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Synthesis and Biological Evaluation of Water- Soluble 
2-Boronoethylthio Compounds 

toxicity, \ \e i ( '  iouiid aiiioiig those borouic acids Iiaviiig 
a high water-lipid solwiit partition cocf1cient.3' I )  

Thus a low lipid solubility sccined to he ail iiiipoitaiit 
rquirciiieiit for a t~orui i  coiiipound. -1s cliiiical iii- 
forination Ixcaiiic available. it was apparcwt that th r  
probleiii was iiiorc iiivolvcd than the nicrc attniiiiiioiit 
of a high tuiiior braiii horoii ratio. H t  
prcparatioii and clvaluatioii of a series of hi 
wlublc horoiiic acids 
pi'ewiit \\ol-k oii t hr. ha 

Sy lit hc tic i i t hod-, h 
for the gciicbi a1 pi (>paratioil of alkylboronic acids voii- 

taiiiiiig hydrophilic substituc.nts. Thc facilc radicsl- 
catalyzed additioii of  iiieimptans to the double hoiid 
of dibutyl cthyleiiehoroiiate4 has been cxploitcd iii this 
present work t o  synthcsizc. ~ w e r a l  horoiiic acids con- 

iwtioiial group-, iiiaiiy of wliicli l ~ a v o  
cd I\ atcr ~olubility. 
of it  Icrc:tptoacc.t ic i~ i id  $ - i t i ( > i  rapt ( I -  

piopioniv :wit1 t o  dibutyl c.thyleiic.boi.oiiat(~ \\ i'i i' 

y awoiiiplidid. I5ithcr ultraviolet light oi '  a z o -  
otlutyroiiiti ilc could b(> uscd to initiate th(. ic\ac+ioii 

but itli additioiinl cxpc.ric.iicc, it appearrd that thc, 
axonitrilo gavv 11101 o c o n  stoiit and better cciiitrol1c.d 
iesults. Tho initially fo led liquid adducts dwoiii- 
posed oii attempted dis llation and were therefore- 
hydrolyzed dirrctly l o  tlw corresponding lmroiiic 
acids, ~--horoiiorth~ltliioacetic ( la) ,  and X-(2-boroiio 

a i  c.hoseii as thc goal of thc. 
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ethy1thio)propaiioic acid ( lb) ,  which were crystallized 
froin water. 
HO&(CHz),SH + CHz=CHB(OBu)2 + 

H l 0  
HOSC(CHS),SCHSCH~B(OBU~ + 

HO&( C H ~ ) ~ S C H S C H L B ( O H ) ~  
la,  n = 1; b, n = 2 

Crystalline 3-(2-borono-l-propylthio)propanoic acid (2) 
was siiiiilarly obtained froin dibutyl propene-2-boron- 

HO,CCH&H,SCH2CHB(OH)Z 2 
I 

CH3 

ate4 and P-mercaptopropionic acid, but the correspond- 
ing product froin mercaptoacetic acid failed to crystal- 
lize. 

I\Iercaptoethanol added readily to dibutyl ethylene- 
boronate, but in this case the alcohol fuiiction in the 
adduct esterified the boron fuiictioii to yield the distil- 
lable nioiiobutyl2-(2-hydroxyethylthio) ethaneboronate 
lactone (3) (a inore systeiiiatic name would be 1- 
butoxy-2-oxa-3-thiaborepa11e). The boronic acid from 
3 forined a sirup with xater,  which was used for the 

s' \ 
bBoC4Ha 

J 

biological tests without further purification. 
Solubility problems were encountered with reactants 

substantially more polar than simple carboxylic acids 
or alcohols, since dibutyl ethyleneboronate itself 
is a relatively nonpolar solvent. It was found that the 
radical-catalyzed additions proceeded readily in nieth- 
an01 or a methanol-water solvent mixture. The rapid 
equilibration of hydroxy and alkoxy ligands 011 boron 
makes i t  impossible to say which of the vinylboroii 
species is the principal reactant. However, the de- 
sired boronic acid was isolated readily upon the addition 
of water and subsequent concentration of the reaction 
mixture as a consequence of the volatility of inethanol 
arid the butanol-water azeotrope. Thus, for example, 
refluxing niercaptosuccinic acid and dibutyl ethylene- 
boronate with azobisisobutyro~iitrile as an initiator in 
inethanol yielded, after hydrolysis, (2-boronoethy1thio)- 
succinic acid. This foriiied a sirup with water but 
could be isolated as the crystalline calciuni salt 4. Un- 

Ca 1-2 -O,CCHSCHSCH,CHSB(OH)S 4 
I 
COS - 

der siinilar conditions, inercaptoethylaniine hydrochlo- 
ride led to  2-(2-boronoethylthio)ethylainine hydro- 
chloride ( 5 ) ,  and cysteine yielded S-(2-boronoethy1)- 
cysteine (6), both of which were crystallized froin water 

C1- +H3SCH,CH,SCH,CH,B(OH)z 5 

-O,CCHCH>SCH?CH>B(OK)? 6 
I 

"1 + 

By extension of this technique it was also found pos- 
sible t o  add sodium bisulfite to dibutyl ethyleneboro- 
nate. The resulting 2-horonoethanesulfonate ion was 
isolated as the potassium salt (7). 

K +  -OaSCH?CHzB(OH), 7 

The isolation and purification of this coinpouiid re- 

quired coiiversion of the initial sodiuni bisulfite adduct 
to the free sulfonic acid using an ion-exchange resin. 
Coiicentration of the acidic solution under vacuum 
removed residual bisulfite as sulfur dioxide. Boric 
acid was also a by-product of this reaction and had 
to be removed by the fractional distillation of the 
methanol-methyl borate azeotrope resulting from the 
addition of excess methanol. After conversion of the 
acid to its potassiuiii salt with an ion-exchange resin, 
the exceedingly soluble salt 7 was crystallized from 
water. The structure of 7 was confiriiied by the 1i.in.r. 
spectrum in water, which showed the expected pair of 
triplets due to the adjacent methylene groups. 

Soniemhat unexpectedly, the general synthetic 
method failed with 2-niercaptopyriiiiidines. Starting 
materials were recovered when 2-mercaptoorotic acid 
and dibutyl ethyleiieboronate were irradiated in di- 
niethylforniainide a t  2 5 O ,  or miter a t  looo, or when 
heated TTith azohisisobutyronitrile in diiiiethylformaiii- 
ide, pyridine, acetonitrile, or methanol-water. At- 
tempted reaction of 2-inercaptopyrimidiiie in t-butyl 
alcohol or methanol-water and of P-(2-mercapto- 
uracil-3)propionic acid in t-butyl alcohol with the azo- 
iiitrile initiator also failed. 

An alternative synthesis of 2-(2-boronoethylthio)- 
pyrimidine (8) was then devised. Dibutyl 2-mer- 
captoethaneboronate (9a) was prepared either by the 
light-initiated addition of hydrogen sulfide to dibutyl 
ethyleneboronate at - 70 O or, inore coiivenieiitly, by 

G I L H . C H . B t O H i 2  a, X=H; b, X=CHBCO 

base hydrolysis of the thiolacetic acid-dibutyl ethylene- 
boronate adduct, dibutyl 2-(acety1thio)ethaneboronate 
(9b). In the presence of sodium butoxide, the mer- 
captan 9a displaced chloride ion froin 2-chloropyrinii- 
dine to yield, after hydrolysis, 2-(2-boronoethylthio)- 
pyriinidirie (8). The possibility of extending this 
synthesis to other pyriinidiiies of greater potential 
biological interest is currently being explored. 

Simple aliphatic boronic acids have been reported 
to be unstable to air oxidation and difficult to purify 
and characterize.5 However, the crystalline boronic 
acids in the present series are stable in air a t  room 
temperature and, except for problems of high solubility, 
were easily purified. 

Biological Evaluations.-The initial screening pro- 
cedure used3 with these compounds was to  inject aque- 
ous solutions, either intravenously or intraperitone- 
ally. into CdH mice bearing a subcutaneously trans- 
planted brain tumor.? The animals were sacrificed 
a t  15 niin. to 3 hr. after injection and portions of ex- 
cised tissues were analyzed for boron content. During 
the course of the biological evaluation of the compounds 
reported belolv it becaine apparent that this procedure 
was inadequate. 

Therapeutic evaluatioii in iiiaii of two of the inor(' 
proiiiising coinpounds from the standpoint of tumor 
concentration, p-carboxybeiizeneboroiiic acid and so- 
dium perhydrodecaborate6a,b were singularly unsuc- 

XSCH,CH,B(OBu), 

8 9 

( 2 )  I3 R bnhder J .i h u c h  and J. R Johnson, J . l m  L'hcm Sot , 60, 
105 (1938) 

(6) (a) A H Soloaay ,  R L Wright,  and  J R l lesser,  J Phaimacoi .  
Ezpt l  T h e r a p ,  154, 117 (19611, (b) IT. H S a e e t ,  1 H Solonas,  and  R. L. 
Wright, ? b i d ,  137, 263 (1962) 



cessful. Tissue mid vessel radiation daniagc was i l l -  

dicated' and this most probably resulted fro111 tllc 
high levels of boron in tlie blood. Thus, though thcrc, 
was a favorable coiiceiitratioii ratio betivecii braiii 
and tuii1orl6" the levels in brain were roiiceiitrated 111 

the blood vessels. Upoii irradiation therefore tlie 
blood vessel walls would uiidouhtedly bc daiiiaged 
itilpairiiig the iiorinal traiisport froiii blood to braiii. 
0 1 1  this basis tlie aiiiiiial evaluatioii procedurr for 
various coiiipoiiiids has beeii iiiarkedly altered. 

C'oiripounds have heeii injected oii a daily hasis mid 
sacrifice lias occurrcd several days follo\viiig the last 
iiijcction. The rationale for this screeiiiiig proccdurc, 
is that the type of coiiipouiitl n-hicli nil1 be useful is 
oiie that 11 ill be bound to tuiiior but cleared froiii blood, 
braiti! aiid other tissues subjected to theriiial neutroii 
irradiation. By such ai1 evaluation, compounds iiiay 
he discerned which gradually concentrate iii thc 
desired tissue. 

111 Table I arc listed 10 of the roiiipounds \\-hose 
syiithesis lias lieeii described. Scveral have bceii 
evaluated by hoth proc~dures, although iiiaiiy of thv 
i i i o i - e  recent oms have bceii exaiiiiiied only for tlieii 
tuiiior-binding properties. Tlic ratios listed are aver- 
ages of up to 3 aiiiiiials foix each tiiiic sequeiice. I 'oi ,  

each aiiiiiial 2 4  tuiiior, tiloodl and iiiuscle saiiipleb 
were analyzed; in  soiiie instances the entire brain was 
used sirice its boron conteut nas  quite low. S o  o o i s -  

rection I\ as made for the blood coiiteiit of thebe tissues. 
'l'hough there are iiorinally large variations in the 

ratios for these highly inbred iiiiw, certaiii geiierali- 
zatioiis are possible. Thcw roii1pouiids, as irieasured 
1iy lioroii coiiteiit. attain at least the bailie but iioriiially 
greater coiiceiitrations iii tuiiror thaii iii iioriiial brttiii. 
The levels 111 hlood, oil the other haiid, are iiivaisiably 
higher than tutiior 11-it11 the possible esccptioiis of S- 
('-hoi.oiioethyl)cv.;teiiit. aiid 2-(acctylthio)ctl~ylboi,oiii~ 
acid. 'l'h(1 foriiiw coiripouiid \\-ah (.valuated as ~ 1 1  
1)y as iiiaiiy a$ 4 daily injections v itli sacrifice occurriiig 
on the thiid dag after the last dow. Boron tissue coii- 
cciitrations were too lon- for o u r  aiialytical technique.. 
This also applied to  the other ooiirpouiids i i i  this series 
which Ivere evaliiated by repetitivc iiijcctioiis. In iio 

iiistaiice was there selective hiiidiiig of these coiiipounds 
by tuiiior or hy aiiy otlicr tissnc, iior is tlicre aiiy ra- 
t iotiale why selective iiicorportttioii slioiiltf occur s i i w  

thew coiiipoaiitla n-ould iiot lw cmiisidcrcd aiitiiwtab- 
olitcs. €€on-ever, thc iiiechaiiisiiis by \vhich coiii- 

pouiids are bound to  tumors aiid other tissues are un- 
kiiowii aiid coiisequeiitly a pragmatic approach i i  
vananted. 

(Mwr coiiipoiuids arc iio\v bciiig coiisidered ivhich 
iiiay haw alkylating moieties or other biologically 
acative fuiictioiial groups coiitaiiiiiig a boron atom. In 
this iiiaiiiirr, boroii iiiay licroiiie incorporated into the 
desirrd target tissues. Such ai1 approach seenis re- 
(luiicd it' iicutroti capturc. therapy is to be ieiidcrcd 
practicable. 

2-Boronoethylthioacetic Acid (la).-A riiixture i d  5.23 g. ( i f  

iiiercnptoacetic. acid :ind I O  g. of dibutyl ethylenebiiroiiate \+-:is 
kept at  80' under nitrogen for 4 hr. and 0.05-g. portions [ i f  :LZO- 

tiisis~,lnityri~tiit~ilr ivei'e :~tl(led :ifter (1 :md '7 hr .  StirrinK : t i l  

11.1-g. portiori of t l ~ e  c . r .u t l r  adduct wit11 :i 1111. of hiit \v:itc>r : I I I I ~  

c,ooliiig yieltktl :{ .<I  p. o f  la ;  :ifter recr~siall~~:itiiJii,  i i1 .1) .  I 0 4  
1 l i S O .  
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Anal. Calcd. for C4HSB048: C, 29.29; H, 5.53; B, 6.59; 
5,  19.55. Found: C, 29.50; H, j.66; B, 6.74; S, 19.64. 
3-(2-Boronoethylthio)propanoic Acid (lb).-A mixture of 5 

g. of dibutyl ethyleneboronate and 2.6 g. of p-mercaptopropionic 
acid a t  room temperature was irradiated in a quartz flask under 
nitrogen with an AH-4 mercury vapor lanip for 6-7 hr. Water 
(10 ml.) was added, and the water and butanol were distilled 
a t  20-30 mni., leaving a residue which on recrystallization from 
water yielded 1.5g. of lb ,  n1.p. 118-121'. 

Anal. Ca1i.d. for C,HIlB04S: C, 33.73; H, 6.22; B, 6.08; 
S, 18.01, Found: C, 33.53; H, 6.28; 13, 6.20; S, 18.25. 

3-(2-Borono-l-propylthio)propanoic Acid (2).-Substituting 
5 g. of dibutyl propene-2-boronate for t,he ethyleneboronate in 
the prwedure described for l b  yielded 3.1 g. of crude 2. I t  
was recrystallized from water (0.5 ml./g.) repeatedly with con- 
siderable loss, m.p. 83-84". 

Anal. Calcd. for C6HI3BO$: C, 37.3; H, 6.8; B, 5.6; S, 
16.8. 

Monobutyl2-( 2-Hydroxyethylthio)ethaneboronate Lactone (3).  
-A mixture of 3.3 g. of rnercaptoethanol and 7.4 g. of dibutyl 
ethyleneboronate kept a t  80" for 4 hr. m-as treated with 0.08-g. 
portions of azobisisobutyronitrile after 0 and 2 hr. Distillation 
yielded 5.8 g. ( 7 7 % )  of 3, b.p. 56-61" (0.1 mm.);  fractionated, 
b.p. 60" (0.1 mm.). 

Anal. Calcd. for CsH,iBO?S: C, 51.08; H, ! ) . l l :  B, <5. i5 ;  
8, 17.05, Found: C, 50.09; H,9.19: B,5.91; S, 1i.14. 

An aqueous solution of 2-(2-hydroxyethylthio)ethaneboronic 
arid was prepared by adding excess water to 3 and distilling 
the but,anol-water azeotrope out under vacuum. 

Calcium (2-Boronoethylthio)succinate (4).-A solution of 7.9 
g. of mercaptosuccinic acid and 9.2 g. of dibutyl ethyleneboronate 
in 25 ml. of methanol was refluxed for 16 hr. under nitrogen and 
treated with 0.1-g. portions of azobisisobutyronitrile after 0 and 
6 hr. The methanol was distilled under vacuum; the residue 
was treated with 20 nil. of water and concentrated to a waxy 
residue at  20 mm. Treatment with calcium hydroxide and water 
followed by concentration yielded 53% of the calcium salt 4, 
recrystallized from water with a loss of about 50'5. 

.Anal. Calcd. for C6HyBCaO&: C, 27.71; H, 3.49; 13, 
4.16; Ca, 15.41; 8, 12.33. Found: C, 2 i . 6 5 ;  H, 3.61; B, 

2-(2-Boronoethylthio)ethylamine Hydrochloride (5).-A solu- 
tion of 6.0 g. of mercaptoethylamine hydrochloride and 9.2 g. 
of dibutyl ethyleneboronate in 30 ml. of methanol was refluxed 
under nitrogen for 18 hr. and 0.08-g. portions of azobisisobutyro- 
nitrile were added after 0 and 2 hr. The solvent was removed 
with a water pump, and the residue was stirred in 25 ml. of water 
for 1 hr. After washing with three 25-ml. portions of ether, the 
aqueous solution was cooled and the product ( 5 )  crystallized; 
yield, 6.5 g. (two crops) (70%); recrystallized, m.p. 106-109'. 

Anal. Calcd. for C4HI,BCl?jO?S: C, 25.90; H, 7.06; B, 
5.83; C1, 19.11: S, i.55; S, l i .29.  Found: C, 25.71; H, 
i .01; B, 5.95; C1, 19.14: 3, 7.50; S, 17.24. 
S-(2-Boronoethy1)cysteine (6).-A solution of 12.7 g. of cys- 

teine and 18.4 g. of dibutyl ethyleneboronate in 150 ml. of meth- 
anol and 200 ml. of water was refluxed in an oil bath a t  80" 
for 14 hr. under nit,rogen and a 0.15-g. portion of azobisisobuty- 
ronitrile was added after 0 and 4 hr. The solvents were distilled 
a t  approximately 20 mm., care being taken not to overheat the 
residue, leaving 24.i g. of a crude waxy product which was 
recrystallized from hot water to yield 15.0 g. (78%)  of 6; the 
analyzed sample had a decomposition range of 155-190'. 

Anal. Calcd. for CsHI2BXOaS: C, 31.11; H, 6.27; B, 5.60; 
S, 7.26; S, 16.61. Found: C, 30.98; H, 6.29; B, 5.60; K, 
7.30; S, 16.86. 

Found: C, 39.3: H, 6.8; B, 5.8: 8, 17.3. 

3.90; Ca, 15.20; s, 12.49. 

Potassium 2-Boronoethanesulfonate (7).-A solution of 10.4 
g. of sodium bisulfite and 18.4 g. of dibutyl ethyleneboronate in 
100 ml. of methanol and 100 ml. of water was heat,ed under ni- 
trogen in an oil bath at  80" for 16 hr. and a 0.1-g. portion of azo- 
bisisobutyronitrile was added after 0, 4, and 8 hr. Most of the 
methanol was removed with a water aspirator and the aqueous 
solution was stirred with an excess (75 ml.) of a sulfonic acid ion- 
exchange resin for 1 hr. The mixture was then filtered and 
concentrated at  20 mm. The sirupy residue was dissolved in 
25 ml. of m-ater to which was added 175 mi. of methanol. The 
solution was fractionated a t  atmospheric pressure until all the 
methyl borate-methanol azeotrope had been distilled (negative 
flame test for boron in dist,illate). The solution was then treated 
with excess potassium sulfonate ion-excshanpe resin, filtered, and 
cwicent,rated under the aspirator. .4 viscous sirup remained 
which crystallized to waxy s,.lid in a few hr. a t  5". Recrystal- 
lization from a minimum of hot water (0.n ml./g.) yielded ap- 
proximately 11 g. iL,; ) of 7. Recrystallization was (wried 
out with about 50 loss of material each time. The n.m.r. 
spectrum of the sal in water showed the expected two triplets 
from the two sets of methylene hydrogens. 

dnal. Calcd. for C2H6BKOjS: C, 12,51; H, 3.15: B, 5.63; 
S, 16.70. Found: C, 12.58; H, 3.27: B, 5.3.5: S, 16.42. 

Dibutyl 2-(Acety1thio)ethaneboronate (Sb).-Hesting 4.1 g. 
of thiolacetic arid and 9.2 g. of dibutyl ethyleneboronnte a t  80" 
for 4 hr. with the addition of 0.08 g. of azobisisobutyronitrile 
after 0 and 2 hr. followed by distillation yielded 8.4 g. (64%) of 
Sb, b.p. 86-87" ( 0 . 2  nim.); fractionated, b.p. 84" (0.2 mm.). 

.4nal. Calcd. for Cj2H2;BO3S: C, 39: H,  9.68; B, 4.16: 
S, 12.32. Found: C, 55.75; H, 9.78: H,4.38: $I, 12.54. 

2-(Acetylthio)ethaneboronic Acid.-Stirring 6.2 g. of 9b with 
25 ml. of water a t  60-70" for 1 hr. and concentrating a t  20 mm., 
followed by cooling to 5O, yielded 2.9 g. (82yc) of product: 
twice recrystallized, rn.p. $2-74.5'. 

Anal. Calcd. for C4H&OBS: C, 32.46; H,  6.13; B, 7.31: 
H, 21.67. Found: C, 32.60; H,  6.38; B, 7.43: S, 21.66. 
B. Biological.-In other studiess" it has been shown that C3H 

mice bearing subcutaneously transplanted gliomas provide a 
useful means of assaying the tumor-brain ratios as well as other 
tissue concentrations of various boron compounds. The present 
variety of glioma, an ependymoma, was used throughout the 
investigations. The method used for transplanting the tumor 
has been de~cribed,3~ and the general analytical technique for 
boron has also been recently presented.* Aqueous solutions of 
the drugs were prepared and t.heir toxicity in mice determined. 
The tumor-bearing animals were injected intravenously or 
intraperitoneally, usually under light ether anesthesia, with doses 
of from 35 to 140 y of boron per g. of body weight ( y  B/g.). 
They were sacrificed by ether inhalation after the desired periods 
of time and various tissues were excised, weighed, and analyzed 
for boron content.* The tissue distribution ratios were t,hen de- 
termined from the averages of the boron content in the tissue 
samples. 

Acknowledgments.-The authors wish to  thank 
Dr. William H. Sweet, Associate Professor of Surgery 
at the Harvard IIedical School and Chief of the 
Xeurosurgical Service of the Massachusetts General 
Hospital for his great, interest in this project. The 
invaluable technical assistance of Mrs. Janette R. 
Messer is gratefully acknowledged. 

(8) A. H. Sulonay and J. R. hIesser, Anal. Chcm., 36, 433 (1964). 


