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Isotopically labeled compounds have played an im- 
portant role in chemistry, biology, and medicine since 
Hevesey pioneered their use as tracers.' Both stable2 
and radioactive3 isotopes were utilized in early inves- 
tigations, but the situation changed dramatically with 
the discovery of the cyclotron by Lawrence in 1930 and 
the construction of the nuclear reador by Fermi in 1942. 
These pioneering advances made significant quantities 
of radioisotopes available to the research community 
and experimentation progressed quickly from chemistry 
to medi~ine .~  From that time, the applications of ra- 
dioactive isotopes far exceeded those of their stable 
counterparts. 

In recent years the medical use of radioisotopes has 
increased significantly due to advances in radiation 
detection  technique^.^ The development of single- 
photon emission computerized tomography (SPECTle 
and positron emission tomography (PET)' has revolu- 
tionized diagnostic medical imaging. These compu- 
terized systems permit noninvasive, in vivo, three-di- 
mensional imaging of organs after administration of 
appropriate agents labeled with short-lived nuclides.* 
The techniques are used for in vivo pharmokinetics, 
organ imaging, evaluation of organ function, and 
physiological mapping. They complement the tradi- 
tional X-ray CAT scan and are partially responsible for 
the tremendous upsurge in the use of radiopharma- 
ceuticals in hospitals today. (According to current es- 
timates, between 25% and 30% of all hospital admis- 
sions in the US. recieve a radiopharmaceutical of some 

Until 1970, there was little increase in the use of 
stable isotopes for labeling organic molecules. Prior to 
that time, development was hampered by the lack of 
availability of both the isotopes and efficient analytical 
techniques. In 1969, the Division of Biology and 
Medicine of US. Atomic Energy Commission estab- 
lished a program to make increased quantities of stable 
isotopes of carbon, oxygen, and nitrogen available at  
significantly reduced At about the same time, 
rapid advances in instrumentation were occurring. 
Fourier transform nuclear magnetic resonance and gas 
chromatography-mass spectrometry could now be ap- 
plied to isotopically labeled materials, and the identity 
and position of the stable isotope in a given molecule 
could be readily identified. Not surprisingly, the use 
of stable isotopes has increased steadily since 1970.1° 
On the medical front, the recent development of 
whole-body NMR scanners promises to increase the 
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need for compounds labeled with NMR-active, stable 
isotopes such as carbon-13, nitrogen-15, and oxygen- 
17." 

The problems peculiar to the syntheses of isotopically 
labeled compounds became apparent to me while I was 
collaborating with C. J. Collins at  Oak Ridge National 
Laboratory on studies concerning the structure of coal.12 
My interests were heightened by a later collaboration 
with the Medical and Health Sciences Division of Oak 
Ridge Associated Universities which focused on the 
synthesis of carbon-11-labeled amino acids.13 

Syntheses of isotopically labeled compounds start 
from a few basic building blocks such as carbon dioxide, 

(1) Hevesy, G.; Paneth, F. 2. Anorg. Chem. 1913,82,323. Heveay, G. 
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carbonate salts, nitric oxide, water, and halide salts. 
These are the species that are generated in the cyclo- 
trons and reactors or that are the most amenable to 
cyrogenic distillation (the most common method for 
separating stable isotopes). The chemical stability of 
these building blocks has traditionally been a significant 
barrier to the synthesis of complex isotopically labeled 
agents.14 The problem is most apparent in synthetic 
schemes for radiopharmaceuticals containing shorblived 
isotopes such as carbon-11 (tllz = 20.4 min), nitrogen-13 
(tllz = 10 min), oxygen-15 (tljz = 2 min), and fluorine-18 
(t l /? = 110 min). However, these are the isotopes of 
greatest interest for studies involving humans due to 
their ideal decay chara~teristicsl~ and the fact that they 
can be prepared with very high specific activities (>loo0 
Ci/mmol, “no carrier added”16). From the chemist’s 
perspective the short half-lives and low concentrations 
of these radionuclides provide formidable challenges. 
As a general rule, the total time for delivery of the 
labeled product to the patient can be no more than 3 
half-lives. Thus, the time allotted for delivery (injection 
into the patient) of a ‘lC-glucose derivative which must 
be synthesized from a carbon oxide is 60 min (3 X tip). 
The problem is even more acute for the synthesis of 
oxygen-15-labeled alcohols which might be used for 
blood flow studies (3 X 2 min). (These studies can only 
be carried out in medical institutions in which cyclo- 
trons, laboratories, and patient facilities are located in 
close proximity). To compound the problem, the lower 
concentration of many “no-carrier-added” reagents 

M) often renders classic (e.g., SN2) reaction 
pathways ineffective. 

In 1976 I initiated a research program which was 
focused on designing rapid syntheses for physiologically 
active materials labeled with short-lived isotopes. To 
date, we have s u c c d y  developed methods which can 
be used for incorporating carbon-11, nitrogen-13, oxy- 
gen-15, iodine-123, and bromine-77 (isotopes useful for 
human studies). The syntheses are designed to rapidly 
incorporate the isotope in the final synthetic step so 
that the radiochemical yields are maximized. A sig- 
nificant aspect of this new methodology is that it can 
also be used for the preparation of materials labeled 
with stable isotopes. 

These new syntheses generally involve the organo- 
boranes rather than traditional substitution reactions 
and Grignard reagents.17 Brown and others have al- 

(14) Murray, A.; Williams, D. L. ‘Organic Synthesis with Isotopes”; 
Interscience: New York, 1958. Ott, D. G. ‘Synthesis with Stable 
Isotopes”; Wiley-Interscience: New York, 1981. 

(15) These nuclides decay by positron emission resulting in the 
emission of two 511-keV y annihilation photons which can be readily 
detected outside the body. In addition, they possege short half-lives (tl 
< 1 h) which minimizes the radiation dose to the patient. (Rocha, A. h. 
G.; Harbert, J. C. “Textbook of Nuclear Medicine: Basic Science”; Lea 
and Fekigur: Philadelphia, 1978.) 

(16) The availability of very high specific activity pharmaceuticals is 
important because the quantity of material which is necessary for a 
patient study is kept below pharmacological dosage which prevents 
physiological effecte in the patient. It has been customary to refer to 
radioactive preparations to which no isotopic (stable) carrier has been 
intentionally added as “carrier-free.” The increasing use of very high 
specific activity, short-lived isotopes of elements widely available in the 
environment (e.g., carbon-11) has focused attention on the problem of 
accidently introducing carrier atoms. The suggestion has been made that 
the term “carrier-free” be reserved for those instances where evidence is 
provided which demonstratas that the element is, in fact, carrier-free. 
The term ‘no-carrier-added” would then be utilized for the instances in 
which the specific activity, although very high, has not actually been 
measured. (Wolf, A. P. J. Nucl. Med. 1981, 22, 392. Tewson, T. J.; 
Welch, J. M. Ibid. 1981, 22, 392.) 

ready demonstrated the versatility of the organoboranes 
in organic synthesis.18 The early studies also demon- 
strated an important aspect of the organoboranes: they 
could be prepared from molecules containing a wide 
variety of functional  group^.'^ (This is important from 
the medical viewpoint since functionality generally is 
responsible for physiological activity). More impor- 
tantly, the early research demonstrated that a variety 
of elements would replace boron under appropriate 
reaction conditions, and these elements possess radio- 
active isotopes that are of interest in current radio- 
pharmaceutical research. The reported reaction con- 

NH2OSOsH 
R3B - RNHz 

ditions were, however, too harsh and the reaction times 
too lengthy for utilization in radiopharmaceutical 
syntheses. In addition, little information was available 
concerning the mechanism and kinetics of many of the 
organoborane reactions known at that time. 

When we initiated our programz0 only the hydrogen 
isotopes, tritium and deuterium, had been incorporated 
into organic molecules via organoborane chemistry. The 
deuteration reactions were carried out in order to de- 
termine the stereochemistry and regiochemistry of the 
hydroboration reaction and the related solvolysis re- 
actions of organoboranes.21 Tritiated alkenes were 
prepared via a hydroboration-dehydroboration se- 
quence involving tritiated BH3.22 

7-  hH 
- CHsC02D bD 

On the basis of the unique versatility of the organo- 
boranes, we felt that they could be utilized for the in- 
corporation of other isotopes. 

(17) Calvin, M.; Heidelberger, C.; Reid, J. C.; Tolbert, B. M.; Yank- 
wich, P. M. ‘Isotopic Carbon”; Wiley: New York, 1949. Baillie, T. A. 
’Stable Isotopes”; University Park Press, Baltimore, 1977. Raaen, V. F. 
‘Carbon-14”; McGraw Hik  New York, 1968. 

(18) Brown, H. C. ‘Organic Synthesis Via Boranes”; Wiley: New York, 
1975. Pelter, A,; Smith, K. In ‘Comprehensive Organic Chemistry”; 
Barton, D., Ob, W. D., Eds.; Pergamon Press: Oxford, 1979. Brown, 
H. C. ‘Boranes in Organic Chemistry”; Cornell University Press: Ithaca, 
NY, 1972. Brown, H. C.; Zaidlewicz, M.; Negishi, E. “Comprehensive 
Organometallic Chemistry”; Wilkinson, G., Stone, F. G. A., Eds.; Perga- 
mon Press: Oxford, 1982; Vol. 7. 

(19) Brown, H. C. “Hydroboration”; Benjamin: New York, 1962. 
Cragg, G. M. L. “Organoboranes in Organic Synthesis”; Marcel Dekker: 
New York, 1973. 

(20) Kabalka, G. W. In ‘Aspects of Mechanism and Organometallic 
Chemistry”; Brewster, J. H., Ed.; Plenum Press: New York, 1978. 

(21) Brown. H. C.: Murrav. K. J. J. Om. Chem. 1961. 16. 631. 
(22) Nam, N. H.; Russo, A,’J.; Nystrok, R. F. Chem.’lni. (London) 

1963, 1876. 
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Table I 
Synthesis of Iodine-125-Labeled Alkyl Iodides 

substrate product  
radiochemical 

yield (isolated), % 

82 

94 

74 

78 

85 

89 

Iodine 
Radioiodine has a long history in tracer studies and 

was the first isotope used routinely in therapeutic nu- 
clear medicine.= Its popularity has increased in recent 
years due to the availability of iodine-123 which has a 
half-life of 13.3 h and possesses nearly ideal decay 
 characteristic^.^^ Radiolabeled agents such as N-iso- 
pr~pyl-p-[~~~I]iodoamphetamine (I),25 ~ - [ ‘ ~ ~ I ] i o d o -  
heptadecanoic acid (11),26 and m-[1311]iodobenzylquan- 
adine (111),27 have proven to be extremely effective in 
brain, heart, and adrenal studies.28 

123 

DCH 2CH ! H3 NC H ( C H 3  )2  

I C H  ~ ( C H Z ~ ~ ~ C O ~ H  

I1 1231 

I 
123  - 

I11 
At  first glance the iodination reaction developed by 

Brown appeared ideal for radioiodine in corpora ti or^.^^ 
I2 

312 + R3B 3R-I + 3NaI + B(OMe3) 

(23) Heindel, N. D.; Burns, H. D.; Honda, T.; Brady, L. W. “The 
Chemistry of Radiopharmaceuticals”; Masson: New York, 1978. 

(24) Myers, W. G. In “Radioactive Pharmaceuticals”; USAEC Symp. 
Conf. 651111. SDrindield VA National Bureau of Standards: Wash- 
ington, D.C., 1966; p’p 217-243. 

(25) Hill, T. C.; Holman, B. L.; Lovett, R.; OLeary, D. H.; Front, D.; 
Magistretti, P.; Zimmerman, R. E.; Moore, S.; Clouse, M. E.; Wu, J. L.; 
Lin, T. H.; Baldwin, R. M. J. Nucl. Med. 1982,23,191. LaFrance, N. D.; 
Wagner, H. N.; Whitehouse, P.; Carley, E.; Duelfer, T. Ibid. 1981, 222, 
1081. 

(26) Hock, A.; Freundlib, C.; Vyska, K.; Losse, B.; Erbel, R.; Feinen- 
degen, L. E. J.  Nucl. Med. 1983,24,22. Freundlib, W.; Hock, A.; Vyska, 
K.; Feinendegen, L. E.; Machulla, H.-H.; Stocklin, G. J. J. Nucl. Med. 
1980,21, 1043. 
(27) Nakajo, M.; Shapiro, B.; Copp, J.; Kalfee, V.; Gross, M. D.; Sisson, 

J. C.; Beierwaltes, W. H. J.  Nucl. Med. 1983,24,672. Wieland, D. M.; 
Brown, L. E.; Tobes, M. C.; Rogers, W. L.; Marsh, D. D.; Manger, T. J.; 
Swanson, D. P.: Beierwaltes, W. H. Zbid. 1981, 22, 358. 

(28) Fbdioiodinations are often carried out utilizing isotope exchange 
reactions (radioiodine for iodine-127) and, consequently, contain carrier 
atoms. Nucleophilic substitution and electrophilic addition reactions 
have also been utilized. An excellent review of radioiodiiting procedures 
was recently published by Seevers and Counsek Seevers, R. H.; Counsell, 
R. E. Chem. Rev. 1982,82, 575. 

On closer examination, the reaction was not appropriate 
for incorporating iodine-123 into many functionally 
substituted molecules. The problem centered on the 
fact that the reaction required the use of molecular 
iodine whereas radioiodine is obtained (and most safely 
handled) in the reduced (iodide) form. The labeled 
iodide could, of course, be oxidized to molecular iodine, 
but one-half of the expensive isotope would then be lost 
as sodium iodide. In addition, the necessity of using 
a strong base precluded the use of many important 
functional groups in the organoborane. 

We embarked on a mechanistic study of the iodina- 
tion reaction and found that it proceeded via an elec- 
trophilic attack by the iodine molecule on the elec- 
tron-rich borate complex.30 Simultaneously, Brown’s 

group found that exo-trinorbornylborane yielded 
endo-2-iodonorbornane. The findings were significant 
because they demonstrated that molecular iodine was 
not the only reagent which could be utilized. The io- 
dination reagent need simply contain an electropositive 
iodine moiety. A number of such reagents are available, 
including iodine-monochloride. 

C12 + Na+I- - NaCl + I6+-Cl6- 

We found that iodine monochloride readily reacted 
with trialkylboranes to generate a variety of functionally 
substituted iodinated and radioiodinated reagents 
(Table I).31 In addition, the reaction did not require 
the presence of a strong base and was complete in less 
than sixty seconds! 

NaOAc 
R3B + IC1 RI + R~BOAC 

Even though iodine-123- and iodine-125-labeled iod- 
ine monochlorides are readily available, they are not 
stable over long periods of time. Consequently, we 

(29) Brown, H. C.; DeLue, N. R. Synthesis 1976,114. Brown, H. C.; 
Rathke, R. M.; Rogic, M. M. J. Am. Chem. SOC. 1968,90,5038. 

(30) Brown, H. C.; DeLue, N. R.; Kabalka, G. W.; Hedgecock, H. C. 
J. Am. Chem. SOC. 1976,98, 1290. 

(31) Kabalka, G. W.; Gooch, E. E. J. Org. Chem. 1980,45,3578. Ka- 
balka, G. W.; Gooch, E. E.; Hsu, H. C. Synth. Commun. 1981,11, 247. 
Gooch, E. E.; Kabalka, G. W. Zbid. 1981, 11, 521. 
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Table I1 
Synthesis of 1-1 25-Labeled Compounds  via the Reaction 

of Organoboranes with Sodium Iodide (1-1 25) 
radio- 

chemical 
alkene product  yield,  % 

H,C=CH( CH,),CH, YCH, (cH,),cH, 9 7  

- S A  

M 

0 4 4  

H,C= CH( CH, CO, CH, 
H,C= CH( CH, ),, C 0 , H  
H,C= CH(CH,), ,CO,H 

developed a simple, one-pot procedure for radio- 
iodinations which utilizes mild oxidizing agents such as 
chloramine-T or N-chloros~ccinimide.~~ The new 

[OI 
R3B + Na1231 R1231 + R2BOH 

method is straightforward: radiolabeled sodium iodide 
is added to a trialkylborane in THF and then chlor- 
amine-T is added; after a minute, the product is isolated 
via column chromatography or HPLC. Excellent yields 
of the radioiodinated agents are obtained (Table II).= 
Of particular interest are the w-iodo fatty acids which 
have been examined as myocardial visualization 
agents . 34 

A significant aspect of these new reactions is that they 
can be carried out utilizing "no-carrier-added" radio- 
iodine.% This is important because it insures that the 
quantity of labeled agent is kept well below the phar- 
macological dosage. [Most traditional routes for iodine 
labeling involve substitution reactions which often lead 
to dilution of the radiolabeled agent by the nonlabeled 
starting material.] Not surprisingly, the isolated yields 
of the "no-carrier-added" materials are generally lower 
than those obtained in tracer-level studies due to losses 
on the surface of reaction vessels. 

We then turned our attention to other borane reag- 
ents. Brown had demonstrated that vinylboranes can 
be readily prepared and converted into the corre- 
sponding vinyl iodides.36 

We applied our new iodination methodology to a 
series of vinylborane reagents and obtained the corre- 
sponding vinyl iodides in excellent yields (Table III).37 

(32) Kabalka, G. W.; Gooch, E. E. J. Org. Chem. 1981,46,2582. Ka- 
balka, G. W.; Gooch, E. E. J .  Chem. Soc., Chem. Commun. 1981,1011. 

(33) Kabalka, G. W.; Gooch, E. E.; Smith, T. L.; Sells, A. L. Int .  J .  
Appl. Radiat. h o t .  1982, 33, 223. 

(34) Kabalka, G. W.; Gooch, E. E.; Otto, C. A. J .  Radioanal. Chem. 
1981, 65, 115. 
(35) Kabalka, G. W.; Saetry, K. A. R.; Gooch, E. E. J. Lobelled Compd. 

Radiopharm. 1982, 19, 1506. 
(36) Brown, H. C.; Hamaoka, T.; Ravindran, N. J. Am. Chem. SOC. 

1973,95, 5786. Brown, H. C.; Hamaoka, T.; Ravindran, N. Ibid. 1973, 
95, 6456. 

We also utilized the vinylboranes to synthesize la- 
beled vinyl iodides via transmetalation reactions. These 
reactions are useful because they often do not require 
an oxidant. Significantly, the vinyl iodide agents proved 
to be more stable to deiodination in vivo than the 
corresponding alkyl iodides and they hold promise as 
a method for stabilizing radioiodine in a number of 
pharmaceuticals.38 We have, for example, synthesized 
the first iodovinyl steroids which are potential agents 
for classifying breast tumors.39 Related iodovinyl 
steroids labeled with a variety of radioiodines have been 
developed in other laboratories and are being evaluated 
for pharmaceutical use.4o 

HO 
I *I 

RO 

We also synthesized a series of radioiodinated (E)-  
iodovinyl, tellurium-substituted, fatty acids in collab- 
oration with Knapp. These agents exhibit good myo- 
cardial uptake and extended in vivo retention time.41f42 

ICH=CH(CH2),Te(CH2),C02H 

Another method of increasing the in vivo retention 
time of radioiodine is to incorporate the iodine on a 
phenyl s ~ b s t i t u e n t . ~ ~  Numerous research groups are 
developing methods for attachment of iodine to aro- 
matic rings.% We have found that arylboronic acids are 
rapidly iodinated using the new reaction (Table IV).44 

At  present, it is difficult to prepare the arylboronic 
acids that would be precursors to useful pharmaceuti- 
cals. We have approached the problem from two di- 
rections. We have developed new methodology for 
preparing boronic acids directly from aryl halides; we 
found that arylboronic acids can be synthesized by 
preparing the magnesium arylborohydrides in a one-pot 
reaction and then hydrolyzing them to the corre- 
sponding arylboronic acids.45 

(37) Kabalka, G. W.; Sastry, K. A. R.; Somayaji, V. Heterocycles 1982, 
18, 157. Kabalka, G. W.; Sastry, K. A. R.; Muralidhar, K. J. Labelled 
Compd. Radiophurm. 1982,19,795. 

(38) Knapp, F. F.; Goodman, M. M.; Callahan, A. P.; Ferren, L. A.; 
Kabalka, G. W.; Sastry, K. A. R. J. Med. Chem. 1983,26, 1293. 

(39) Kabalka, G. W.; Gooch, E. E.; Sastry, K. A. R. J. Nucl. Med. 1981, 
22, 908. 
(40) Hanson, R N.; Seitz, D. E.; Botarro, J. C. J. Nucl. Med. 1982,23, 

431. Jagoda, E. M.; Gibson, R. E.; Goodgold, H.; Ferreira, N.; Francis, 
B. E.; Reba, R. C.; Rzeszotarski, W. J.; Eckelman, W. C. Ibid. 1984,25, 
472. 

(41) Knapp, F. F.; Goodman, M. M.; Kabalka, G. W.; Sastry, K. A. R. 
J. Med. Chem. 1984,27,94. 

(42) Knapp, F. F.; Srivastava, P. C.; Callahan, A. P.; Cunningham, E. 
B.; Kabalka, G. W.; Sastry, K. A. R. J.  Med. Chem. 1984,27,51. 

(43) Machulla, H.-J.; Marsmann, M.; Dutschka, K. J. Radioanal. 
Chem. 1980,56,253. Dudczak, R.; Angelberger, P.; Wagner-Loffler, M.; 
Kletter, K.; Schmoliner, R.; Frischauf, H. J. Nucl. Med. 1981, 22, P81. 
Kline, R. C.; Swaneon, D. P.; Wieland, D. M.; Thrall, J. H.; Gross, M. D.; 
Pitt, B.; Bsierwaltea, W. H. Ibid. 1981,22, 129. Winchell, H. S.; Baldwin, 
R. M.; Lin, T. H. Ibid. 1980,21, 940. 

(44) Kabalka, G. W.; Sastry, K. A. R.; Sastry, U.; Somayaji, V. Org. 
Prep. R o c .  Int. 1982,14, 359. Kabalka, G. W.; Sastry, K. A. R.; Mu- 
ralidhar, K. J. Labelled Compd. Radiopharm. 1982,19,795. 
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Table I11 
Synthesis of Iodine-1 25-Labeled Vinyl Iodides 

radiochemical 

77 

vinylboronic acid product yield, % 
610Y 2 125- L/ \ /L 

/"=C\H 
/- "\ 

\* - -1 L 1 

C l l C Y L  ! \ r  

C H 3 ( C H z i j  
CH3iCH,i,  

5 87 r 2 5 ~  5 31 2 

,-c 
c ICU /-\+ 

Table IV 
Svnthesis of Iodine-1 25-Labeled Arvl Iodides 

55 

radio- 
chemical 

yield, 
arylboronic acid product % 

91 

The other approach involves synthesizing important 
arylboronic acids from simple arylboronic acids. 

(HO12B G C H 3  -- (H012B e C H 0  

Other Halogens 
Our interest in halogen labeling is not limited to ra- 

dioiodine. Bromine-77 can be ~ r e p a r e d ~ ~ r ~ l  and is a 
potentially useful isotope because bromide does not 
accumulate in the thyroid. A one-pot radiobromination 

(45) Kabalka, G. W.; Sastry, U.; Sastry, K. A. R.; Knapp, F. F.; Sri- 

(46) Knight, L.; Krohn, K. A.; Welch, M. J.; Spomer, B.; Hager, L. P., 

(47) Scholl, H.; Kloster, G.; Stocklin, G. J. Nucl. Med. 1983,24, 417. 

vastava, P. C. J. Orgunomet. Chem. 1983,259, 269. 

ref 8, pp 149-154. 

Table V 
Synthesis of Bromine-82-Labeled Reagents 

alkene alkylbromide % yield 

was developed and has been used to synthesize a variety 
of radiobromine-labeled materials (Table V).48 The 
reaction is complete in a matter of seconds. 

Na*Br 
R3B - RBr 

[Ol 

We have investigated the fluorination of organo- 
boranes because of the ideal physical properties of 
fluorine-18 for medical imaging.49 Limited successes 
have been achieved by utilizing electrophilic fluori- 
nating agents such as acetyl hypofluorite on organo- 
boranes. 

Oxygen 
We have developed a method for incorporating iso- 

topically labeled oxygen.60 The reaction is based on 
the well-known, direct reaction of molecular oxygen 

(48) Kabalka, G. W.; Sastry, K. A. R.; Hsu, H. C.; Hylarides, M. D. J. 
Org. Chem. 1981,46,3113. Kabalka, G. W.; Sastry, K. A. R.; Pagni, P. 
J. Radionul. Chem. 1982, 74, 315. 

(49) Robinson, G. D., ref 8, pp 141-148. Ehrenkaufer, R. E.; Potocki, 
J. F.; Jewett, D. M. J. Nucl. Med. 1984,25,333. Tewson, T. J. Ibid. 1983, 
24. 718. 

(50) Kabalka, G. W.; Reed, T. J.; Sastry, K. A. R. Synth. Commun. 
1983, 737, 13. 
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Table V I  
Synthesis of Oxygen-1  7-Labeled Alcohols  

alkene product  % yield 

-/ -','7Op 93 

0 94 
\ c  u - 2 7  

/4 O Y  

e 

90 P-. 

,d v 

Table VI1 
Synthesis  of Nitrogen-15-Labeled Amines  

alkene m o d u c t  % vield 

66 

with organ~boranes.~' A variety of oxygen-17-labeled 
alcohols have been synthesized (Table VI). 

1. "02 
R3B 2ROH + RB(OH)2 

2. H20 

We have synthesized oxygen-15-labeled butanol for 
potential use as a blood tracer in collaboration with 

The product alcohol can be isolated in less than 
8 min by utilizing HPLC techniques. 
Nitrogen 

There is a great deal of interest in nitrogen isotopes 
(nitrogen-13 for positron emission tomography and 
nitrogen- 15 for NMR investigations). We developed a 
simple, one-pot, high-yield synthesis of nitrogen-labeled 
amines via organoborane chemistry (Table VII).53 The 
reaction involves the in situ formation of chloramine." 

The labeled chloramine is generated in the presence of 
the organoborane and an instantaneous reaction ensues. 
The reaction can also be used to synthesize dialkyl- 
amines.55 We are currently synthesizing nitrogen-13- 
labeled amines in collaboration with Finn and 

(51) Brown, H. C.; Midland, M. M.; Kabalka, G. W. J. Am. Chem. SOC. 
1971,93, 1024. 

(52) Kabalka, G. W.; McCollum, G. W.; Fabirkiewicz, A. S.; Lam- 
brecht, R. M.; Fowler, J. s.; Sajjad, M.; Wolf, A. P. J. Labelled Compd. 
Radiopharm., in press. 

(53) Kabalka, G. W.; Sastry, K. A. R.; McCollum, G. W.; Yoshioka, H. 
J. Org. Chem. 1981, 46, 4296. Kabalka, G. W.; Sastry, K. A. R.; 
McCollum, G. W.; Lane, C. A. J. Chem. SOC., Chem. Commun. 1982,62. 

(54) Brown, H. C.; Heydkamp, W. R.; Breuer, E.; Murphy, W. S. J. 
Am. Chem. SOC. 1964,86, 3565. 

(55) Kabalka, G. W.; McCollum, G. W.; Kunda, S. A. R. J. Org. Chem. 
1984, 49, 1656. 

Carbon 

Carbon isotopes have long played an important role 
in both radiopharmaceutical and chemical research. 
Ironically, the first radioactive isotope of carbon to be 
used in research was carbon-11: but because of its short 
half-life (20 min), it was soon displaced by carbon-14 
in tracer studies. In recent years there has been a re- 
surgence of interest in carbon-11 because it is a positron 
emitter. This fact and its short half-life make it ideal 
for medical use but a challenge for the chemists in- 
volved in producing carbon-1 1-labeled pharmaceuticals. 

The reaction of organoboranes with carbon monoxide 
appeared to be an ideal method for incorporating car- 
bon isotopes.56 However, the reported reaction times 

for the carbonylation reaction were far too long for 
incorporation of carbon-11. Consequently, we initiated 
a study of the carbonylation reaction and found that 
only the hydride-moderated reaction was fast enough 
for use in carbon-11 reactions (the reaction requires <15 
min). Even though the remaining carbonylation reac- 
tions required longer reaction times, they are ideal for 
the incorporation of carbon-14 and carbon-13.57 

In a separate study at  Brookhaven National Labo- 
ratory, Wolf found that simple carbon-11-labeled al- 
dehydes could be prepared via the organoborane- 
carbonylation sequence.58 In a later study we syn- 

C H3 (CH,) 71 'C HO 

thesized carbon-11-labeled butanol in collaboration with 
Mt. Sinai Hospital, Miami Beach.59 

We also synthesized a variety of carbon-13-labeled 
alcohols, aldehydes, and acids using the carbonylation 
reactions (Table VIII).60 The carbon-13-labeling 
methodology is being utilized for preparing precursors 
for use in NMR imaging studies. 

Pelter's cyanidation reaction can be used to construct 
larger carbon-labeled molecules.61 For example, in our 

(56) Hillman, M. E. D. J. Am. Chem. SOC. 1962,84,4715. Brown, H. 
C. Acc. Chem. Res. 1969,2,65. Brown, H. C.; Hubbard, J. L.; Smith, K. 
Synthesis 1979, 701. 

(57) Kabalka, G. W.; Gooch, E. E.; Collins, C. J.; Raaen, V. F. J. Chem. 
SOC., Chem. Commun. 1979,607. 

(58) Tang, D. Y.; Lipman, A.; Meyer, G.-J.; Wan, C.-N.; Wolf, A. P. 
J. Labelled Compd. Radiopharm. 1979, 16, 435. 

(59) Kabalka, G. W.; Finn, R. D.; Boothe, T. R.; Paresh, J. K.; Kunda, 
S. A., unpublished results. 

(60) Kabalka, G. W.; Delgado, M. C.; Kunda, U. S.; Kunda, S. A. J. 
Org. Chem. 1984,49, 174. 

(61) Pelter, A.; Smith, K.; Hutchings, M. G.; Rowe, K. J. Chem. SOC., 
Perkin Trans. 1 1975,129. Pelter, A.; Hutchings, M. G.; Rowe, K.; Smith, 
K. J. Chem. SOC., Perkin Trans. 1 1976, 138. 
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Table VI11 
Synthesis of Carbon-13-Labeled Aldehydes,  Acids, and Alcohols  - 

alkene aldehyde (% yie ld)  acid (% yie ld)  alcohol  (% yie ld)  

H,C( CH, ),CH= CH, H,C(CH,),"CHO ( 8 6 )  

0 D 3 C t i 0  ( 8 4 )  

H,C( CH,),''COOH ( 9 4 )  

(3C00H ( 9 3 )  (tim ( 8 9 )  

H,C(CH, ), 13CH,0H ( 9 1 )  

p-MeC,H,SCH, C( CH, )= CH, 

HO(CH,),CH=CH, HO( CH, "CHO ( 85)  

p-MeC,H,SCH,- 
CH(CH,)CH,"CHO ( 8 3 )  

preliminary studies we used the reaction to incorporate 
carbon-13 and carb0n-14.~~ 

2 (CF3C0120 

We are investigating the use of the cyanidation re- 
action to synthesize carbon-11 labeled estrone as a po- 
tential breast-tumor imaging agent. 

(62) Kabalka, G. W. Synth. Commun. 1980,10, 93. 
(63) Kabalka, G. W.; Finn, R. D.; Wolff, A. P., unpublished results. 

p-MeC,H,SCH,- p-MeC,H,SCH,- 

HO(CH,) , ,  %OOH ( 9 8 )  H O ( C H , ) , , 1 3 C H , 0 H  ( 9 3 )  
CH(CH,)CH,''COOH ( 8 9 )  CH(CH3)CH,'3CH,0H ( 9 0 )  

Conclusions 

Although we have succeeded in developing new routes 
for isotope incorporation via organoborane reactions, 
much remains to be done. The growing need for labeled 
compounds of increased complexity will continue to 
challenge organic chemists. It is clear that organo- 
boranes and other organometallic reagents will play an 
ever increasing role in this area of research. 

I gra teful ly  acknowledge financial suppor t  f rom the  U.S. 
Depar tment  of Energy, National Ins t i tu tes  of Heal th ,  and Re- 
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Although homogeneous catalysis by transition-metal 
complexes has made significant contributions to in- 
dustrial and laboratory processes,1 the mechanistic 
detail of some of these processes still remains to be 
resolved. Much of our current mechanistic under- 
standing is based on studies of model compounds, such 
as cis-alkyl- and cis-acylmetal hydrides, which are 
thought to be involved in some very useful transition- 
metal-catalyzed processes. These reactions, which form 
or break C-H bonds, include olefin hydrogenation, 
olefm hydroformylation, and aldehyde decarbonylation, 
all catalyzed by Rh(1) (Scheme I). 

Relatively little is known about the reactivity of 
cis-alkyl- and cis-acylmetal hydrides. For example, 
intramolecular reductive elimination of an aldehyde 
from a metal complex, which has been proposed as the 

David Milstein was born in Ulm, Germany, and received his PhD. (Summa 
cum Laude) with J. Blum at the Hebrew University of Jerusalem in 1976. 
while concurrently serving as a Research Chemist at the Nuclear Research 
Center In Negev, Israel. Following postdoctoral work wlth J. K. Stllle at Col- 
orado State University. he joined the Central Research and Development D e  
partment of the Du Pont Co., where he  Is presently a Group Leader. HIS 
research interests are mostly in the areas of synthetlc and mechanistic or- 
ganometallic chemistry and homogeneous catalysis. 

0001-4842/84/0117-0221$01.50/0 

product-forming step in the cobalt-catalyzed2 and rho- 
dium-catalyzed3 olefin hydroformylation reactions, has 
not been directly observed until very recent19 for any 
well-characterized metal system. This lack of studies 
is perhaps a result of the relative rarity of cis-alkyl- and 
cis-acylmetal hydride complexes, which may be attrib- 
uted to instability. Indeed, cis-hydridoalkyl complexes 
have been observed to decompose at low temperatures! 
On the other hand, very stable cis-hydridoalkyliridium 
complexes have been recently isolated, raising the 
question whether this stability is thermodynamic or 
kinetic in nature.610 

(1) G. W. Parshall, "Homogeneous Catalysis", Wiley, New York, 1980. 
(2) R. F. Heck and D. S. Breslow, J .  Am. Chem. Soc., 83,4023 (1961). 
(3) (a) G. Yagupsky, C. K. Brown, and G. Wilkinson, J .  Chem. SOC. 

A,  2753 (1970); (b) C. K. Brown and G. Wilkinson, J. Chem. SOC. A, 2753 
(1970). 

(4) D. Milstein, Organometallics, 1, 1549 (1982). 
(5) J. Halpern, Acc. Chem. Res., 15, 332 (1982). 
(6) D. L. Thorn, Organometallics, 1, 197 (1982). 
(7) T. H. Tulip and D. L. Thorn, J. Am. Chem. SOC., 103,2448 (1981). 
(8) A. H. Janowicz and R. G. Bergman, J. Am. Chem. SOC., 104,352 

(9) B. Longato and W. Bresadola, Inorg. Chem., 21, 168 (1982). 
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(1982). 

(1982). 

0 1984 American Chemical Society 


