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Summary 

Racemic, R- and S-B-hydroxybutyric acid were labelled with "C in the carboxylic 

position by a two-step stereospecific synthesis starting with carrier-added [ "Clcyanide and WS, 
R- or S-propylene oxide. Hydrolysis of the intermediate nitrile with hydrochloric acid gave 

racemic [ l-llC]-P-hydroxybutyric acid and R- or S-[l-llC]-B-hydroxybutyric acid with an 

enantiomeric excess of 87-97%. The total synthesis time (including HPLC puritication) was 

45-50 min from end of trapping. The isolated decaycorrected radiochemical yield was 20-30% 

based on ["Clcyanide. The radiochemical purity of the products was > 99% 
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Introduction 

D-Glucose is the primary substrate for energy metabolism of the human brain. Under 

abnormal conditions, however, such as starvation (1,2) the brain may fulfill its nutritional needs at 
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least partly with one or more of the ketone bodies: acetone (A), acetoacetic acid (B) and 

P-hydroxybutyric acid (C) (Scheme l), which are formed in the liver from the incomplete 

metabolism of fatty acids. Labelling these compounds with the positron-emitting radionuclide "C 

(tlD=20.3 min) and investigation of their in vivo transport, distribution and metabolism using 

positron emission tomography (PET) might allow an estimation of the extent to which they serve 

as an alternative energy source under different physiological conditions. 

A B 
Scheme 1 

C 

Both acetone and acetoacetic acid have previously been labelled with "C (3.4). The in 

vivo distribution of acetoacetic acid has been studied in cats with PET (5.6). 

R (=D(-)) and S (=L(+)) P-Hydroxybutyric acid (P-HBA) have not, to our knowledge, 

previously been labelled with a positron-emitting radionuclide. I n  vivo studies of 14C-labelled 

P-HBA in the rat (7) have indicated that not only is the metabolism of p-HBA different from that 

of acetoacetic acid, but also that both the R- and S-forms of b-HBA are metabolically active. The 

R-form is more favored in oxidative processes and the S-form in lipid syntheses. Production of 

the radiotracer with a high degree of enantiomeric purity is therefore desirable for the in vivo 

studies of its metabolism. 

S tereoselective or stereospecific radiolabelling procedures have been accomplished 

previously in a number of ways, for example: 

1. Synthesis of a racemic mixture followed by isolation of the desired isomer either 

chromatographically or enzymatically. This method suffers from the disadvantage that half of the 

radionuclide starting material will automatically be lost 

2. Stereoselective incorporation of the radionuclide forming only one of two possible 

stereoisomers. 

3. Stereospecific synthesis in which reaction with a chiral starting material proceeds with 

retention of configuration at the asymmetric carbon. 
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The production of llC-labelled P-HBA, preliminary reported previously (8) and described 

in detail here, is based on method #3 and is shown in scheme 2. 

(I) 01) 

Scheme 2 

["C]Cyanide (CN-). a useful labelling precursor. has been used previously to generate a 

variety of functionalities such as nitriles, amines, carboxylic acids, aldehydes and amides (for a 

review see 9). In the synthesis reported here. the nucleophilic attack by ["C]CN- at the least 

substituted carbn  of racemic or chiral pmpylene oxide (I) proceeded similarly to the reaction of 

CN- with epichlorohydrin (10) with ring opening of the epoxide to generate 

3-hydroxybutyronitrile (II). The regiospecificity of the ring opening reaction was confirmed by 

13C-NMR spectroscopy. 

Hydrolysis of the nitrile (II) was accomplished with either concentrated acid or base. The 

enantiomeric purity of (III) was determined by chiral gas chromatography (1 1). 

Experimental 

General 

RJS, R- and S-Propylene oxide were obtained from Fluka and trifluoroacetic anhydride 

(for gas chromatography) from Merck. The solvents used were of analytical grade and 

commercially available. 

Analytical HPLC was performed using an LDC Constametric 111 pump, a Rheodyne 

injector (7125 with a 250 p1 loop), an Erma ERC 7510 refractrometer (RI) in series with a 

Beckman model 170 0-flow radiodetector. The column used was a Waters p-Porasil (300 x 7.8 

mm, 10 pm). The mobile phase was CH,Cl,:EtOH:HOAc = 800:20:7.5 with a flow rate of 6 

ml/rnin. Peak areas were integrated using a Shimadzu Chrornatopac C-WAX. Semi-preparative 

HPLC was performed using a Shimadzu LC-6A pump, a Rheodyne injector (7126 with a 1 ml 

loop), an Aminex HPX 87-H column (300 x 7.8 mm, 9 prn), heated at 65OC. and a GM tube for 

radioactivity detection. The mobile phase used was 0.01 N H2S04 with a flow rate of 0.75 

ml/min. 
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The N M R  spectral analysis was performed on a Varian XL-300. A Carlo Erba Mega 5360 

gas chromatograph with split injection and flame ionization detector was employed for 

enantioselective gas chromatography. The separation of the enantiomers of 

3-0-trifluoroacetoxy-butyric acid methyl ester was achieved using a Pyrex glass capillary (30 m, 

i.d. 0.25 mm) with octakis(3-butyryl-2,6-di-O-pentyl)-y-cyclodextrin as a chiral stationary phase. 

Hydrogen at an inlet pressure of 0.6 bar served as a carrier gas; the column temperature was 95OC. 

Peak areas were integrated with a Merck-Hitachi D-2000 integrator. 

I I I C I N H , C N  

["CICarbon dioxide (C02) was produced at the Karolinska Hospital with a Scanditronix 

MC 16 cyclotron using 17 MeV protons in the 14N(p,a)11C reaction. After batch production, the 

[ 'C]C02 was converted in a two step process (12) to [ llC]ammonium cyanide (NH4CN) and was 

trapped in water (0.4 ml) with or without carrier NaCN at 0-5°C. 

Racemic. R- or S-[1 -l1C]-f3-hydroxybutyric acid 

At the end-of-trapping (E.O.T.) of ["C]NH4CN, R/S, R- or S-propylene oxide (100 kl) 

was added and the solution was heated at 40°C with stirring for 10 min. HCl(g) was bubbled 

through the solution for 5 min at room temperature. The solution was then stirred and heated at 

150°C for 10 min. The solvent was evaporated, the residue was redissolved in H 2 0  (1 ml) and 

injected onto the semi-preparative Aminex HPX 87-H ion exchange column. ["C]-P-HBA, which 

eluted between 9.5-12 min, was collected directly in an injection vial. Phosphate buffer (6 ml, 

12,3 mM) was added and the resulting solution filtered through a Millipore filter (0.22 rm). 

["CI-B-HBA thus prepared was sterile and free from pyrogens (Limulus test). 

Derivatization to 3-0-trifluoroacetoxy-butyric acid methyl ester 

The aqueous fraction containing ["CI-P-HBA was evaporated to dryness and the residue 

obtained was used for analysis of the enantiomeric purity of the products obtained under different 

hydrolysis conditions. After waiting until the sample was no longer radioactive, methanolic HCI 

(1.5 M, 1 ml) was added. The solution was kept at room temperature for 1 h in a screw cap vial 

(1.5 ml). The excess reagent was removed with a stream of nitrogen gas to dryness. CH2C1, (200 

pl) and mfluoroacetic anhydride (50 pl) werc added. After standing at room temperature for 30 
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min the reagent was again removed in a nitrogen stream. Finally the samples were dissolved in 

CHzCIz (100 PI) and an aliquot was injected into the gas chromatograph. 

Results and Discussion 

In addition to optimizing the radiochemical yields of two synthesis steps and the 

purification procedure in the production of [l-"C]-P-HBA , it was also necessary to investigate 

the regio- and stereospecificity of the reactions. 

Formation of II 

The normal mode of reaction in a nucleophilic aliphatic substitution involves attack of the 

nucleophile at the least hindered carbon. In this case CN- would attack at the methylene carbon of 

propylene oxide, generating a secondary alcohol (Scheme 3, path A). However, it has been 

previously proposed in the literature (13,14) that resonance stabilization of the developing 

carbonium ion may favor the opposite mode of attack by triply bound nucleophiles such as 

cyanide or acetylene (Scheme 3, path B). A considerable amount of the primary alcohol could 

therefore be obtained. 

Path A 

0 

Scheme 3 

Path B 

0 

To establish the identity of the main product the reaction was performed with 

non-radioactive NaCN. The isolated product was examined by Attached Proton Test (AFT) 

13C-NMR. The shifts observed (Figure 1) [(CD3CI), 6: 21.9 (CH3), 26.7 (CH2), 63.1 (CH) and 

117.6 ppm (CN)] were assigned by comparison with literature values. (15) 

In the APT-spectrum, the carbons containing an odd number of protons point down (CH3 

and CH), and those with an even number or no protons point up (CH, and CN). The carbon 

attached to the OH group has a shift of 63.1 ppm and the APT-spectrum shows that this carbon is 
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Reagent 

NaOH 

H2S04 

HCI 
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Added Ratio* 
mmol Temp "C Yield % 

1.25 4:l 110 67 
0.625 8:l 110 63 

7.2 1:l 150 >90 
3.6 2: 1 150 78 
** 150 75 

14.4 3: 1 150 57 
9.6 2: 1 150 47 

2.5 2: 1 110 >90 

Figure 1. APT-spectrum of 3-hydroxybutyronitrile. 

a methine carbon. It was therefore concluded that the major product is the secondary alcohol 

resulting from attack of ["CICN- at the least sterically hindered carbon (Path A, Scheme 3). 

The nucleophilic attack of ["CICN- on propylene oxide to form (II) was optimized with 

respect to time, temperature, effect of carrier and amount of starting material. When 100 p1 of (I) 

was reacted with ["CICN- for 10 min at 40'C. the conversion of ["CICN- to (11) was 60-80 % 

(Figure 2). The yield of (II) was not appreciably affected by the addition of carrier NaCN. 

Hydrolysis of (II)  to (III) 

The hydrolysis of @> to @I) (Figure 2)  was accomplished by heating an additional 10 min 

after the addition of NaOH (10 M), H2S04 (18 M), HCl (12 M) or HCl(g) (Table 1). In general, 

higher yields were obtained with NaOH at lower temperatures (1lO'C) than for the acids (150'). 

The amount of the hydrolysis reagent added also affected the radiochemical conversion. 

Table 1. Effect of hydrolysis conditions on conversion of 01) to @I). 

(*) Ratio between the volume of the aqueous solution of (II) and the added volume 

of the hydrolysis reagent. 

(**) HCl(g) was bubbled through the reaction mixture for 5 min. 
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min 
5 10 

min 
5 10 

Purification 

Separation from radioactive by-products was obtained using an Aminex HPX-87 H 

column (Figure 3). Since an aqueous acidic mobile phase was used, only adjustment of pH was 

necessary prior to the Millipore filtration. The radiochescal purity of the product thus isolated 

was >99%. 

Figure 3. Semi-preparative chromatogram (radioactivity vs time) of [ l-llC]-p-HBA. 
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Determination of enanriomeric purity 

p-HBA was synthesized either with or without carrier NaCN under different hydrolysis 

conditions. The products isolated after decay of the radioactivity were derivatized to 

3-0-trifluoroacetoxy-butyric acid methyl esters. The derivatives were analyzed on a 

octakis(3-O-butyryl-2,6-di-O-pentyl)-ycyclodextrin glass capillary GC-column. The derivatives 

of R- and S-@-HBA were resolved and eluted after 7.5 and 11.5 min, respectively (Figure 4). 

~~ 

5 
5 
10 
5 

0 5 10 min 
Figure 4. GC-chromatogtam of the separation of R-and S-p-hydroxybutyric acid as 

3-0-trifluoroacetoxy-butyric acid methyl esters. 

12 M HCI 
12 M HCI 
9 M HCl 
9 M HCI 

I I 

5 M NaOH 
5 M NaOH 

R 
S 

R 
S 
R 
R 

% e.e. 

48 
37 

9 

Table 2. Enantiomenc excesses of (III) obtained under different hydrolysis conditions. 

As shown in Table 2, considerable racemization was observed when NaOH and H2S04 

were used at optimal hydrolysis conditions (Table 1). but very little racemiation with HCl. This 
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observation is consistent with the retention of enantiomeric purity reported recently (16) in the 

hydrolysis of R-a-hydroxynimles with concentrated HCI. Since P-HBA was produced in high 

enantiomeric purity, the formation of the nitrile (II) in step 1 in scheme 2 must also proceed with 

a high retention of chirality under these conditions. 

Examination of the enantiomeric purity of the no-carrier added p-HBA was also attempted 

but the chemical mass obtained was below our detection limit. If use of the no-carrier-added 

radiotracer is required, a more sensitive analysis must be performed. Since p-HBA is endogenous 

to the human body there are no toxicological or pharmacological objections for using the carrier 

added radiotracer for which the enantiomeric purity has been determined. The maximum amount 

of P-HBA produced with 5 mg NaCN added ranges from 0.02-0.1 pmole. It has been shown (2) 

that the brain uptake of p-HBA decreases as the total concentration increases, indicating 

saturation of the blood-brain-barrier transport mechanism. However, these effects were 

appreciable at concentrations studied between 0.2 to 20.2 mM. 

Conclusions 

Racemic, R- and S-P-HBA were labelled in the carboxylic position with "C in a two-step 

reaction using ["CICN- as the radiolabelling precursor. The time for synthesis including HPLC 

purification was 45-50 min from E.O.T. The radiochemical yield was 20-30 9b based on [''CICN- 

and the radiochemical purity was >99%. A high enantiomeric excess (287%) for either R- or 

S-P-HBA was obtained when the chiral nitrile was hydrolyzed with HCI, but not with NaOH or 

H2S04. Typically with 100 mCi ["C]NH4CN approximately 5 mCi [l-"C]-f3-HBA (end of 

synthesis) was obtained. The radiotracer produced by this method was sterile and free from 

pyrogens and either the R- or S-enantiomer is now available for the study of their in vivo transport 

and distribution using PET. 
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