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surmrary 

Ihe title ocanpound (mHCTp0) has been prepared to enhance sensitivity to 
molecular oxygen concentration in its Electron Spin ResoMnce (ESR) 
spctrum. 
nitroxide synthesis leading to a m& improved yield of ~HCITQ wer the 
several steps of the synthesis. An enhancement of T2 spin label oxymetry 
with indeperdent measurment of spin label conoentration (from a spectral 
feature) has been observed. 
potentially valuable campounds for in vivo application and for h g i q  in = oxymetry. 
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lmmuJcnm 

Ihe synthesis involved a novel variant of the traditional 

This molecule represents a new class of 

A wide variety of nitroxide free radicals are readily available as spin 

labels for proaUcing electron resonance (ESR) signals (1). ?he methyl 

protected N-O group contains the unpaired electron necessary to produce an 

= signal, but it is the reactive functional group on the other end of each 

molecule that provides the chemical handle needed in preparing useful spin 

labels. It has been sham by others (2-5) , with perdeuterated spin labels 

EX& as 2,2,6,6-te~thyl-4-piperidin-4-0xy-l-yloxy d16 (TDEWE) ( ,& ) 

that the inhanogeneous line width could be reduced and SpeCtrdL amplitude 
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haeased by replacing hydrogen with deuterium near the nitmxide 

fundionality. 

We are involved in a prccjram to exploit the sensitivity of nitroxide 

ESR spectral width to oxygen in pursuit of an ESR oxymetry. The narrow 

lines of the deuterated nitroxide canpmds are both sensitive to lower 

oxygen tensions and have increased aqlitude relative to hydrqenated 

cmpomds. 

cmpomds for in vivo ESR oxymetry. 

perdeuterated spin label spectrum is sensitive to both the oxygen tension 

and the spin label concentration. 

perdeuterated spectral height (at constant oxygen tension) is not simple. 

T h e  double integral of the (stafard) derivative spectrum is proportional to 

the nmkr of contributing spins (and hence the concentration of spins) in a 

sanple with uniform spin label distribution. 

measurement of the double integral will be reduoed by details of spectral 

acquisition - e.g., baseline drift, finite time constant distortion, 
avenncdulation distortion, and -1e phase shifts. 

of heterogeneous distribution of spin label as would be the case in vivo, 

label concentration is much more difficult to measure. 

There are disadvantages, however, to the use of fully deuterated 

The height and width of the 

The concentration dependence of the 

However, the accuracy of the 

In a sample consisting 

To minimize these difficulties, it would be useful to more fully 

separate the effect of concentration on the spectrum fran the effect of line 

broadening as is the case with the perhydrcgenatd ccanpound. 

obtain m x h l  sensitivity for imaging ambient tissue oxygen tension (& 

In order to 

and in vivo) , a partially deuterated spin label ,&with selective 

hydrcgmation in a single location has been synthesized. 

partially deuterated nitroxide spin label selectively hydrogenated in a 

single location we have obtained an oxymetric spin label which possesses the 

narnx~ spectrum (and therefore rnzch of the signal to noise advantage) of the 

perdeuteratd ccpnpaund while at the same time pruviding sufficient spectrdl 

structure to extract information indeperdent of the oxygen ooncentration 

abmt the spin label concentration without double integration. 

By using a 
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R F s N s  

'Ihe desired free nitmxyl radical2 is an analog of the kncr~n 

corrpnercially available ( 3 ~ 1 - 2 , 2 , 5 , 5 - t e t r a m e t h y l - 3 ~ l i n - l -  

yloxy) ( 2 1.  he key intermediate to this nitmxide is the 

aibrcanapiperidone hydrobmnidez. 

Can be accatplished by a traditional nitruxide synthesis (6) th?xagh the 

mline-3- 'dez. 

deuterium/hydmqen exchange of the active a-a*-methine deuterium atars 

adjacent to the carbony1 caton in ccPnpound 2 uder acidic condition. 

Dibrcwopiperidone hydrcbmnide ( ,$, ) can be obtained from brcPnination of 

triace- 16 (2 ) with branhe in acetic acid. 

COrnrersion of .$ t o  the taxget mleaile 2 

mis crucial in- 'ate $should aane f m  

3,s- 
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spectra were taken w i t h  1 x 10-414 of the 4-protio-3-cartmoy~1-2,2,5,5- 

tetraperdeutermnethylpurmlin-l-yloxy. 

measurementS w a s  a navel low frequency ESR sp&mnneter operating a t  250 

MHz, designed for in  vivo -ts (11), 

maswing relatively large aqueous sample vobnnes. 

volume measured here was 10 ml.  

?he spectrmneter used for the 

It therefore was  capable of 

Typically the q l e  
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A typical spedrum from the central nitrogen manifold of the 4- 

hydrcseMted (mHCTp0) t r i p l e t  is sham in Figure 1. 

derivative of the radiofrequency energy absorption as is CCBnmon in FSR 

Spectral presentation. 

The spectral coupling is defined as  the spl i t t ing i n  the absorption 

hxluced by the 4-hydrogen. 

label concentration in the concentration region applicable for  biologic 

measurements. It is, however, insensitive to oxygen cnncmtration. This 

all- separation of broadening due t o  spin label concentration effects f m  

oxygen broadening. The second spectral parameter defined in  Fiqure 2 is the 

r parameter, the measure of spectral wid th .  

due to  both other spin labels and oxygen. 

parameter defined by L a i  & a. (7).  

This represents the 

In Figure 2 two spectral parameters are defined. 

The q l i n g  a diminishes linearly with spin 

It is sensitive to broadening 

It is similar in  concept of the k 

Fiqure 1. 

pyrmlin-1-yloxy (mHCTp0). 

text. 

FSR spectrum of 4 - p r o t i o - 3 ~ 1 - 2 , 2 , 5 , 5 - t e t r a m t h y l - 3 -  

spectral mnditions are as indicated in the 
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Low 0, Higher 0, 
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Fiaure 2 .  Diagram of the ESR spectra of 4-pr0tio-3-1-2 , 2 5,5- 

tetramethy1-3-~1in-l-yloxy (m-) indicating the two parameters a am3 

r that characterize the spedrum. The line separation or hyperfine coupling 

is denoted a and depends on the concentration of mHcTF0 h t  not on the 

concentration of oxygen. 

width, and decreases with both ha-easing oxygen and with the concentration 

of mHClP3. 

~ I I H ~  concentration f m  intrinsic spectral characteristics. 

The r value indicated is a measure of overall line 

This allows determination of both oxygen concentration and 

In Figure 3 data derived frm the central nitrogen line of the spectra 

f r m  a 10 ml,  1 x 10-4~ sample of ~HCTFO equilibrated with m i x t w e s  

containing various proportions of oxygen and 99.9% pure nitrcgen. 

pmportions were determined using rotmeter flawmeters to adjust and measure 

camponent gas flaw rates before they were oconbined and bubbled for two hours 

through the stopper sealed samples, shaking the samples frequently. spectra 

were measured at a tenprature of 31°C. 

The 

The parameter r is defined as the ratio of the heiqht of the central 

dip bump feature of the spectrum to the height of the flanking and major 

bump dip structure as demonstrated in Figure 2. 

a function of oxygen concentration for the spin label m~m concentrations 

of 1 x 10-4~ and 2 x 10-4~. 

The r values are plotted as 

mere is a linear relationship of the r value 
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with mygen tension over an oxygen concentration range suitable for in vivo 

measuzpments. 
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Relationship between the r value derived frcan ESR Spectra of 

oxygen concentration for two concentrations of ntim (1 x 10-%, 

0; 2 x lo-%, 0 ) .  

DlSCXESI(N 

Although triacet0nemhe-d 16 (2 I been prepared previ-ly 

(2,9,10) by the reaction of acetone-dg anl ammonia+ in the presence of 

calcium chloride, we hereby report a mre convenient method for the 

preparation of this ;1 in higher yield (56.7%) . A mixture of 

amoniun+ chloride (which is &ly carnnercially available), acetone+, 

anhydrous d u n  -nab and magnesium oxide was heated in a tightly 

Capped rcxud-bottamed flask. Deuterated m n i a  is generaw in a by 



Synthesis of mHCTP0 62 7 

thismethcd. 

gave a w h i t e  precipitate which w a s  not the expect& 3,5-dib-3,5- 

dihydrogenated piperidone h y d r o b ~ d e  

Bronuna * tion of triacet0neamine-d 16 with b& in acetic acid 

but rather a mixture of 3,5- 

dibrcpno-3,54ideuterc-2,2,6,6-tetra~eutercwethyl-4-ox~~per~dine 

hydmbrmide; 3,5-dibram-3-deutem-2,2,6,6-tetraperdeutenanthyl-4- 

oxqiperidine hydrobromide and 3,54ibromr2,Zf6,6-tetraperdeuterotllethyl-4- 

oxopiperidine hydrobrmnide. This was indicated by the 1 3 C - m  (cDc13) a t  6 

142.04 (s )  and 141.88 (t), as a mixture of 2,2,5,5-tetrapenleutercpnethyl- 

pymoline-3- 'de ( 3  ) and 44eutero-2,2,5,5-tetrapenieutermethyl- 

~line-3-caboxya1r~ide ( 3 ) when the w h i t e  precipitate was treated w i t h  

solid potassium hydroxide in aqueous ammnia. 

after the branination reaction and allowing the mixture t o  stir for a longer 

period (3 days) did not alter the 13C-NMR spectmm of the pyrroline-3- 

carboxyamide. Eventually, the deuteriuyhydrcgen atoms were ccanpletely 

exchanged (at  least > 99%) when the resulting b raha ted  pra3uct was m t e d  

w i t h  a rnixture of 1:l (v/v) acetic acid and lN h y d r o b d c  acid a t  roc~n 

temperature for 11 days, as indicated by the 13c -1~~  spectrum of the 

~1yrrolh-3-carko~ai~tide 2 [cDc13, 6 142.06 ( s )  1. 

also confirmed by the mss spectral data obtained on a VG ZAB-SE double- 

focusing qeztmmeter. 

nitmxide preparation afforded the target 4-proti0-3-1-2,2,5,5- 

te t rapenieu~thyl-3-pyrrol in- l -yloxy ( ,$ ) in good yield. 

Addition of hydmbrcanic acid 

The structure of 2 was 

Oxidation of 2 by traditional mthcd for the 

ccsldlusicm 

W e  have developed a novel spin label2 taking advantage of the process 

of selective isotopic labeling to optimize its use as an oxymetry substrate. 

This selectively isotopically label& ccarrpourd has been found to reduce the 

linewidth of the ESR spectrum relative t o  that of the fully hydrcgenatd 

analog for the hypxic species by a factor of three and showd a 1- 

dependence on the oxygen tension. 

shple extraction of quantitative o p t r i c  information from the very 

complicated e n v i r o m t s  of living systems. 

Use of m H m  w i l l  allm relatively 
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secticpl 

Melting points were determined in Pyrex capillary tube in a Mel-Temp 

apparatus (Laboratory Dwices, Inc., Cambridge, MA) and are not comeckd. 

IR Spectra were obtained on a Ferkin-Elmer Model 781 double-beam 

spectraphotomete. 

instrument with tetramethysilane as the reference. 

obtained on a VG ZAB-SE double-focusing Spectmmeter. 

ionized by fast atan bombazdhnent. 

Sipa chemical Co., acetone+ (99.5 a h  %D) was obtained frcnn Aldrich 

chemical Co., magnesium oxide (98%,-325 mesh) was obtained from Alfa 

m-oducts, Anhydrous sodium carbonate and other chemicals were obtained fmm 

Fisher Scientific Co. 

2.2.6.6+trawrdeutera~iethvl-3,3,5.5-tetradeutemi~idine 

ITriacetowamhe-dlr;) [ 2). A d ~ h r e  of amoniumdq-chloride (3.45 g, 

0.06 mle), acetone+ (99.5 atam % D, 12.5 ml, 0.15 mole), anhydras sodium 

carbonate (3.18 g, 0.03 mole) and magnesium oxide (3.0 9) was placed in a 

250 m l  rotuld bottomed flask. 

Septum, wired and heated in an oil-bath at 50°C for 3 days. 

was added to the cooled reaction mix ture  and the mixture was filtered. 

recovered solid was crushed into Wer, washed with 15 ml of acetone and 

filtered with suction filtration. 

to dryness. ?he resulting red liquid (7.25 9) was distilled under reduced 

pressure to obtain 4.75 g (56.7%) of a bright yellcrw liquid (54-55"C/1.9 Hg 

nun) w h i c h  solidified when chilled in a d r y  ice/acetone bath. 

was subsequently used as such. 

crystals, mp 57-58°C [lit. (8) 58"CI; JR (KBr): V3580 (m), 3260 (m), 2220 

(m), 1700 (s), 1530 (w), 1265 (s), 1140 (m), 1050 (m), 930 (w) cm-l; 13C-NMR 

(cDcl3): 6 31.03 (m), 53.50 (m), 54.88 (s), 211.19 (s). 

3 . 5 - D i b ~ 2 . 2 . 6 . 6 - t e ~ ~ e u t ~ t h v 1 - 4 - 0 x o ~ i ~ i d i n e  

NMR spectra were determined on a Varian -400 

m s  spectrdl data were 

The samples were 

Anmroniumdq-chloride was plrchased from 

The reaction mixture was capped with a rubber 

Acetone (20 ml) 

Ihe 

?he combined filtrates were concentrated 

Ihe product 

Recrystallization frcnn ether obtained white 

hvdrobdde .& 1. hiacetoneadne4 16 (2) (4.05 9, 23.7 mm01) Was 

disolved in glacial acetic acid (16 ml) and cooled in an ice bath. 

solution of bramine (8.14 9, 2.62 ml) in 10 ml of acetic acid was slowly 

A 
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added to the stirred solution of triacetor~ami~e-dl6. 

brumine was completed, the reaction mixture was stirred at man temperature 

for 22 h. 

successively with acetic acid, water and ether and was then dried in the 

air. 

191°C. 

After the addition of 

The precipitate was collected by suction filtration and washed 

This gave 7.12 g (74%) of a white Wer substance w i t h  mp 180- 

The white powder substance (0.32 g, 0.79 m l )  was stirred in a mixture 

of 1 N hydrobdc acid (5 ml) and acetic acid (5 ml) at rocsn tenperature 

for 11 days. The precipitate was filtered to obtain 0.15 g of product. 

filtrate was concentrated, filtered, washed with water (1 m l )  

anhydrous diethyl ether to give an additional 0.054 g of the product. 

total yield was 0.20 g (62.1%). 

2 , 2 , 5 , 5 ~ t r a ~ r d e u t e ~ t h y l m e t h v l r x r r m l i n e - 3 ~ ~ ~ d e  ( 5 1. 
suspension of 3,5-dibrcano-2,2,6,6-tetra~eutermethyl-4~~0p~p.ridine 

hydrobrcanide ( 5  ) (0.146g, 0.36 m l )  in  28% aqueous d a  (1.5 m l )  was 

added enough solid potassium hydroxide to saturate the solution. 

reaction mixture was stinred overnight. ?he precipitate of the amide was 

filtered and dried in air to obtain 0.0506 g (78.3%) of a w h i t e  solid, mp 

183-185°C; IR (KBr): Y3360 (m),  3200(m), 2220 (w), 1665 ( s ) ,  1645 (s), 1605 

( s )  , 1415 (In) , 1170 (w) , 1060 (w) an-l; 13C-NMR (cM313) : 6 29.20 (m) , 63.02 

( s ) ,  66.33 ( s ) ,  142.06 ( s ,  2C), 167.22 ( s ) ;  mass spectrum: 181 (mtl), 180 

?he 

and then with 

'Ihe 

To a stirred 

?he 

(MI 162 (M-1- 

4-protio-3 - c a r b a m o v l - 2 , 2 , 5 , 5 - t e t r a ~ e ~ t h y l - 3 - ~ l ~ - l - v l o x v  ( .& 1. 

To a solution of 2 , 2 , 5 , 5 - t e t r a ~ e u t e r C a n e t h y l ~ l i n e - 3 ~ x y a m i d e  ( 2 ) 
(0.031 g, 0.17 m l )  in water ( l m l )  was added ethylenediamhetetraacetic 

acid tebasdium salt (0.005 g, 0.013 m l )  , sodium tungstate dihykate 
(0.005 g, 0.015 m l )  and 30% hydrqen peroxide (0.08 ml) .  ?he reaction 

mixture was left in the dark for 4 days. 

and the filtrate was acidified with 1 N hydrochloric acid and extracted w i t h  

chlorofonn. ?he chlorofonn extract was dried over anhydrcus sodium sulfate, 

filtered, and the filtrate was evaporated to dryness. 

the free nitroxyl radical w a s  0.025 g (76%), mp 203-204'C (dec.); IR (Xar ) :  

The yellm crystals were filtered 

The total yield of 



630 Y. J .  f i n ,  B. A.  Teicher and H .  J .  Halpern 

y3400 (m) ,  3180 (m), 2230 (w), 1670 ( s ) ,  1630 (m) ,  1420 (m),  1320 (w), 1150 

(w) , 1100 (w) , 1040 (w) an-l;  mass spectrum :197 (Mt2), 196 (Mtl) , 195(M) , 
181 (Mt2-NH2). 

. % e c t m m ~  and SDectroscor, ic Conditions. 

detail elsewhere (11) . 
resonator wherein the inductor is the sample holder. 

directional mupler is supplied to the system capacitively and matched 

through an electronically controllable capacitive step up network. 

reflected signal is extracted using hcanodyne demodulation. 

supplied by the signal generator is locked to the resonator tune thnxgh a 

phase locked loop feeding- the frequency modulation of the radiofrequency 

signal generator. 

based system for monitoring and control. 

was typically 0.1 seconds with data point tire spacing equal to the time 

constant. 

Figwe 1. 

The spectmmeter is discussed in 

It consists of a parallel inductor-capacitor 

Wer thrcugh a 

The 

The frequency 

Signal acquisition was done with an IBM AT micr-u* 

--in anplifier time constant 

Ten scans sufficed to obtain the spectra for the data shown in 

-1- 
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