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NO-CARRIER-ADDED (NCA) ARYL [‘8F1FLUORlDES VIA THE NUCLEOPHILIC 

AROMATIC SUBSTITUTION OF ELECTRON-RICH AROMATIC RINGS 

Y.-S. DING, C.-Y SHIUE, J.S. FOWLER, A.P. WOLF AND A. PLENEVAUX 

Chemrstry Department, Brookhaven Natronal Laboratory, Upton, NY 11973 (U.S.A ) 

SUMMARY 

Nucleophilic aromatrc substrtutron by [’ 8F]fluoride ion has been demonstrated OI 

rings containing electron donating groups in addition to the necessary electron 

withdrawing and leaving groups. The reaction of ’ 8F with a series of aromatic nitro 

aldehydes having protected hydroxyl substituents on the ring was studied. The 

reactivity of the aromatic ring towards nucleophilic substrtution to give ’ 8F-labeled 

aromatic fluoroaldehyde derivatives is correlated with electron density at the reaction 

center. The effect of a number of protected hydroxyl substituents IS reported. t3C- 

NMR was used as a sensitive probe for the changes in electron distribution at the ring 

carbon atoms. Radiochemical yield correlates with ppm values at the reaction center. 

This methodology has been applied to the synthesis of no-carrier-added (NCA) 6- 

[18F]fluoro-L-DOPA. The extention of this strategy to the syntheses of other labeled 

pharmaceuticals appears promising. 

0022-l 139/90/33.50 0 Elsewer Sequoia/Printed in The Netherlands 



190 

INTRODUCTION 

Nucleophilic aromatic substltutlon by fluoride ion has become one of the most 

useful labeling techniques utilizing fluorine-l 8, a positron emitter with a 110 minute half 

life. The mechanism and condltlons necessary for successful substltutlon were the 

subject of a series of papers [l - 41 and these techniques now have widespread appllcatlon 

In the original or modified form [5-71 The leaving group in the substltutlon reaction on an 

aromatic ring IS usually nltro or -+NMe3 and the necessary electron wlthdrawmg group 

to effect the reaction can be RCO, CN, NO2 etc. However, there are numerous 

important radlopharmaceutlcals with electron donating substituents In addition to the 

electron withdrawing substltuents which can make the substrtutlon reactlon proceed In 

low yield or be ineffective. To name a few of such multifunctional aromatic compounds 

we can include fkIOrlne-18 labeled 6-fluoro-L-DOPA [8] and 4-fluoro-m-tyrosme [9 - 111 used 

to study dopamme metabolrsm In the brain, 2-fluorotyrosine for studying in VIVO protein 

metabolism [ 121 and Cfluoronorepmephrine [ 13,141 and 6-fluoro-metaraminol [ 151 for studying 

adrenergic receptors and myocardial innervation. To date, the practical synthetic route 

for a number of these molecules involved the use of the electrophilic fluorinatmg 

reagents either fluorine-l 8 labeled elemental fluorine or acetylhypofluorlte [8, 15, 16). The 

use of these two reagents results in low specific activity and direct fluonnation usually 

produces a mixture of fluorinated products. 

The considerable importance of [’ 8Fjfluonde ion for labeling 

radiopharmaceuticals and the biomolecules used in Positron Emission Tomography 

(PET) research has lead us to Investigate the feasibility of using nucleophlllc aromatic 

substitution by [18F]fluoride ion as a more general method applicable to aromatic 

substitution when both electron donating and electron withdrawing substituents are 

present on the aromatic ring. Thus a series of compounds with hydroxyl groups suitably 

protected were studied using no-carrier-added (NCA) 18F as the labeling nucleophlle. 
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The rmplicatrons of this substitution from a mechanrstic point of view as well as an 

efficacious labeling method are presented. 

As an example of this method, the synthesis of 6-[f8F]fluoro-L-DOPA IS 

described.. 

RESULTS AND DISCUSSION 

In studying nucleophilic subtrtution using NCA 18F obtained from the 180 (pn) 

18F reactron on enriched water, a stnkmg difference In radiochemical yield between 6- 

nitroplperonal and 6nitroveratraldehyde was noted; 6-[’ 8F]fluoroprperonal and 6- 

[18F]fluoroveratraldehyde were obtained in 51% and 23% yield, respectrvely. 

03H$hc=!&E~F @ 
CHO CHO 

Radiochemical Yield: 51 % 

This suggested that the hydroxyl protecting group plays an important role in 

controlling the reactivity of the aromatic ring towards nucleophilic substitution and 

prompted us to carry out an mvestrgatlon on the effects which different protecting 

groups have on this reaction (Table I). When there was no electron donating group on 

the ring, the radiochemical yield for nucleophllic substitutron was the hrghest. When the 

drhydroxy groups were protected as 1,3-benzodioxolanes (compound B & CJ, the yields 

were still good, but when protected as dialkyl groups (compound D & EJ, the yields 
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TABLE 1 

Structural Effects of Various Protectmg Groups on RadiochemIcal Yields in 
Nucleophk Substitution with NCA ’ 8F- 

Compound Radiochemical Yield (EOB) 

(4 

(B) 

(Cl 

(D) 

(‘3 

O=) 

0-V 

(1) 

oCH3 
OCHJ 

J7 
ocH3 

1; 01 
CHO 

78% 

51% 

42% 

23% 

24% 

5% 

23% 

0% 

35% 

- 
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decreased. In the case of only one methoxy group para to the nrtro group (compound 

E), only a 5% yield was obtained However, a single methoxy ortho to the nitro group 

(compound G) gave the t8F-labeled product in 23% yield. 1,4-Benzodioxan-6- - 

carboxyaldehyde (compound B) was essentially Inert to nucleophrlrc substrtutron while 

compound j which has a nrtro group para to the formyl group, afforded a 35% yield of 

product 

To probe the electron density at the reaction center, an approach [ 17, 181 that has 

been suggested for the electron donating effect on unhindered and crowded anisoles 

may be applied. The methoxy groups of unhindered amsoles tend to Ire in the aromatic 

plane with an Ar-O-Me bond angle of 117-I 18O, a value near that is expected for sp2- 

hybridized oxygen. This arrangement has the optimum overlap between the oxygen p- 

type lone pair orbital and the aromatrc n system. In crowded anlsoles, nonbonded 

interactions may force the CH3 of the methoxy group out of the aromatic plane. The 

hybridization of the oxygen then approaches sp3 and the overlap decreases. As a 

consequence there will be a lowering of the n-electron densities at the para carbon 

atoms, a phenomenon which was verified by ’ 3C-NMR chemical shift Since a similar 

crowding and rehybndrzatron mechanism could explain the relative reactrvrties of the 

compounds in our series, we examined their 13C-NMR spectra in order to test this 

hypothesis. ’ 3C-NMFl analysis was applied to detect experimentally the changes in 

electron distnbution at the nng carbon atoms of a series of aromatic nrtroaldehydes with 

different hydroxyl protecting groups (Table II). For the structurally similar compounds j.j 

through I=, a good correlation (Figure I) between t3C chemical shifts and radiochemical 

yields was obtained by plotting the chemical shifts of the reaction center (where the nitro 

group IS attached) against the corresponding radiochemical yield (from Table I). This 

suggested that a downfield chemical shift (larger ppm value) at the reaction center 

should Indicate a lower electron density and therefore result in a higher radiochemical 

yreld for nucleophk substrtution. The fact that three cases (compounds G, Ii, 1) fell off 



TA
B

LE
 

II 

’ 
3C

 C
he

m
ic

al
 S

hi
fts

 o
ft

he
 R
in

g 
Ca

rb
on

 A
to

ms
 0C

H
3 

R
l 

! 

II,
 

I 

I4
33

1 

11
2.

68
 

15
29

6 

I3
96

7 

i 12
5.

79
 

12
24

2 

T
- 

1 1 1 1 1 1 

-I-
- 

-T
- 

1 1 1 1 1 1 

-I-
- 

1 1 1 1 1 1 

. 1 1 1 4 

B 
C

 
D 

E 
F 

G
 

H 

25
.4

9 
12

5.
55

 
13

4.
32

 
12

8.
10

 
12

6.
14

 
12

8.
18

 

10
7.

48
 

12
7.

77
 

10
7.

34
 

09
74

 
12

2.
23

 

13
1 
66

 

11
8.

08
 

14
8.

12
' 

11
3 
29

 

16
3.

99
 

!1
18

8 

15
2.

79
' 

15
2.

21
' 
15

1.
92

' 
53

21
' 

15
1.

80
' 
11

8.
46

 
11

85
7 

14
6.

94
 -

 
52

.3
9’

 

07
.1

7 

15
1.

50
' 

10
5.

05
 

15
1.

17
' 

10
4.

92
 

12
71

7 
10

9.
42

 
11

45
8 

12
3.

70
 

15
1.

07
 

14
01

0 
14

60
8 

14
5.

76
 

43
80

 
14

3.
65

 
14

2.
24

 

l
 
0.

5 
M 

so
lu

tr
on

s In
 CD
C5

. 

- 
ln

te
rc

ha
ng

ab
le

 



195 

60 

I I I 

A (149.58,78) 

i 

8(146.08,51) 

C(l45.76,42 

pm 

Fig. 1 Correlation between the 13C chemical shift of the reactlon center and the radlochemlcal ylel 

the straight correlation line could be ascnbed to the fact that compounds G-1. were 

structurally drfferent from compounds A through E. That is, in the case of compound G, 

instead of having a mefa or para methoxy group relative to the nitro group, it has an 

orrtho methoxy group which, berng more hindered, should be less able to donate 

electrons, thus affording a higher yield than compound E. Compound jj was expected 

to be unreactive to nucleophilic substitution since the reaction center possessed a 

relatively high electron density indicated by a smaller ppm value in its ’ 3C-NMR (26 

ppm further upfield than that observed for the corresponding carbon in compound A). A 

better yield was obtamed for compound 1 than for compound G As compound 1 has a 

NO2 group para to the formyl group, the higher yield suggests increased reactivity 

towards nucleophilrc substitution due to less stenc hindrance. 
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The rdentifrcatron of the structural requirements for effecting the nucleophrlic 

aromatic substrtutton reactron In moderate yield holds the promrse of the syntheses of 

useful radrotracers through elaboratron of the aldehyde morety. From the work 

described above, we have identified 6-[’ 8FJfluoro-L-DOPA, 6-[’ 8F]fluoro- 

noreprnephnne, 4-[’ 8F]fluoro-m-tyrosine as promrsmg candidates and have applied this 

methodology toward the synthesis of 6-[18F]fluoro-L-DOPA (Scheme I). This no-carner- 

added radiotracer was prepared from asymmetnc alkylatron of a chiral synthon [lg. 201 

glycme ester derivatives 2 or 3, with 6-I’ 8F]fluoro-prperonyl bromide s (Scheme I). The 

choral synthon was prepared from choral ketoll [21] which was itself derived from (-)-CL- 

pmene and a glycme ester The t8F labeled bromrde was prepared using nucleophilrc 

drsplacement of the activated nrtro group of 6-nrtropiperonal by NCA 18F, followed by 

reduction with LiAIH4 and brommatron with SOBr2. The alkylation was carried out using 

anhydrous conditions in THF with 2,2,6,6,-tetramethylpiperidyllrthrum as base Upon 

deprotection, the product was assayed by HPLC and was found to contain 6- 

[’ 8F]fluoro-L-DOPA in approx 12% overall radrochemical yield (EOB) 

The radrosynthesis involved five steps displacement by ’ 8F-, hydride reduction, 

bromination, alkylation and hydrolysis. The unoptrmrzed yields and synthesis times for 

individual steps are listed in Table Ill The specific activity and enantiomenc purity of 

the final product are currently being determined. 

In the preparation of 6-[18F]fluoro-L-DOPA, hydrolysis of the droxolane nng 

proved to be a major problem. Since it is known that the relative rates of acid catalyzed 

hydrolysis [22] of some dloxolanes are 2,Zdlmethyldloxolane 2-methyldloxolane, 

droxolane = 50,000 . 5,000 . 1, we prepared 2,2,-dimethyl-benzodioxolane C 

(Scheme II) and found that the deprotectron was more efficient; a shorter reaction trme 

was required and a cleaner conversion was obtained. 

EXPERIMENTAL 

Except compound C (see synthetic Scheme II), compounds 4-J used in the 

comparative studies were erther purchased from Aldnch or prepared by the routrne 
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2 R=t-Bu 

3 IbEt 

CHO CHO 

B 4 5 
1 

ah 

OH 

a. KMn04, 90% Acetone/ H20; 

b. BF~.Et~O/benzene, H2NCH2C0J3; 

c. Kl*F, Kryptofix 222; d,LiAIH4; e, SOBr,,pyr.; 

f. Lil-MP/ THF; g. NHzOH,HCI; h. HPLC 

Scheme I. Asymmetric Synthesis of NCA b[l*F]Fluoro-L-DOPA (6) 
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procedure for methylation (K2C03/Mel/EtOH)f231 or nItratIon [24] (as described for the 

synthesis of compound C) from the commercrally avarlable precursors. ’ 3C NMR 

spectra of aromatic nitroaldehydes were recorded with a Brucker 300 MHz as 0.5 M 

solutions in deutenochloroform. 

(lS)-(-)-a-plnene, 6nitropiperona1, boron tnbromrde, glycine ethyl ester, lrthium 

aluminum hydride (1 M in drethyl ether) and thionyl bromide were obtained from Aldrich. 

Glycine t-butyl ester was purchased from Sigma Chemical Company. Hydroxylamine 

(free base) was obtained from Southwestern Analytic Chemicals, Inc. ’ H NMR spectra 

were also recorded with a Brucker 300 MHz In CDC13 using TMS as internal reference. 

Mass spectra were recored with a Finnegan-Mat GC-MS 5100 mass spectrometer using 

electron impact ionrzation at 70 eV 

kH0 g i2HO 

a. BBr3/CH2C12;b,ACETONE,PTSA/BENZENE 

c, Mg, DMF/THF;d, HNOI 

Scheme II. Synthesis of 3,4-0-lsopropylldens6-Nltro-Benzaldehyde 
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Nucleophilic aromatic fluorination with NCA ‘*F 

NCA l*F- ion for displacement was prepared by dissolvmg 4 mg of K2CO3 and 

20 mg of Kryptoftx 222 In aqueous H18F solutlon, prepared from the I80 (p,n) 18F 

reaction In a small volume H2’ 8O target. The aqueous solution was evaporated In a 

Pyrex vessel at 1 20° while purging with a slow stream of nitrogen, and then 

coevaporated to dryness with acetonltnle The comparative studies with compounds 

having different protecting groups were carned out usmg 2 mCi ‘*F in each case. 

A solution of the aromatic substrate (0.051 mmol) in 0.3 mL of dry DMSO was 

added to dried K’ 8F/Kryptoflx 222 The mixture was stirred at 1 20° for 10 min, 

quenched by addmg water (3 mL) and extracted with CH2C12 (2 x 2 mL). The CH2Cl2 

extracts were dried by passmg through a K2CO3 column. The acttvities of the aqueous 

and organic layers were then measured In a scmtlllation counter (Picker Nuclear Inc.) to 

determine the fraction of the l8 - F actlvlty incorporated into the organic products. The 

radiochemlcal punty of the 18F-labeled product(s) from the organrc layer was assayed 

by thin layer chromatography (30% ethyl acetateihexane) and radio HPLC (Berthold 

RadioactivIty Monitor, Model LB 503 flow scmtlllation counter). The HPLC analyses 

were performed on a phenomenex column (Ultremex 5 SII, 250 x 4.6 mm), elutmg with a 

mixture of hexane : CH2CI,. I-PrOH = 80 : 20 : 0.5 In each case, a single product was 

obtained (radiochemlcal purity was greater than 99%) The retention times for 18F 

compounds usmg a radlodetector and nitrocompounds using a UV detector are listed in 

Table IV 

Synthesis of (+)-2-Hydroxypinan-3-one (1) and [(+)-2-Hydroxy-pinanyl-3- 

idenelglycine t-butyl ester (2) or ethyl ester (3) 

Compounds (I), (2) and (3) were synthesized according to Refs. 19 and 21. 

Compound (l) was purified by distlllatlon to give a colorless 011, bp’5 119-l 20’ C W. [191 
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bp15 118-119° C). ‘f-f-NMR (CDCl3) 2.62-l .65 (m, 7H), 1.38 (s, 3H, CH3), 1.36 (s, 

3H, CH3), 0.66 (S, 3H, CH3) Compounds (2J and (3) were purified by column 

chromatography ’ H-NMR (CDCl3) of 2, 6 4.23 (q, 2H), 4 16 (d, 2H), 2 70-l 55 (m, 7H), 

1.52 (s, 3H), 1.33 (S, 3H), 1.30 (t, 3H), 0.87 (S, 3H). ‘H-NMR (CDCl3) of 3, 6 4.06 (d, 

2H), 2 70-1.55 (m, 7t-f) 1.52 (s, 3H), 1.48 (s, 3H), 1.33 (s, 3H), 0.87 (s, 3~). 

Synthesis of NCA 6-[18F]Piperonyl Bromide (5) 

The K’ 8F/kryptofix 222 was prepared as described above A solution of p- 

nrtropiperonal4 (10 mg) in 0.3 mL of dry DMSO was added to the dried K’ 8F/kryptofix 

222. The mixture was stirred at 120° for 5 min, cooled In an Ice bath, and then 0.2 mL 

of 1 M lithium aluminum hydride in drethyl ether was added. The resulting mixture was 

stirred at room temperature for 10 mm, cooled m an Ice bath, and then 1 mL of 

saturated NaCl(aq) was added. After the mrxture was extracted with ether (3 X 1 mL), 

the combined extracts were dned by passmg through K2CO3 and concentrated to give 

approx. 1 mL solution. Pyndme ( 0.04 mL) and thronyl bromide (0.04 mL) were added 

sequentially The reaction mixture was strrred at room temperature for 5 mm, then 

diluted with 1 mL of Ice water and extracted with ether (2 x 1 mL). The combined ether 

layers were dned by passmg through K2CO3 The solvent was then evaporated and 

the residue taken up m 0 3 mL of dry THF. The solution of 6-[18F]piperonyl bromide 5 

was analyzed by thm layer chromatography (silica, 7.3 hexane : ethyl acetate; 6- 

[18F]piperonyl alcohol RF = 0.24, 6-[18F]piperonyl bromide RF = 0.68) The labeled 

bromide was used for the alkylation step wrthout further punflcatron. 

Alkylation of the Schiff Base (2) with 6-[18FjPiperonyl Bromide (5) 

[(+)-2-Hydroxypipanyl-3-idenelglycine ethyl ester 3 (25-50 mg, 9 8- 19 7 x 10e5 

mol) and 2,2,6,6-tetramethyl-pipendyl-lithium (2.4- 4 9 x 1 0m4 mol) in THF, total volume 

0.6-0.8 mL, was cooled to -78O C with dry ice/acetone. The solution of crude [6- 

18F]prperonyl bromide 3 in THF was then added to the mixture of the Schiff base anion 

freshly prepared as described above The resulting mixture was stirred for 15 min at - 



203 

78O C, and the solution of crude product was analyzed by TLC (silica gel, 6:4 

hexane:ethyl acetate). The alkylatlon product was deprotected wlthout isolation. 

Synthesis of 6-[18F]Fluoro-L-DOPA (6) 

The alkylation reaction was quenched at -78O C by adding 0.6 M hydroxylamine 

acetate in 70% aqueous ethanol (0 4 mL), followed by add&on of concentrated HCI (3 

mL) and then heated In a closed vessel (fitted with a 0.2 mm tube to release pressure) 

at 125O C for 30 min. 

Analytical HPLC of the product was carried out on a Phenomenex NH2 column 

(100 x 4.6 mm, particle size 5 urn) under the followlng condltlons flow 1 .O mUmin, 

CH3CN : 0.01 M KH2P04 = 65 : 35, pH 3.60,254 nm; or on a Phenomenex ODS 

column (250 x 4.6 mm) elutmg with 0 1% CH3COOH (1.8 mUmin, 280 nm). The 

radioactive peak corresponding to 6-[18F]fluoroDOPA had the same retention time as 

an authentic, inactive sample (time corrected for time delay between mass detector and 

radiodetector). This sequence was also carried out with 3,4-0-isopropylidine-6- 

nitrobenzaldehyde (Q. Deprotection of this compound was effected. 

Synthesis of 3,4dihydroxybromobenzene (7) 

4-Bromoveratrole (30 g, 0 138 mol) was placed in a three-neck reaction flask and 

cooled in an ice bath. Boron tnbromide [25] (1.0 M In CH2Cl2, 0.2 mol) was slowly 

introduced through a dropping funnel. After the addition was complete, the reaction 

mixture was refluxed overnight (20 h). The solution was chilled to O” C and water was 

added slowly. The residue was hydrolyzed with a minimum amount of 10 % NaOH (aq). 

The resulting solution was acidified with hydrochloric acid and extracted with ether. The 

extracts were washed with H20 and brine, then dried over anhydrous MgS04 and 

concentrated in vacua to afford compound L (24 g, 92 %). The product was used in the 

next step without punflcation (only one spot by TLC). ’ H-NMR (CDC13) 6 7.02 (d, 1 H, 

J meta = 2.26 Hz), 6.92 (dd, Jofl/,o = 8.45 Hz, J,eta = 2.26 Hz), 6.74 (d, Jorfho = 8.45 

Hz). 
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Synthesis of 3,4-0-isopropylidenebromobenzene (8) 

Catechol z (10 g), acetone (30 mL, excess), ptoluenesulfonic acid (150 mg) and 

benzene (30 mL) were heated under reflux for 72 h [261 The condensed azeotrope was 

percolated through a bed of molecular sieves (Linde, l/16” pellets) before returning 

solvent/acetone to the flask The solvent was removed usmg a rotary evaporator and 

the reaction mixture was punfted by column chromatography (CHC13/hexane) to afford 

compoundtj (3 0 g, 25%) The startmg material (7.0 g) was recovered (by elutmg with 

ethyl acetate/hexane) and could be reused. 1 H-NMR (CDC5) 6 6.90 (dd, 1 H, JoGno = 

8.12 Hz, Jmera = 1.98 Hz), 6.86 (d, 1 H, Jmera = 1.98 Hz), 6.60 (d, 1 H, Jonho = 8 12 

Hz), 1.67 (s, 6H). 

Synthesis of 3,4-0-isopropylidenebenzaldehyde (9) 

A solution of bromide 8 (1.7 g, 7.42 mmol) in dry THF was added dropwlse to a 

suspension of magnesrum metal turnings (231 mg, 9.5 mmol) in dry THF (10 mL). 

During the addition, two drops of 1,2-dibromoethane was added to initiate the reaction 

and the reaction mixture was stirred at 40-45O C for l-2 h. The solution was cooled in 

an ice bath and DMF (0 83 mL, 10 71 mmol) was added dropwise The mixture was 

stirred for one hour and was warmed to room temperature. The reaction was quenched 

by careful addition of 10% HCI (aq) and the resulting mixture was extracted with ethyl 

acetate. The combined organic extracts were washed with 10% HCI(aq), H20, brine, 

then dried and concentrated to afford a yellow 011, which was purified by column 

chromatography (CHCls/hexane) to yield compound 9 (1.2 g, 91%) 1 H-NMR 

(CDC13) 6 9.79 (s, 1 H), 7.37 (dd, 1 H, Jorfho = 7.94 Hz, Jmeta = 1 4 Hz), 7.26 (d, 1 H, 

J ,,,era = 1.4 Hz), 6 84 (d, 1 H, Jo,.rno = 7 94 Hz), 1 72 (s, 6H). MS, m/e (rel intensity): 

178 (M+, 51), 163 (loo), 138 (20) 137 (66) 109 (7), 91 (3) 43 (10). 

Synthesis of 3,4-0-isopropylidene-6-nitrobenzaldehyde (C) 

Aldehyde 9 (800 mg, 4.49 mmol) was added dropwise with strrnng to 9 mL of 

55% nitric acid at O” C over a period of ten mmutes. The reactton mixture was stirred 
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for 1 h at 30-35O C, then cooled In an Ice bath, diluted with ice water (15 mL) and 

extracted wrth ethyl acetate (2 x 10 mL). The extracts were washed wrth H20 (3 x 5 

mL), dried (MgS04) and concentrated to give the product C as a yellow solid. The 

crude product was punfred by column chromatography (ethyl acetateihexane) and 

afforded C (930 mg, 93%) 1 H-NMR (CDCl3) 6 10.3 (s, 1 H), 7.45 (s, 1 H), 7.27 (s, 1 H), 

1.77 (s, 6H) MS, m/e (rel. intensity): 223 (M+, 27) 208 (12) 193 (27) 153 (loo), 134 

(20) 107 (16) 79 (11), 41 (20). 
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