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Anal. Calcd for ClzHloOjCr: C, 50.35; H, 3.52; 0, 27.95; 
Cr, 18.18. Found: C, 50.51; H ,  3.56; 0, 27.75. 

The filtrate was further concentrated to -20 ml and treated 
with ceric ammonium nitrate followed by lithium aluminum 
hydride as described for run B. Glpc analysis showed a single 
product, identical with authentic 1-OH. 

Run J.-Another sample (0.684 g, 2.03 mmol) of the methane- 
sulfonate 2-OMS was treated in a similar manner with anhydrous 
buffered formic acid at  70" for 30 min. The product was isolated 
as described for run I, giving 0.405 g (70%) of 2-OCOH. 

Formolysis Products of 2- [r-(Pheny1)chromium tricarbonyl] - 
ethyl-l,l-dz Methanesulfonate (4-OMS). Run K.-A solution 
of 0.355 g (1.05 mmol) of 4-OMS in 25 ml of deoxygenated formic 
acid2a buffered with 0.0491 M sodium formate was heated a t  120" 
for 1 hr. The complexed formate 4-OCOH (0.209 g, 69%) was 
isolated as described in run I: mp 71-72'; ir (CHCls) 3090, 
3035 (CH phenyl); 2980, 2945, 2920 (CH aliphatic); 2170 (CD 
aliphatic); 1980, 1890 (CEO), 1730 (C=O ester), 1190 (CO); 
660, 630 cm-l (CrC); nmr (CDCla) 6 8.02, singlet (-OCOH); 
5.30, broad singlet (r-CgH6-); 2.75, singlet (CsH&Hz-). No 
signals were observed at  6 -4.4 (-CH20-). We estimate that 
-5% of a-hydrogen-containing material could have been de- 
tected had it been present. 

Anal. Calcd for ClzHsD20&r: C, 50.01; H,  2.80; D,  1.39; 
0, 27.76; Cr, 18.04. Found: C, 50.28; 0, 27.70. 

Formolysis Products of 2-[~-(Phenyl)chromium tricarbonyl] -1- 
propyl Methanesulfonate (dl-6-OMS). Run L.-A solution of 
61.8 mg (0.176 mmol) of dl-6-OMS in 5 ml of deoxygenated formic 
acid28 was heated a t  115' for 30 min. The reaction mixture was 
extracted, decomplexed with ceric ammonium nitrate, reduced 
with lithium aluminum hydride, and analyzed by glpc as de- 
scribed for run B. Two components were found to  be present 
(relative abundance 17% and 83%) which were identified by 
their infrared spectra as alcohols dl-13-OH and dl-SOH, re- 
spectively. 

Registry No.-1-OMS, 20020-27-3 ; 2-OCOH, 38599, 
99-4; Z-OAC, 38600-00-9; %OMS, 38600-01-0; 3-OMs, 
38605-70-8; 4-OMs, 38600-02-1 ; 4-OCOH, 38600-03-2; 
(+5-OMs, 38605-48-0; (*)-6-OMs, 38600-04-3; 7- 
OMS, 20020-28-4; (*)-8-OMs, 38637-45-5. 
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Ring closure of hydantoic acids to hydantoins studied under aqueous acid conditions in the p H  range 0-2 a t  
50" shows a specific acid-catalyzed component a t  low pH as well as a spontaneous component a t  higher pH. 
The accelerating effect of substitution on the 2 carbon of hydantoic acids by alkyl or aryl groups is not always 
as large as can be expected on the basis of their bulk. The observed rates appear to be rationalizable, how- 
ever, in terms of a competing acceleration-inhibition mechanism resulting from the substituents being able to 
interfere with the reaction center as well as assisting in the process. 

Hydantoic acids are known to  cyclize to  their respec- 
tive hydantoin under acid conditions and the effects of 
2 substituents has been qualitatively observedn2 The 
only data available for the attack of a ureido group a t  a 
carboxyl group are the kinetics of the acid-catalyzed 
closure of a para-substituted phenylthiocarbamoyl- 
leucine, but the closure resulted in a th i~hydanto in .~  
More recently, Projarlieff, et u Z . , ~ ~ ~  have reported 
studies on the acid-catalyzed reversible cyclization of 
ureidopropionic acid to  yield dihydrouracil which, 
although not a hydantoin, possesses chemical char- 
acteristics similar to  hydantoins. Bruice, et d., studied 
quantitatively the conversion of 0-ureidobenzoic acid 
and its esters to  2,4-(1H,3H)-quinazolinedione, a 
hydantoin-like molecule, under basic  condition^.^,^ 
The effects of alkyl and aryl substituents in intra- 
molecular closures has been well documented, with the 
results suggesting that, as the bulkiness of substituents 
in cyclization reactions was increased, the rates of 
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cyclization increased.8-20 However, exceptions t o  this 
rule do exist.16v19 

Despite the large amount of work done on hydantoins, 
the kinetics of the acid-catalyzed cyclization of hy- 
dantoic acids and the effects of 2 substituents have not 
been quantitated. In  the present study the kinetics of 
the cyclization and the effect of 2 substituents on the 
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TABLE I 
COMPOUNDS STUDIED WITH Ri (i = 1-3) REFERRING TO THE GROUPS IN SCHEME I 

Full chemical name 

Hydantoic acid 
ZMethylhydantoic acid 
2,2-Dimethylhydantoic acid 
2-Phenylhydantoic acid 
2-Benzylhydantoic acid 
2,3-Trimethylenehydantoic 

2-Isopropylhydantoic acid 
2,2-Diphenylhydantoic acid 
Z-Ethyl-5-methyl-2-phenyl- 

5-Methyl-2-phenylhydantoic 

acid 

hydantoic acid 

acid 

aH t 

Figure 1.-Plot of kabsd us. aH+ for the closure of HA, MHA, 
ISPHA, and DMHA to their respective hydantoin at 50" ( w  1.0, 
NaCl) from which kl, a spontaneous rate constant, and kz, a 
specific acid-catalyzed rate constant, can be determined. The 
intercept differences are significant and can be obtained by the 
use of expanded plots. 

closure rate of a number of hydantoic acids were 
investigated in aqueous solution (p  1.0) a t  50" in the pH 
range 0-2. The reaction is represented as in Scheme I. 

SCHEME 1 

I I  
HN, ,N-R3 

C 

0 
II 

R1-R3 = alkyl, aryl, or hydrogen substituent 

Table I shows the ten acids that were studied. 
Included are 2,2-diphenylhydantoic acid (DPHA) and 
2-ethyl-5-methy1-2-phenylhydantoic acid (EMPHA), 
which are the hydantoic acids of phenytoin and me- 
phenytoin, respectively. Phenytoin and mephenytoin 
are two widely used anticonvulsive drugs. 

Abbreviated 
name R' R1 RS 

HA H H H 
MHA CHs H H 
DMHA CHa CHs H 
PHA CeH6 H H 
BHA C7H7 H H 
TMHA -CaHa- H H 

ISPHA CC3H7 H H 
DPHA CeH5 C6Hs H 
EMPHA CeHs CzHs CHs 

Results 
All the hydantoic acid closures followed first-order 

kinetics a t  constant pH and temperature. The reaction 
for all practical purposes appeared to  be irreversible, as 
evidenced by spectral comparisons and by the absence 
of any observable reaction when the respective hy- 
dantoin was placed in the buffer. 

The kinetic results obtained for the closures could be 
described in terms of eq 1 and 2 

where UH+ = activity of hydrogen ions (obtained from 
pH measurements); a = fraction of the hydantoic acid 
present as the un-ionized acid; Ka' = the dissociation 
constant of the acid experimentally determined at 25" 
(p  1.0) and corrected to  50"; ICl = spontaneous rate 
constant; IC2 = specific acid catalyzed rate constant. 
Equation 1 predicts that  a plot of kobsd/a! us. a H t  should 
give a straight line of slope k2 and intercept IC,. Typical 
plots of kobsd/a! us. UHt :we shown in Figure 1. Actu- 
ally, h e a r  plots of kobad 2)s. U H +  adequately described 
most of the systems, since K,' << UH+ and therefore 
a! 1, throughout the pH range studied. However, 
in some of the cases, a plot of kobsd vs. U H +  showed a 
slight curvature as a H t  approached K,' but, more im- 
portantly, the ICl value obtained from a linear approxi- 
mate appeared too low when used to regenerate a curve 
to  match the experimental points. The value of kl 
obtained from a plot of kobsd/a! us. a H t  was satisfactory. 

Because of the low water solubility of DPHA and 
EMPHA, the kinetics of their closure was measured 
in a methanol-water mixture (1: 1 v/v before mixing) 
with a hydrochloric acid concentration of 0.1 M .  This 
was repeated for all the hydantoic acids. Table I1 
gives the log kz,rel ,  log kpHl.O,rel, log kpH%,.O,rel, and log 
kcHaOH,HZo ,r81, where kz9,,1 is the relative specific acid- 
catalyzed rate constant in water (all rates relative to 
R1 = R2 = RB = H), k p ~ i . O , r e l  is the relative rate con- 
stant a t  pH 1.0 in water, kpHz.O,rei is the relative rate 
constant a t  pH 2.0 in water, and I C C H ~ O H I H ~ O , A  is the 
relative rate constant in the methanol-water mixture. 
These data sets were sufficiently correlated to  allow an 
estimation of kz and kpHl.o for DPHA and EMPHA and 
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TABLE I1 

FOR DPHA AND EMPHA 
DATA USED TO ESTIMATE k ~ ,  kpH1.0, AND kpH2.O 

log krel' log k r d a  log krel" log krela 
Acid (k2) (kPm.d  (k,Ha.o) (~CH,OHIEI~O) 

HA 0.00 0.00 0.00 0.00 
ISPHA 0 .53  0.53 0.61 0 .71  
PHA 0 .62  0.59 0 .50  0.71 
BHA 0.68 0.67 1.03 0 .82  
TMHA 1.04 1.03 1.05 1.22 
MHA 1.05 1.02 0.97 1.21 
DMHA 1.80 1.77 1.73 2.10 
DPHA 1.61 
EhfPHA 3 .23  

a Rate data relative to where R' = R2 = Rs = H. 

an approximate estimate of their rates of closure a t  
pH 2.0. Tho rcsults arc shown in Table 111. All the 

TABLE I11 
ESTIMATED I ~ A T I C  CONSTANTS FOR DPHA A N D  

EMPI-IA FROM MI:TIIANOL-WATER DATA 
k2, kpn1.0, kpH2.0, 

Acid AI -1 hr-1 hr-1 hr-1 

DPHA 1.30 1.41 X IO-' 2 .34  X lo-* 
EMPHA 32.5 3.39 4.79 x 10-1 

experimentally determined values of IC,, I C z ,  and pK,' 
are shown in Table IV. 

TABLE IV 
THE VALU1:S OF kl ,  ka, AND pz<*' FOR THI'. ACIDS STUDliGD 

ki, k2, 
ACld h r - 1  .16-1 hr-1 P K ~ '  

II A 3.Z X lo-' 5.39 X 3 . Z f  0 .03  
ISPHA 1.9 x 1.81 X 10-l 3.56 f 0 . 0 3  
PI-IA 1 . 1  x 10-3 2.26 x 10-1  3.04 i 0 .02  
BHA 2 . 4  x 2.58 x 10-l 3 .44 f 0.02 
TMHA 3 . 9  X 5.99 X lo-' 3 .48 f 0.04 
MHA 2 . 4  x 6.06 x 10-1 3.55 f 0 . 0 3  
DMIIA 6 . 5  x 10-3 3.39 4.07 f 0.03 
hlPHA 6 .09  x 10-1 
DPHA 1 .30  3.01 f 0.02 
EMPHA 32.5 3.03 f 0 .03  

Since t he buffering species used was hydrochloric 
acid, the buffer conccntration could not be varied with- 
out changing t l i c x  pH. The effect of added acrtic acid 
on thr  ratc of cyclization a t  pH 1.0 was studied and the 
results arc shown in Figure 2 .  Thr plot of kobsd vs. 
acetic acid concentration shows that the acetic acid 
inhibits thc rat(* of closure at  high concentration, con- 
sistcmt with thv findings of others on the effect of acetic 
acid on th(h rate of solvolysis of acetylsalicylic anhydride 
in hydrocliloric acid buff(br.21,2a The inhibition was 
probably a nolvrnt dfcct bwausc! it was not sren until 
the concentration of ac(tic acid was grcatcr than 2% 
v/v. 

Discussion 
The rcwlt8 presc~ntc~l in th r  prwious scction can be 

rationa1izc.d in tcwns of LL gencml meclianistic ncheme 
for tho rcactiori (Schemc 11). 

(21) E. R. Garrett, J .  Arne?. Chem. Soc., 83, 711 (1960). 
(22) ,J. lioskikalio. A d a  Chem. Scand., 17, 1417 (1963). 
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Figure 2.-Plot of kobsd (pH 1.0) vs.  acetic acid concentration 

( M )  used to determine the effect of acetic acid on the closure 
rate of MIIA to its hydantoin. 

SCHEME 11 
R1 0 

R-C-C--O- 
I II 

II I 
I 

NH-C-NH 

0 R3 

R1 0 

R-C- C- OH R 2 - - C - - C  OH 
I II 

II I 
I i-H+. 

"" 
NH-C-NH 

0 R3 
II I 

I 
NH-C-NH K 

0 RJ 
(HA) (H,A+) 

product 

R' 
I 
I 

R*-C-C=O 
I I  

C 

0 
(H) 

NH, ,N-R3 

II 

The ratc of product formation on the basis of Scheme 

(3) 

The development of this equation lrads directly to  
eq 1 and 2,  \diere JL.2 = JL2'/K, Figure 3 shows some 
represcntativc plots of log kobrd us. pH, where, 88- 
suming Schcmo 11, the solid l i n ~  is the path generated 
by the exprrimcntally dctcrmined ratc and equilibrium 
constants kl, k,, and pK,'. As can be seen, Scheme I1 
does appear to  dcscribc thc system. k k  corresponds to  
the spontaneous closure of the free hydantoic acid. 
However, the acid-catalyzed closure of the hydantoate 
anion, which is kinctically c>quivalent, cannot be totally 
discounted. It would appear, however, on a mech- 
anistic basis that the latter route is highly unlikely. 

Inhibition of tho closure owing to  protonation of the 
ureido group was not observed, probably because studies 

I1 is 

dm dl = kl[HA] + kS'[H,AT] 
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TABLE V 
COMPARISON OF LOGARIT~IMS OF THE EXPERlMENTAL RELATIVE RATE DATA OF VARIOUS SUDSTITUICNTH USED 1N TllE i'ILESENT STUDY 

\\'lTH PIZRTISI2NT LITICI~ATURE VALVKS OF OTHlaR INTRAMOLECULAR CLOSURES WHERE STERIC EFFIGCTS Wl~>Itl~: ALSO STUDIED 

2-Si1 bstituted 3-Substituted 2-Substituted :%5ubstituted 
liydantoic acid mOnO-p-bromo- 4bromobutyl 3-Substituted [linitri)antliranilic 

RI? RZ (present study) phenylplutarated aminesC phthalidesd acid6 
0.00  0.00 0 .00  0.00 11, €1 

CHI, H 1.05 0 .68  1. l o a  

CzH,, II 0 .  73a 1.13  1.39= 0 .57  

CH3, c& 1.80 (0.42) 1 .36 2 .20  (0.47) 1.88 

COII;, CGII:, 1 .38 (0 .0)  2 .43  3 .72  ( 0 . 0 )  

CsHj, I1 0.63 1.210 1.86" 

i-C3117, I1 0 .63 1 .52  1.98" 
CZIlS, CG& I .  35. 2 .33  3.25" 

Data obtained assrirriirig additivity, e.g., for Zethylhydantoic acid, log krel (R1 = CIH6, R2 = It3 = H) = log lcrol (IL] = C2Ks, 
Reference 12. c IZeference8. J Reference 16. e Reference 11. It2 = CeHb, R3 = CH,) - log kroi (it1 = H, R2 = CeHn, R3 = CH3). 

0 00 I L- 
o 06 10 I S  20 2.5 

p n  

Figure :L-pII-log k, ,~~~, t  profile for the cyclization of HA, 
JIFIX, ISPII.1, arid 1 ) l I I I A  to  their respective hydantoin at 
30" ( p  1.0 ,  XaCl). 

~vercb not cnrricld out in highly acidic systems. The 
protonation would havc resulted in the loss of nucleo- 
philicity by 1 l i ~  urrido g r o ~ p . ~ ~ ~  

Steric Effects.-The study of steric effects of 2 
substituents on the rate of intramolecular closure of 
hyd:iiitoic :Lcidh led to borne unexpected results. The 
effect of steric substituents in other intramolecular 
clowrc+-?" h:d gencmdly shown that, as the bulkiness 
of t I I P  rubytit u(wt+ in cyclization reactions was in- 
creased, thc1 rate of reaction increased. It was predicted 
th(w4or(~ t Iixt compounds lilw DPHA and EJIPHA 
should cloq(, :it w r y  rapid rates. The experimental 
rcsult s of t I)(. prcsrnt study, however, revealed that 
hucli w:i- iiot tlw cas('. Subytitution on the 2 carbon 
of hydantoic acid did increase the rate of the specific 
acid cntnlyzcd :ind ripoiitaneous closures, but only in 
partial agrccmc>nt with data reported in the literature. 
Tablv V givw yoin(' prrtinc.nt litrrature comparisons. 

Iii~pc~ctioii of T:tbl(i V shows that the effect of sub- 
stitution appc.arcd to  bo related to  the size of the group. 
Bruiw, et al., investigated hubst i tuted mono-p- 

bromophenylglutarate closures, wliilr Brown, et al., 
looked a t  2-substituted 4-bromobutylamincw. Tiieir 
results were consistent with the hypothcsis that sub- 
stituent effects arc directly rclatcd to thcir rclative size, 
Le. ,  isopropyl > phenyl > ethyl > methyl > hydrogen. 
A look a t  the possible transition statcs for ihrir rcac- 
tions shows that the R', R2 groups arc wrll srparated 
from the reaction center and are unablo to interfere 
with the reaction center in the transition statc. 

0 I R' 

The rationale for the increased rntcr of cyclization 
with increased bulkiness of substitucrit p w w i t  Iy ]ins a 
number of schools of thought. First, tho incrtmtb in 
bulk of R1 and R2 should decrcasch the. volumcl in which 
the reactive ends of the molcculc can mist. An in- 
crease in the size of R therrforr should incrrasc tlic ratch 
of nucleophilic attack. That is tlici hulltinc~ss cuts 
down the number of unprofitablc rotamcw. l 2  An- 
other approach attempts a quantitntivc> :~nalysis of tlir 
problem and discusses thc rat(% incroaric. in twms of 
gauche interactions, which arr lessond iii going from 
the ground state to  the transition state. Tliis quantita- 
tive approach, however, is limitrd to  simple substit- 
uents but would predict a priori  that tlicb largrr the 
group the faster the rate of r(vxtion.18 a\lorc. rcwntly 
Storm and I . ( o ~ h l a n d , ~ ~ ~ ~ ~  as w 1 1  as Burinctt and 
H a ~ s e r , ~  have suggested that tl ici  c4wt of t h  sub- 
stituents may be due to  orientational rff(icts, whew the 
substituent through interaction with thc reaction crntrr 
will favor ccrtain oricntations o v ~ r  otlicw. T l i c i  new 
orientation may be a favorable or an unfizvorablo OIW, 
so explaining the fact that substiturnts may occa- 
sionally lead to  catalysis wliil(b at otlicsr timcs io  in- 
hibition. Cohen, et U Z . , * O ~ - ~  havc introducchd thr  terms 
stereo population control and trimotliyl lock to  dwcribc 
their findings on substitu trd o-hydroxy cinnamic acids 
and their derivativrs. 

In the present study all tlic substituents c a u ~ e  a 
rate acceleration over the unsubstitutrd acid but the 
larger substituents have a smallcr dfvct tlian thcir size 

(23) D. R .  Storm and D. E. Iioshland. Jr., J.  rime^. Cliern. SOC., 94, 
5806 (1972). 
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L O G ( K R E L )  F O R  THE 

C L O S U R E  OF 3-  S U B S T I T U T E D  
M O N  0 - P - B R O M  0 P H E N Y L G L U T A R A T E S  

Figure 4.--Logarithms of the relative specific acid-catalyzed 
rate constants for the cyclization of 2-substituted hydantoic 
acids (present btudy) against the logarithms of the relative rates 
of closure of 3-subdituted mono-p-brornophenylglutarates.l2 
Rates are relative to 13, = l i ~  = 11 for both the hydantoic acids 
and the glutarntes. Key: 1 = H, H ;  2 = CH,, H ;  3 = CHs, 
CH3; 4 = CZHB, H; 5 
CeHa; 8 = CeHs, CeH6. 

CeHb, H; 6 = i-C3H.r, H ;  7 = CzHs, 

would predict. A plot of the logarithms of relative rate 
data from this study against that of 3-substituted 
mono-p-bromophenyl glutarate closure12 is shown in 
Figure 4. The division into two groups is readily 
seen. The substituents which fall into the slower 
group-i.e., isopropyl, phenyl, ctc.-have a common 
property which i q  riot shared with the methyl, di- 
methyl substituents. They are bctter able to  interfere 
with the rraction ccntrr. 

NewmanZ4 proposcd an t>mpirical rulc called “The 
Rule of Six.” This rule was for reactions where sub- 
stituents can form a six-membered ring with some atom 
involved in the ground or transition state. For ex- 
ample, if the rates of estcrification of a series of car- 
boxylic acids are observed, therc is little difference be- 
tween acetic acid and propionic acid, but in going to  
butyric acid thcrc is a significant drop in thc rate. 
If the atoms in the acid are numbered, it can be seen 
that butyric acid and higher homologs have atoms in 
the six position. 

OH 
I 

This effect could be due to the blocliing of the addi- 
tion rcaction and steric retardation owing to thc in- 
creased spatial requirements in going from the ground 
state to  the partial tetrahedral intcrmcdiatc transi- 
tion state.24 Tlic effect could also be due to  solvation 

(24) M. S. Newman. “Steric Effects in Organic Chemistry,” Wiley, 
New York, N .  Y. ,  1956. pp 203-213. 

J. Org. Chem., VoZ. 38, No.  8, 1973 1531 

interference or an effect on K ,  the prercaction cquilib- 
rium protonation constant. Ingold has discussed 
steric effects in bimolecular reactions in a similar fash- 
ion but from a more energetic approach.26 

The steric requirements discussed by Newman 
and Ingold, which are probably playing a role in the 
present work, have also been qualitatively noted by 
others in intramolecular reactions. In  the case of 
3-substituted mono-p-bromophcnylglutarate cIosu~’c, l2 

moving the substituents to  the 2 position13 greatly 
decreased the effect of tho substituent. Similarly, 
in the case of 2-substituted 4-bromobutylaminc~ clo- 
sures,8 placing the substituent a t  the 1 or 3 position 
decreased the gem-dialkyl effect by moving the groups 
nearer the reaction center. With the 4-bromobutyl- 
amine closures, “substitution on the third carbon dc- 
creases the rate which is only about a8 fast as the 
parent. However, the bromine occupics a neoprntyl 
position in this case and thc obscrvcd rate reprcscnts 
a marked acceleration to  such a hindered displacement 
reaction.”* 

In the present study, the transition state is prob- 
ably very similar t o  that of the acid-catalyxcd estcrifi- 
cation of carboxylic acids. Brlow is a posxiblc transi- 
tion state which is susceptible to  steric e f f c c t ~ ~ ~ - ~ G  
for the acid-catalyzed closurr of hydantoic acids. 

HN,, ,,,NH - R~I  

i 
0 

A possible rate-determining transition atatr iq the at- 
tack of the urcido group a t  the protonated carboxyl 
group with possibly some concerted leaving of a water 
molecule. Depending on Rl and R2, the coiled struc- 
ture proposed by Newman as possibly causing inhibition 
can be superimposed on this system. 

When the logarithms of the rclativc. rat(. constants 
for the present study were plotted against those of 
Bruice, et al. (refer to  Figure 4), HA, JIHA, and DAIHA 
may be assumed to  be displaying relatively idral bc- 
havior; Le.,  there is little steric inhibition by thc sub- 
stituents. The vertical distanccx bctwwn tlw lint 
drawn through these three points (Rl, It?; H, H; CH3, 
H;  CHa, CHI) and thc expwimcntal points for the 
other substituents may be taken as a measure of the 
inhibition by the other substituents. This distance 
in reality is a rough measurc of the relative. frecl c’nergy 
of inhibition for the reaction assuming ideal behavior 
by the methyl, dimethyl substituents. Unfortunatcly, 
no effort ’\vas made to  scparatr the catalytic and in- 
hibitive effects into enthalpic and entropic contribu- 
tions. These differences wprc thcri compnrcd to  the 
number of atoms in the 6 position (se(1 Table VI). 
The order of inhibition was CoHsl CeH; > C2Hj, CeH6 > 
i-C3H7 > CeH; > CzHj, and this order wax qualitativcly 

(25) C. Ti. Ingold, “Structure and Jlec1ranirrn in Organic Clrernistry,” 
2nd ed, Cornel1 University Press, Ithaca, K. Y., 1909, pp 644-657, 1155- 
1160. 

(26) K. L. Loening, A.  D. Ganett, and M. 9. Newman, J .  Amer. Chem. 
SOC., 74, 3929 (1952). 



1532 J. Ory. Chem., Vol. 38, No. 8, 1973 STELLA AND HIQUCHI 

TABLE VI 
COMPARISON OF THE: INHIBITING EFFECTS OF THE LARGIC ALKYL 

POSITION IX THE ACID-CATALYZED CLOSURE OF 

.\NU ARYL sUI3STITUI:NTS ‘IO THE NUMIHSR OF ATOMS I N  THE 6 

2-SUIISTITUTI:D HYD.iNTOIC ACIDS 
Number 

log ( k d )  Inhibitingb of atoms 

Rl, R2 I I1 I - I1 position 
l o r  ( k d ”  (exptl) effect a t  6 

CZHj, If 1.56 0.73 0.83 3 
CJI;, I1 1 7 1  0.63 1.08 4 
i-C3H7, H 2.10 0.53 1.57 6 
CJI-,, CeIh 3.21 1.33 1.86 7 
mi, C ~ I L  3.36 1.38 1.98 8 

a Obtained from Figure 4, where the individual groups would 
have fallen on the ITA, M I A ,  DMHA line, ;.e., assuming that 
the HA, MHA, DMITA line represents relatively ideal behavior. 

The difference (I - 11) i.i really just the vertical distance from 
the IIA, l I I I A ?  1 ) l I I T . l  line to the experimental points, again 
referring to Figure 4 

identical with thr  numbcr of atoms in thc 6 position. 
If tlic assumption is madc that the inhibition of the 
1argc.r groups in tlicl cyclization of liydantoic acids is 
idcnticnl nith thow swn in thci intcrmolrcular ester- 
ificat ion mcclianism of carboxylic acids, an inhibition 
factor, IF ,  can bc dcfiried 

40” wliere ~ C C ~ ~ ~ C I I ~ C O ~ I I  is the spccific acid catalyzed 
rato of rstrrificntion of the acid CH3CH2COOH;24 
/i:$oo11 is tlic spccific acid catalyzrd ratc of cstcri- 
ficntion of thc acid RCOOH;24 CH3CH2COOH is 
takm as thr acid rrprrsrntative of liydantoic acid 
rather than CH3COOH, because the terminal methyl 
rcplacrs thci urclido group. This mrans that, if HA is 
rcprcwint c d  by CH3CH&OOH, -\ IHA is represented 

by CH3CH2CH(CH3)COOH, and ISPHA by (CHJ2- 
CHCH(CH3)COOH. Table VI1 givcs the I F  for the 

by (CI-Ia)sCHCOOH, DAIHA by (CH,)$COOH, EHA 

T.wLJ,: VI1 

Cfiiours ON TIIF: ACID-CATILYZICD ESTERFICATION 
LOGAltITIiMS OF THE I<lCLATIVE INHIFlITION EFFECTS O F   ALKYL 

O F  CARl3OXYLIC ACIDS 
lor 

(RCOOH) k ~ T O O 1 1  ( I F )  
CII3CIr?CooH 1.00 0.00 
(CIIy)pC11COOH 2.52 0.40 
(CI-I~)~CCOOI~ 22.5 1.35 
c ~ c  1 1 a  r ( ~ I I ~  )coo11 8.49 0.93 

Obtained by ext’rapolation from log kcHscmcooH/kRcooH vs 
the number of atoms in the 6 position. For 1:. = CH,CHdZOOH, 
CII3CII1CII(CII3)C0OIS, (CI-13),CCI-I(CIT3)COOH gives excel- 
lent correlation, idlowing the estimation of kcCH3)1cI~~;II(cH3)cOo~€. 

k~o~PcH?cooH/ 
Carboxylic acid ~ % ~ C H ~ C O O H /  k400 HCOOH 

(C€I~)ZCHCI-~(CH~)COOI~ 106 2.03a 

acids used. If thr  ratw of the acid-catalyzed intra- 
molecular cyclizations of hydantoic acids aw now cor- 
rected by the respective I F  and again compared to  the 
works of Bruicr, et al., and Brown, et al., the correction 
~limirinted soni(’ of thc inconsistencies in tlie experi- 
mental results (scr Table VIII). Further data to  
allow the corrwtion for all the acids was not available. 

In summary tlirqr r (wl t s  show that the small steric 
accclrration effect seen with the large groups in the 

TABLE VI11 

DATA FOR THE PRESENT WORK WITH 

PERTINENT LITERATURE VALUI:~ 

COMPARISON OF CORRECTED LOGARITHMS O F  RELATIVE RATE 

Bruice, et al. 
Brown, e l  01. 3-Substituted 

2-Substituted %Substituted rnono-p- 
hydantoic acids 4-bromobutyl bromophenyl 

R1, Rz (corrected) aminesa ~lutaratesb 

H, H 0.00 0.00 0.00 
C H ,  H 1.45 1.10 0.68 
C2H6, H 1.56 1.39 1.13 
CHI, CH3 3.15 2.20 1.35 

2.56 1.98 1.52 i-C3H7, H 
a Reference 8. Reference 12. 

present study is probably due to  compc4ing accelera- 
tion-inhibition effects resulting from tlic groups being 
able to  interfere with the reaction center as ~ w l l  as 
assisting in the process. The actual mechanism 
of the catalysis is difficult to  interpret because, as 
stated by T h o r n t ~ n , ~ ~  the use of substituents results 
in changrs in the electronic mcrgy surfnccs of sub- 
stituted us. unsubstituted moI(wlcs, giving rise to 
different molecular geometries as ~ l l  as forct: con- 
stants. This means that t h r  effcct of thr nubRtituerits 
can be broken down into the effect of tlic substituent 
on the rest of the molecule including the reaction center, 
but we cannot forget about the effect of the rest of the 
molecule on the energetics of thc substituent. 

The steric effect of the benzyl group, not discussed 
SO far because no comparison data was available, 
appears to  fall in line with other groups studied. The 
steric effect of th r  2,3-trimethylrnc substitution has a 
log lcrel of 1.05, which is identical with that of a methyl 
group. At first this docs not appear inconsistent be- 
cause the cycloprntyl group is directed away from the 
reaction center in the transition statc and so in reality 
acts as a methyl group. An anomaly arises, however, 
in that the cyclopentyl group has frozen rotation about 
the 2-3 bond and such an effect in intramolecular rcac- 
tion usually results in ratc increasrs in th r  order of 
160-f0ld,~~ whereas herc an incrcwc of 11.3-fold is 
seen. Elie129 explains that th r  most important factors 
to  be considered in ring closur(>s are the (’as(‘ of having 
the ends of the acylic structure meet and a strain 
factor. The closure of 2,3-trirnetliyleneliydantoic acid 
results in two adjacent five-membered rings with a 
common bond, The situation is similar to  the case 
of succinic compared to  maleic acid in the rate of cycliza- 
tion of their phenyl esters,28 where the rate increase is 
only 43-fold because of strain introduced into the SYS- 
tem by a double bond. If 2,3-trimethylenehydantoic 
acid is corrected in a similar manner to  the other sub- 
stituents (refer to  Tables VI1 and VIII) by the data 
of N e ~ m a n , ~ ~  the corrrcted ratc increase over hydantoic 
acid is 11.5 X 3.4 or 39-fold. Thr apparent small 
increase in rate with the freezing of the 2,3  bond is due 
to  strain imposed on thc system by the added cycle- 
pentyl group. Thr terminal methyl group (5-mcthyl) 
gives a log kre1 of 1.43, identical with that of a corrected 
methyl group a t  tho 2 position. Howver, the mecha- 

(27) E.  R.  Thornton, Annu. Rev.  Phys .  Chem., 17, 340 (1966). 
(28) W. P. Jencks, “Catalysis in Cliemlstry and En7ymology,” McGra!\- 

(29) E.  L. Eliel, “Stereochemistry of Carhon Compounds,” McGraw-Hl11, 
Hill, New York, W. Y., 1969, pp 8-18. 

New York, N. Y., 1962. p 198 
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TABLE I X  

EXPERIMENTALLY DETERMINZD VALUES FOR THE EFFECT OF 
2 SUBSTITUENTS ON THE CLOSURE OF HYDANTOIC ACIDS 

R1 R =  RS exptl calcd 

CeH6 CnHs H 1.38 1.26 
C6H5 CzHs CHI 2.78 2.73" 
CHs CHs H 3. 15b 2. 90b 

a Assuming that the effect of benzyl is approximately the 
same as that of ethyl. The assumption was made considering 
the fact that their Taft steric parameters are identical, L e . ,  
when considered as C ~ H & H Z C H ~  us. CzH&H9. Using the 
corrected values of Table VIII. 

CALCULATED VALUES, ASSUMING ADDITIVITY, COMPARED TO THE 

log krel log kcel 

CHI CHI H 1.80 2.10 
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hydrolysis of the corresponding hydantoin .a  The amino acids 
for the formation of the hydantoic acids were commercially 
available or, in the case of 2,2-diphenylglycine, were prepared 
from the hydrolysis of the corresponding hydantoin (hydrolysis of 
the hydantoin in this case did not allow the isolation of the 
hydantoic acid). Analysis of the compounds prepared, method 
of synthesis, infrared data, and melting points (reported melting 
points)"-*? are shown in Table X. Examples of the various 
synthetic procedures used are listed below. 

2,2-Diphenylglycine (DPG).-To 300 ml of 20% 
sodium hydroxide was added 5,s-diphenylhydantoin (17 g, 0.07 
mol). The solution was placed in a plunging autoclave under 
nitrogen at  180" for 30 hr. This was then charcoal filtered, 
diluted to 800 ml with water, and neutralized with acetic acid. 
Product was collected, washed with successive portions (100 ml) 
of water, ethanol, and ether, and dried in a vacuum hot air oven. 
b P G  gave mp 258' dec (yield 10.7 g). 

Method I. 

TABLE X 
ANALYSIS,~ METHOD OF SYNTHESIS, INFRARED DATA, AND MELTING POINTS OF COMPOUNDS STUDIED 

Wavenumber for 
C=O stretch, om-1 Wavenumber for 

Method of (NaC1 cells, C=O stretch, cm-1 MP (dec), Reported 
=C mp (dec), 'C Compd synthesis solvent THF) (KBr pellet) 

HA I1 1680, 1720 178-179 180 
MHA I1 1680, 1720 182-183 185 
DMHA I1 1680, 1730 186 - 187 184 
PHA IIa  1690, 1730 195-196 181, 196.5 
BHA IIa 1690, 1725 192-193 188-190 
TMHA I1 1675, 1740 200-202 

DPHA IIa 1680, 1730 1625, 1710 190-191 
ISPHA I1 1680, 1720 200-201 187, 176 

EMPHA I11 1680, 1710 189-190 177-178 
MPHA IIb 1680, 1720 166-167 164-165 
DPG I 1630 261-263 242, 263 

a Satisfactory combustion analytical data (&0.3%) were provided for all new compounds. Ed. 

nisms for the rate increases are probably not the same. 
The 5-methyl group can, by induction, increase the 
nucleophilicity of the ureido group and stabilize any 
positive charge built up on the terminal nitrogen in 
the transition state. The acceleration could also be 
due to  the greater relief of the gauche carboxyl-methyl 
amido (-CONHCH3) interaction compared to  carboxyl- 
amido (-CONHz) interaction. l8 

Additivity of the Steric Effects.-The trend toward 
additivity among the logarithms of the relative 
rates of closure is interesting. This phenomenon was 
also observed by Bruice, et ~ 1 . ' ~  The calculation of 
log (/&I) for R1 = C2Hs, R2 = R3 = H and R1 = 
GHs, R2 = CsH,, R3 = H used in the discussion so far 
have asssumed additivity; and, as could be observed 
from those results, the values obtained did seem t o  be 
in the right order of magnitude. Table IX gives the 
calculated values compared to  the experimentally 
determined values for some substituents where the 
additivity phenomenon could be checked. 

Experimental Section 
Equipment.-A Cary 14 recording spectrophotometer was used 

for all spectroscopic measurements. The pH measurements were 
carried out using a Corning Model 12 research pH meter stan- 
dardized with potassium tetraoxoalate standard buffer (pH 1.679, 
12.61 g/l.). Infrared spectra were measured on a Perkin-Elmer 
70 infrared spectrometer. 

Materials.-All chemicals used were of analytical or reagent 
grade. Mephenytoin was supplied by Sandoa Drug Co. Buffers 
were made from triply distilled water and analytical grade con- 
centrated hydrochloric acid with the ionic strength adjusted to  
1 .O with sodium chloride. 

The hydantoic acids were prepared from their amino acids by 
treatment with potassium cyanate or methyl isocyanate, or by the 

Ref 

30 
30 
31 
30, 32 
33 

34, 35 

32 
32 
36, 37 

Method 11. 2-Isopropylhydantoic Acid (ISPHA).-To dl- 
valine (3 g, 0.025 mol) was added an excess of potassium cyanate 
(3 g, 0.037 mol) in 15 ml of water. The solution was heated in a 
hot water bath at  90-100' for 1.5 hr. After cooling in ice water, 
the solution was acidified with concentrated hydrochloric acid. 
The precipitate was collected, washed with ice water and then 
with ether, and dried. After two recrystallizations from an 
ethanol-water mixture, a product with mp 200-201' was ob- 
tained. 

Method 1Ia.-If the amino acid was very water insoluble, a 
slight variation of method I1 was used. The amino acid was 
solubilized in basic solution by the addition of some sodium 
hydroxide (enough t o  effect solution) and then the excess potas- 
sium cyanate was added. 

Method 1Ib.-When methyl isocyanate was used as the 
carbamoylating agent, the amino acid was again dissolved in 
slightly alkaline solution and the excess methyl isocyanate was 
added dropwise to the reaction mixture a t  room temperature, not 
a t  elevated temperatures. 

Method 111. 2-Ethyl-5-methyl-2-phenylhydantoic Acid (EM- 
PHA).-To 45 ml of 1 N sodium hydroxide was added 
mephenytoin (5 g, 0.02 mol). The solution was heated a t  90- 
100' for 0.75 hr and then cooled. After extraction with 3 X 50 
ml of ether and filtering, the aqueous alkaline portion was 
acidified. The precipitate was collected and, after recrystalliza- 
tion from an ethanol-water mixture, was found to decompose a t  
189-190', consistent with EMPHA. 

Kinetic Measurements.-All aqueous reactions were carried 
out a t  50.0 =!= 0.1' in tightly stoppered 50-ml volumetric flasks 
suspended'in aq oil bath. Samples (5 ml) were withdrawn at  

(30) "Dictionary of Organic Compounds," 4th ed, Oxford University 

(31) C. J. West, J .  B i d .  Chen., 34, 187 (1918). 
(32) H. Aspelund, Acta Acad. Aboenzsia, Math. Phys., 13, 1 (1962). 
(33) H. D. Dakin, J. Biol. Chen. ,  6 ,  235 (1909). 
(34) W. J.  Boyd, J .  Bzochem., 27, 1838 (1933). 
(36) F. Lippich, B e y . ,  41, 2953 (1908). 
(36) H. C. Carrington, C. H. Vasey, and W. 9. Waring, J .  Chen.  BOG., 

(37) R. Duschinsky (to Hoffmann-La Roche Inc.), U. 9. Patent 2,593,860 

Press, New York, N. Y . ,  1965. 

49, 3105 (1963). 

(1952). 
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appropriate times, placed in screw-capped vials, quickly cooled in 
ice water, and then stored in a freezer ( -  15’). Analysis of the 
samples was carried out a t  230 nm for hydantoic acids without 
aryl substitution, and at  242.5 nm for the acids with aryl substitu- 
tion. The extinction coefficients of the hydantoic acids are about 
one-third those of the respective hydantoin. The rate constants 
were obtained by plotting log ( A ,  - At)  us. time, where A ,  and 
At are the absorbance readings at  infinity and a t  time t ,  respec- 
tively. Reactions carried out a t  50.0 & 0.1’ in the methanol- 
water mixture were done in ampoules to prevent evaporrttion 
problems. The reverse of the ring-closure reactions was studied 
under identical conditions, but no visible reactions were noted, 
suggesting that the reactions were for all practical purposes ir- 
reversible under the conditions employed. Similarly, the spec- 
trum of the reaction product for the ring-closure reactions was 
identical with that of an equimolar solution of the respective hy- 
dantoin. 

pK, Measurements.-pK,’s were measured in a water-jacketed 
cell maintained at  25’ under nitrogen. The apparatus and 
method of determination, with slight modification, was that 
described by Albert and Sargent3* for carboxylic acids with low 

(38) A. Albert and E. P. Sargent, “Ionization Constants of Acids and 
Bases,” Methuen, London, 1962. 

water solubility. The hydantoic acids (-@.001 mol) were 
dissolved in 100 ml of standard sodium hydroxide solution 
(0.01909 M ,  P 1.0 with NaCl) and then back-titrated with stan- 
dard hydrochloric acid solution (0.1090 M ,  p 1.0 with NaC1). 
The first end point gave the concentration of the dissolved acid 
and the remaining points were used to calculate the pK,, correct- 
ing for the concentration of hydrogen ions. The reactions 
studied were carried out at 50°, but the pK,’s were determined 
at  25’. King38 has determined the thermodynamic pK,’s of some 
hydantoic acids a t  25 and 50°, gnd the average variation in the 
pK,’s in going from 25 to 50” was 0.02. Estimation of the pK.’ 
values a t  50’ was accomplished by the addition of 0.02 to each 
pK, value determined at  25’. 
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The reaction of glyceraldehyde acetonide with formaldehyde gave the 4-hydroxy-l,3-dioxolane 11. Distilla- 
tion of I1 gave hydroxymethylglyceraldehyde acetonide VI, characterized as its dimethylhydrazone V, dimethyl- 
acetal VII, and N-methyloxaeolidine derivative X. The latter compound proved to be stable to acetylation 
and mesylation, and the protecting group could be removed under very mild acidic conditions, allowing the syn- 
thesis of aldehydomesylate IX and aldehydothioacetate XIIa. 

The replacement of the alcohol function of a p-hy- 
droxyaldehyde is a difficult undertaking because of the 
ease of polymerization of such compounds. We would 
like to report on the synthesis and some reactions of 2- 
hydroxymethylglyceraldehyde acetonide, and its trans- 
formation to the 3 mesylate and 3 thioacetate in both a 
protected and unprotected form. Some of these com- 
pounds were required in large quantities in connection 
with a cepham synthesis. 

Glyceraldehyde acetonide I3 was treated with form- 
aldehyde in aqueous methanolic potassium carbonate. 
Crystallization of the reaction mixture gave I1 in 70% 
yield. Its structure was determined from its reactions 
and from analytical and spectroscopic data. Also, 4- 
hydroxy-1,3-dioxanes are known to arise from the reac- 
tion of aldehydes with ald01s.~ 

The acetate I Ia  was prepared, but was difficult to 
obtain in crystalline form. This was due to the fact 
that two isomers were present in the reaction mixture, 
as evidenced by the nmr spectrum, which showed two 
singlets for the anomeric proton a t  5.65 and 5.85 ppm 
in a ratio of 3 :  1. A method was devised to achieve 
selective hydrolysis of the acetonide function of the 
acetate mixture IIa, and the diol mixture IIIa was ob- 
tained in very good yield. The method consisted of 
treatment of the acetonide IIa  with 90% aqueous tri- 

(1) We wish t o  thank the National Research Council of Canada and 

(2) Abstracted from part of the Ph.D. thesis of Phillip Rossy. 
(3) E. Baer and H. 0. L. Fischer, J .  Bzol. Chem., 128, 463 (1939). 
(4) C .  A. Friedmann and J. Gladych, J .  Chem. SOC. 0,3687 (1954). 

Bristol Laboratories, Syracuse, N. Y. ,  for financial support. 

fluoroacetic acid for 2 min. The resulting diol acetate 
I I Ia  was converted to an oily mesylate IVa, but no 
further work was done on it, since it could not be ob- 
tained crystalline. 

However, the mixture of epimeric p-nitrobenzoates 
I Ib  was easily prepared in crystalline form, even though 
two isomers were obtained (two singlets for the ano- 
meric proton a t  6.3 and 6.5 ppm, ratio 3 :  1). It is 
evident from the nmr spectrum that the isomer in 
which the p-nitrobenzoate is equatorial is favoreda6 
Compound I Ib  could be converted to a crystalline mix- 
ture of epimeric diols I I Ib  and a crystalline mixture of 
epimeric mesylates IVb. Attempts to displace the 
mesylate with potassium thioacetate or with sodium 
hydrogen sulfide, and to extrude formaldehyde in order 
to regenerate a hydroxyaldehyde, failed. 

While carrying out these reactions, we noticed that 
high-temperature distillation of compound I1 gave the 
aldehyde VI, which we had wanted in the first place. 
The ir spectrum indicated the presence of an aldehyde 
(1730 cm-l) and a hydroxyl group (3400 cm-I). The 
nmr spectrum was consistent with the proposed struc- 
ture. Upon standing a t  room temperature for a few 
hours, the hydroxyaldehyde became very viscous and 
the carbonyl absorption in the ir decreased consider- 
ably. Aldols are known4 to polymerize or dimerize on 
standing. It was thus necessary to protect the alde- 

( 5 )  Axial protons appear a t  higher field than the corresponding equatorial 
R. H. Bible, “Interpretation of NMR Spectra,” Plenum Press, protons: 

New York, N. Y . ,  1965, pp 19-20. 


