withl, in that the H-2
resonance d? ato 3.75 was a doublet of doublets with coupling
constants of 4 Hz, indicating that the H-2 proton was equatorial,
whereas the chlorine attached at C-2 was in the axial position.
The COSY spectrum of contained correlations from the
resonance at 4.01 (in CDC}, H-2) to resonances at 2.19 and
1.89 ppm, which were attributed to Hx&nd H-3, respectively.
Analysis of the COSY and HMQC spectra allowed assignment
of all of the carbon and proton resonances in CP&hd
pyridine-¢s. The resonances &t 1.89 and 1.56, which were
assigned to H3 and H-58, respectively, shifted downfield to
2.65 and 2.00 ppm in pyridings. These results were consistent
with assignment off configuration to the hydroxyl substituent
and, consequently, with diaxial trans configuration for the
halohydrin substitution oR. This assignment was supported
by our observation that lower concentrations2ofvere found
in oils produced using unbuffered HOCI. As reported by
Kopperman and co-workers (4), at higher pH, diaxially substi-
tuted chlorohydrins undergo facile elimination of chloride to
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from the proton resonance at3.52 to a carbon signal at 47.5
ppm. In addition, the broad singlet at3.52 showed a COSY
correlation to the olefinic protons at 4.80 and 4.57 pfiable

3). This was evidence that the C-9 methyl had been replaced
by a chloromethylene. It is hypothesized that both double bonds
of limonene reacted with hypochlorous acid to form the
dihalohydrin with subsequent elimination of the hydroxyl group
at C-10 to form3.

Upon comparison ofH NMR spectra run in CDGland
pyridine-ds, H-2 showed a significant downfield shift from 4.05
to 4.37 ppm consistent with the diequatorial trans configuration
for the halohydrin substituents, identical 10 These results
permitted assignment of the stereochemistrg a§ (1IR2R4R-
2,9-dichloro-8-p-menthen-1-ol.

In this investigation, three terpene chlorohydrins found in
cold-pressed orange oil were isolated and identified using GC-
MS and NMR analyses. GC-ELCD analyses of these compounds
in cold-pressed oils were simple, requiring only direct injection
of a 0.1 uL neat sample. Formation of the monoterpene
chlorohydrins was determined to be the result of a reaction of
d-limonene, the major component of cold-pressed orange oil
with HOCI, found in chlorinated treatment water used in the
oil recovery process. Pilot and processing plant studies are
underway to study the variables affecting the formation of these
compounds during the manufacture of citrus essential oils.

ABBREVIATIONS USED

APT, attached proton test; COLOC, correlation via long-range
couplings; COSY, correlation spectroscopy; GC-ELCD, gas
chromatographyelectrolytic conductivity detector; GC-FID,
gas chromatographyflame ionization detector; HMQC, het-
eronuclear multiple quantum correlation; HOCI, hypochlorous
acid; HPLC, high-performance liquid chromatography; MS,
mass spectrometry; NOE, nuclear Overhauser enhancement; 2D
NMR, two-dimensional nuclear magnetic resonance.

produce the corresponding epoxide. The isopropenyl substituent

was determined to be in the equatorial configuration because
the coupling of H-4 was identical to that observed in
Furthermore, théH NMR signal for H-4 of2, at 6 2.48, was
shifted downfield relative to the resonance for H-410f1.62
ppm). This was attributed to the effect of the axial chloride
substituent oR. On the basis of the known stereochemistry of
d-limonene and by comparing the NMR data to literature values,
2 was identified as ($2S4R)-2-chloro-8-pmenthen-1-ol
(7,9).

Chlorohydrin 3. A hypochlorous acid (2000 ppm) reaction
with d-limonene yielded (R,2R4R)-2,9-dichloro-8p-menthen-
1-ol (3,Figure 2), a white crystalline powder (11 mg, purity
94% by GC-FID). Retention indices f@&were determined on
nonpolar and polar GC columns. Chlorohyd8rgave an ion
fragment in the EI-HRMS ain/z207.03467 (GH130%Cly, [M
— CHg]™, AM + 0.32 mmu). No molecular ion was observed
in the EI-HRMS. However, a chemical ionization mass spectrum
in the positive mode using ammonia gas contained molecular
ions atm/z240, 242, and 244 (M+ NH,), appropriate for a
molecular formula of GH3160ClL, with a relative isotope
abundance of approximately 9:6:1, typically seen with molecules
containing two chlorine atoms.

The'H and3C NMR spectra were very similar to the spectra
of 1 (Table 3). The most obvious differences in the proton NMR
spectrum were the absence of the methyl resonanéelat0

and the presence of a broad singlet at 3.52 ppm, which integrated

for two protons. The HMQC spectrum contained a correlation
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