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The ?r-(arene)chromium tricarbonyl complexed methanesulfonates 2-phenylethyl (2-OMS), 2-phenylethyl- 
ill-& (4-011s), and 2-phenyl-1-propyl (rU-6-011s) have been prepared and their acetolysis and formolysis rates 
and/or products compared with those of the noncomplexed derivatives, l-OMs, 3-OMsJ and dl-S-OlIs, respec- 
tively. At -90" in buffered acetic acid, 2- is ten times as reactive as l-OMs, dl-6- about six times as reactive 
as dl-5-011s; in buffered formic acid 2- is 8 . j  times more reactive than l-OXs, dl-6- 2.4 times more reactive than 
rZl-5-031s. The formolysis of dG6-OSL yields 17% [r-(pheny1)chromium tricarbonylj-migrated product; the 
formolysis of 4- and the acetolysis of 4- and dl-6-011s yield unrearranged products exclusively. By comparing 
P ~ A ' s  of the complexes with those of the corresponding noncomplexed p-nitro derivatives, estimates of anchi- 
meric assistance to product formation by f i - [  ?r-(pheny1)chromium tricarbonyl] have been deduced: 2 - 0 1 1 ~ ~  
lo4 (HOAc), lo3 0 (HCOOH); dl-6-011~~ l o J  (HOAc), lo3 1 (HCOOH). Steric buttressing effects are con- 
sidered to be relatively unimportant and electron donation by the ?r-complexed phenyl moiety is suggested as 
the probable cause of these effects. 

I n  previous papcrs of this scrim2 wc rcportrd thc 
acetolytic rates and product's of a scrios of chromium 
tricarbonyl complexed 3-phenyl-2-buty1, 2-phcnyl-3- 
pentyl, and neophyl- type met hanesulf ona t cs. Aft er 
making a correction for the apparent inductive effect 
of thc tricarbonylchromium group, n.r concludcd that 
the acetolytic reactivity of thc complexes wa,s enhanced 
by factors of from 6.8 to 1600 times at  7.5'. We were 
able to infer t'hat a substantial portion of the cnhance- 
ment is due to  an electronic effect of the metal moiety, 
but were unable to evaluate t'he magnitude of the stmic 
effect on theso reactions.2b 

One of the techniques that has been effectively used 
to dctcct and establish thc importance of neighboring 
group participation in solvolytic react'ions is that of 
varying thc nucleophilicity and ionizing power of the 
solvont'.3--'2 Thus it is grncrally acccptcd that both 

(1) (a) Portions of this work were presented a t  the 21st Southeastern 
Regional Meeting of the American Chemical Society, Richmond, Va., 
Nov 1969, Abstract No. 277; (b) KSF Summer Faculty Research Par- 
ticipant, 1969. 

(2) (a) R. S. Bly and R .  L. Veaeey, J .  Amer. Chem. Soc., 91, 4221 (1969); 
(b) R. S. Bly, R .  C. Strickland, R. T. Swindell, and R. L. Veaaey, ibid. ,  
98, 3722 (1970). 

(3) (a) S. Winstein and H. Marshall, J .  Amer. Chem. Soc., 74, 1120 
(1952); (b) S. Winstein, C. R. Lindgren, H. Marshall, and L. L. Ingraham. 
ibid. ,  76, 147 (1953); (0) L. Eberson, J. P. Petrovich, R. I3aird. D. Dyckes, 
and S. Winstein, ibid., 87, 3506 (1965); (d) E. F. Jenny and S. Winstein, 
Helu. Chim.. Acta, 41, 807 (1968); (e) A. Diaz, I. Lazdins, and 8. Winstein, 
J .  Amer. Chem. Sac., 90, 6546 (1968); ( f )  A. F. Diaa and S. Winstein, 
i b i d . ,  91, 4300 (1969); (g) I. Laedins, A. Diaa, and 8. Winstein, ibid., 91, 
5635 (1969); (h) A. Diaz, I. Lazdins, and S. Winstein, ibid.. 8637 (1969). 

(4) (a) D. J. Cram, J .  Amer. Chem. Sac., 74, 2129 (1952); (b) J. A. 
Thompson and D. J. Cram, ibid., 91, 1778 (1969). 

(5) (a) C. C. Lee, G. P. Slater, and J. W. T. Spinks, Can. J .  Chem., 36, 
1417 (1957); (b) C. C. Lee, R .  Tkachuk, and G. P. Slater, Tetrahedron, 7, 
206 (1959). 

(6) (a) H. C. Bromn, I<. J. Morgan, and F. J. Chloupek, J .  Amer. Chem. 
Soc., 87, 2137 (1965); (b) C. J. Kim and H. C. Brown, ibid. ,  91, 4289 (1969). 

(7) (a) J. E. Xordlander and W. J. Deadman, J .  Amer. Chem. Soc., 90, 
1590 (1868); 

(8 )  W. G. Dauben and J. L. Chitwood, J.  Amer. Chem. Soc., 90, 6876 
(1968). 

(9) (a) C. J. Lancelot and P. Y. R. Schleyer, J .  Amer. Chem. Soc., 91, 
4291 (1969); (b) ib id . ,  91, 4296 (1969); (c) C. J. Lancelot, .J. J. Harper, 
and P. Y. R. Schleyer, ibid. ,  91, 4294 (1969); (d) P. v. R. Schleyer and 
C. J. Lancelot, ibid., 91, 4297 (1969); (e) J. M. Harris, F. L. Schadt, P. v. 
R.  Schleyer, and C. J. Lancelot, ibid. ,  91, 7508 (1969). 

(10) (a) P. C. Myhre and K. S. Brown, J .  Amer. Chem. Soc., 91, 5639 
(1969); (b)  P. C. Mylire and E .  Evans, ibid. ,  91, 5641 (1969). 

(11) R .  J. Jablonski and E. I. Snyder, J .  Amer.  Chem. Sac., 91, 4445 
(1969). 

(12) (a) J. L. Coke, F. E. McFarlane, M. C. Mourning, and RI. G. Jones, 
J .  Amer. Chem. Soc., 91, 1154 (1969); (b) M. G. Jones and J. L. Coke, 
ibid., 91, 4284 (1960). 

(b) J. E. Nordlander and W. J. Kelly, ib id . ,  91, 996 (1969). 

thc importancc of kinetic ncighboring group participa- 
tion and the extent of rcarraIigcmcnt incrcase as the 
solvcnt bccomcs lcss nucleophilic and/or more ionizing, 
Le . ,  in the ordcr cthanol < acetic acid < formic acid < 
trifluoroacctic acid < sulfuric acid < fluorosulfonic 
acid. Thr good linrar frcv rnrrgy corrclations that 
have bccn obtaincd for both thc assistrd and thc un- 
assisted processeszb strongly imply that the driving 
force for participation is prrdominantly dcctronic 
rather than steric in nature. 

In an effort to confirm its importancr and asscss the 
nature of tricarbonylchromium participation during 
the solvolysis of p- [ .Ir-(aryl) chromium tricarbonyl]alkyl 
dcrivativcs, wr havr cixamincd thr acrtolysis and 
formolysis rates and/or products of 2-phcnylethyl 
(1-01ls), 2-[n-(phcnyl)chromium tricarbonyl]cthyl (2- 
OMS), 2-phcnyl-1,2-c/g-cthyl (3-011s), 2-[T-(phrnyl)- 
chromium tricsrbonyll-1 ,I-cl2-cthyI (4-OJIs) , 2-phenyl- 
1-propyl (rll-S-O;\Is) , 2- [ r-(phrnyl)chromium tricar- 
bonyll-1-propyl (dl-6-OL\1s), 2-(p-nitrophenyl)cthyl (7- 
011s) , and 2- (p-nitropheny1)- 1-propyl (clL8-OMS) 
mcthanesulfonatrs. 

Methods and Results 

The known noncomplexrd alcohols, I-, 3-, dZ-S-, 7-, 
and rlZ-8-OHI obtained as dcscribcd in thc Expcrimcntal 
Section, were converted to mcthanesulfonatos in the 
usual manner.2a The chromium tricarbonyl com- 
plcxes, 2-, 4-, and cll-6-011s werc prcparrd as dcscribcd 
previously2" (cf. Chart I). 

Acetolysis products, detcrmincd by combination of 
the direct analysis, decomplcxation, and reduction 
techniques described previously,2a are summarized in 
Chart 11. 

Formolysis products, determined in a similar manner 
(cf. Experimental Scction) , are summarized in Chart 
111. As noted prcviously,2 chromium tricarbonyl com- 
plexation prior to  solvolysis inhibits phrnyl migration; 
only during thc formolysis of cll-6-011s is a significant 
amount of rearranged product formrd. 

Titrimetric acetolysis and formolysis constants for 
the complexed and noncomplexcd methanesulfonates 
were determined as detailed previously2 and in the 
Experimental Section at  concentrations similar to those 
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CHART I CHART I11 

1-OH, R = H 
I-OMs, R = Ms 
1-OAc, R = AC 
1-OCOH,R = COH 

I 
CdCO), 

2-OH 
2-OMs 
2.0Ac 
2-OCOH 

I 

3OH,R = H Cr(C0h 
4-OH %OMS, R = MS 

3-OAc, R = AC 
3-OCOH, R = COH 4-OMs 

4-OAc 
4-OCOH 

I 
cr( CO), 

dl-5-OH,R = H 
dl-5-OMs, R = MS 
dl-S-OAc, R = Ac dl-6-OH 
dl-5-OCOH, R = COH dl-6-OMs 

dZ-6-OAc 
dl-6-OCOH 

7-OH,R = H 
7-OMs,R = MS 

dl-S-OH,R = H 
dl-S-OMs,R = MS 

CHART I1 
AcO H-Ac 0- 

115', l O t l / ~  
1-OMS - + 1-OAc (>99%) + olefin (trace) 

AcOH-ACO- 
&OMS - --j- Z-OAC (t5770) 

115, 13t1,'~ + CePi 
filtrate -e 1-OAc (only) 

acetone 

AcOH-AcO- Ce4+ L i l l H p  

115',1Ot1/2 acetone EtrO 
-_ -+ -+ 1-OH (99%) 

A~OH-ACO- Ce4+ 

115O, 10t1/2 acetone 
4-OhIs - + ----3 

3-OAC (100 i. 3%) + PhCDzCH20Ac (0 f 3%) 
9-OAc 

AcOH-AcO- LiAlHo 
dl-5-OMs - + -+ 

115', 24tl/9 EtzO 

10 11 12 + dl -SOH (trace) + PhCH&H(CH,)OH (70.8%) 
dI-13-OH 

AcOH-AcO- Ce4+ LialHo 

1 1 6 O ,  -1511/z acetone Et20 
d2-6-OPIl~ - ---f -+ -+ 

dG5-OH (94.9%) + dZ-13-OH (5.1%) 

uscd in the product studics. Thcsr data art' summarized 
and comparcld with those of some related noncomplrxed 
d c r i v a t i v c ~ ~ ~ , ~ ~ , ' ~ , ~ ~  in Tablv I .  With thc cxcchption of 

( 1 3 )  (a) S. Winstein and R. Heck, J .  Amer.  Chem. Soc..  78, 4801 (1956); 
(b) J. W. Clayton and C. C. Lee, Cun. J .  Chem., 39, 1510 (1961); (e) ibid., 
SO, 1512 (1961). 

HCOIH, HCO5- 
2-0JIs - --.j. 2-OCOH (70%) 

70°, 30 min 
HCOzH, HCO2- 

--t 2-OCOH (71%) 
115'. 60 min + Ce4+ LiAlHd 

Et20 
filtrate + --+ 

1-OH (only) 
HCOXH, HCOI- 

4-OMs ~ + 
120°,  60 min 

4-OCOH (69 5%) + 9-OCOH (0 k 5%) 
IICOJH, HCO?- Ce4+ LiAlHo 

115O, 30 min acetone Et20 
dl-6-OLTs - -------t----f 

dk5-OH (83%) + dl-13-OH (17%) 

thc acc4olysis of dl-ti-OlIs, c j .  runs 41 and 42, each of 
the solvolyscs exhibited clean first-order kinetics 
through a t  lrast 7.5% reaction. 

The effects of added salts on the acetolysis rates of 
1-, 2-, 7-, and dZ-8-011s are recorded in Table 1I.l5 

Discussion 
The fact that in both the P-arylethyl and thc 2-aryl- 

propyl series the ratios of the relative titrimetric rate 
constants for solvolysis of the complcxed and noncom- 
plcxcd mcthancsulfonatcs a t  86.6" do not change 
markedly as the solvmt is changed from acetic to 
formic acid, vix., kt(2-0,11s)//i,(l-0,11s), 17.4/1.68 = 
10.4 (HOAC), 1117/131.7 = S.5 (HCOOH); kt(6- 
O l1~) /k t (5 -0~ \1~) ,  47.6/7.51 6.1 (HOAC), 2990,' 
1270 sii 2.4 (HCOOH), implies a t  first glance that the 
enhanced reactivity of the former might more properly 
bc attributcd to stcric than to clcctronic factors. How- 
cvw, this view is certainly oversimplified and probably 
incorrect, for it fails to consider the substantial elec- 
tron-withdrawing inductive effect of the ?r-tricarbonyl- 
chromium and thc extent to which the solvolyscs are 
accompanied by nucleophilic solvent participation. 

Thci solvolyses of noncomplexcd P-arylalliyl deriva- 
tivcs in the abscncc of added base have been success- 
fully intcrprctcd in tcrms of the discrete, competing 
solvcnt- and aryl-assisted pathways rcpresented in 
Chart IV,3e-e,9e,12a,13,16 whcrc F is the fraction of bridged 
ion pairs which is convcrtcd to product, Chart IV, 
so that kt  = FkA + lis. Thus, when comparing the 
rclativc. abilitios of differing aryl groups to enhance 
the rate of product formation through neighboring- 

CHART IV 

(14) A. Winstein and li. C. Sclireil)er, J .  Amer. Chern. Soc., 74, 2171 

(15) 8. H. Fainberg and S. \Tinstein, J .  Arne?.. Chem. Soc., 78, 2763 

(16) (a) C. C. Lee and Ii. J. XoszkG, Can.  J .  Cliem., 44,  2481 (1966); 

(1962). 

(1956). 

(12) ibid. ,  44, 2491 (1966). 
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TABLE I 
APPARENT FIRST-ORDER SOLVOLYSIS CONSTAlVTS A N D  ACTIVATION PARAMETERS OF 2-ARYL-1-ETHYL A N D  -1-PROPYL DERIVATIVES~ 

Run 

1, 2 
3, 4 
5, 6 
7 
8 
9 

10, 11 

12, 13 
14, 15 
16 
17 

20 
21 

18, 19 

22-24 
25 
26 
27, 28 
29, 30 
31 
32 
33 
34 

33, 36 
37, 38 
39, 40 

41, 42 

43,44 
45,46 
47, 48 
49, 50 

51, 52 
53,54 
55-57 
58 
59 
60 
61 
62, 63 

64, 65 
66, 67 
68, 69 

Compd 

1-OMS 

I-OTsaa 
l-OMS 
l-OTsi 
2-OMS 

4-OMs 

7-OMs 

7-OTsbb 
7-OMS 

dl-5-OMs 
dl-5-OBscc 

dZ-5-OMs 
dl-6-OM~ 

dl-8-OMS 

Solvent 

AcOH/AcO- c 

HCOzH/HCOz- 

AcOH/AcO- c 

HCO*H/HCOz- 
AcOH/AcO- 

Temp, OCb 

85.0 
97.3 

115.1 
115.2 
115.3 

86.7 
90.0 

86.7 
86.6 
85.0 
97.4 

113.0 

115.0 
115.2 
115.3 
86.7 
90.0 

115.3 
86.7 
86.7 
86.8 
86.95 

113.1 
113.15 

113.2 
113.4 
86.7 
90.0 

69.25 
86.2 
99.4 
86.7 
86.65 
86.7h 
90. Oh 

86.4 
69.3 
86.8 

112.45 
86 .5  
90.0 
86.45 
99.8 

115.1 

130.0 
86.7 
90.0 
69.25 
86.2 
99.4 
86.7 

10skkt, sec-1 AH*,  kcal/mol AS*, eu 

1 .40510 .045  24.9d -16.2' 
4 .605f0 .015  

23.0 f 0.00 
11.98 
19. Of 
27.49 
1. 68h 
2.31h 
1.28 

1 3 1 . 6 5 i 0 . 0 5  
111 
14.5 i 0 . 4  
49.7 f 0 . 5  
42, l e  

42. 6es1 
227.5 & 5 .5  

227m 
64.g8 

17.4h 
24.0h 

1117 f 19 
236h 

902" 
889 

2.00 f 0.00 
1 8 . 0 1 0 . 1 5  
26.3p 
32.19 
12.9' 
6.2e 
1. 97h 
2 .  64h 
0.715 
1 . 2 7 5 1 0 . 0 2 5  
6.O15=kO0.045 

6.1@ 
17.4 1 0 . 1  

-7.81 f 0.176 
35.0 
48.8 

1270 f 20 
7 . 1 6 5 1 0 . 1 6 5  

4 8 . 8 5 i 0 . 8 5  
609 f 9 
47.6h 
68. 5h 

2990 f 80 
0.6115 f 0 . 0 1 1 5  25.60 -18.8v 
2.26 i 0.18 
3.74" 
3 ,  32z 
1.99y 
1.15" 
8 . 8 7 5 i 0 . 0 6 5  
0 .  167h 
0 .  233h 

1.51 i 0.005 
5.81 i 0.06 
1. 5 g h  

0 . 2 2 6 i 0 . 0 0 0  26.6* -11.6x 

24.9 -17.3 

24.5k - 1 2 . P  

22.40 -22.9" 

23.7 - 22 
21. 3n -23.6# 

25.5 

26.3. 

- 8 . 5  

-<5.5" 

a Contains 0.0185-0.0250 M ROMs unless otherwise specified. b Controlled to f0.03".  c Contains 0.0461-0.0508 M sodium 
acetate unless otherwise specified. f Contains 0.0286 M sodium acetate. 
g Contains 0.0327 M lithium perchlorate. Contains 0.0250-0.0350 M sodium formate 
unless otherwise specified. Contains 
0.0203 M sodium methanesulfonate. 0 Calculated from runs 
27-30. p Contains 0.0772 &I sodium acetate. q Contains 0,0989 M sodium acetate. Contains 0.0302 M sodium acetate. Calcu- 
lated from runs 35-40. 1 Since this reaction is accompanied by extensive internal return to the more reactive dl-13-OX1s, this constant> 
was approximated from the first 20% reaction (cj". ref 14). 9 Calculated from runs 53-57, 62, and 
63. uI Contains 0.0950 M sodium acetate. 3 Contains 0.0752 sodium acetate. Contains 0.0326 M sodium acetate. * Calcu- 
lated from runs 64-69. Reference 3b. bb Reference 9e. cc Reference 14. 

d Computed from runs 1-6. 5 Contains no sodium acetate. 
* Calculated from data at other temperatures. 

3 Extrapolated from the data in ref 3b and 13c. 
m Contains 0.0286 M sodium acetate. 

Calculated from runs 12-15, 18, and 19. 
Contains 0.0141 M Rol ls .  

Calculated from runs 43-50. 
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TABLE I1 
DEPICNDENCI': OF APPARENT FIRST-ORDER ACETOLYSIS 
CONSTANTS O F  2-ARYL-l-ETHYL AND ~-AHYL-~-PROPYL 

TYPE SULFONATES UPON ADDED SALTS 
Value of "b" 

Temp, lOekt' ,a for added 
Compd OC sec-1 NaOAcb 

I-OX3 115.2 12.5 1 8 " ~ ~  
1-OTS' 115 13.0 19 
2-OMS 11.5.2 217 1.9"f 
7-0JIs 113.2 4.35 649 
8-OMs 115.1 0.93 30h 

Extrapolated value a t  zero acetate concentration. 6 Calcu- 
lated from the relation k t  = k t o ( l  + bl[NaOAc] + bn[salt 2]).lS 

Calculated from runs 5, 6, and 8; (kt')extrspalnted = 1-05 
(kto)measured. Calcu- 
lated from run 21 and an interpolated value at  this temperature 
for 0.0401 M sodium acetate; (kt')extmpaIatod = 3.35 (!€to )measured. 
f b(NaO3Is) = 0 (cf. runs 16 and 17). 0 Calculated from runs 
29-33; (kt')extmpolnted = 0.70 (kto)me,iaured. Calculated from 
runs 55-60; (kto)extmpolated = 0.81 (kto)measured. Reference 3b. 

group participation during solvolysis, it is apparent 
that FkA's rather than kt's should be cmployed.12~17 

In  previous papers in this series we have taken the 
titrimctric rate constant of thc p-nitro derivative as a 
modcl for that of the r-complcxed dcrivativc in the 
abscmv of participation. This trratment appearcd to 
yiold rcasonablc wtimatcs of n-complcxcd aryl par- 
ticipation, sincc: in the systems considored, vix., 3-aryl- 
2 -b~ ty12~ l l~  and ncophyl12b~'j direct displacement by 
solvont is rolativcly unimportant. However, in I the 
solvolysos of 0-arylcthyl and %arylpropyl derivatives 
direct solvctnt participation is froyucntly tho dominant 
r~ac t ion .~ '  ,Sa,12a,13a,14 Hence, estimatcs, not of titri- 
mrtric rate constants, lit, but of thci ratch constants 
Fk4, for product formation uia thc bridged ion pair are 
dcsircd. 12a Thcsc may bc wtimated from experimental 
data rcportod hcro and ctwwlirrcl as follows. 

Acetolysis of p- [ T- (Phenyl) chromium tricarbonyll- 
ethyl Methanesulfonate (&OMS). -Jones and Coke 
have demonstrated the existence of :L good linear cor- 
relation between log l i t  for the :mtolysis of psra-sub- 
stituted neophyl tosyhtes :kt 75" and log li4 for the 
accttolysis of like-substitutc.d P-arylethyl tosylatcs a t  
thc same t('mp(mtur(i,12b viz., log /ia(@-arylt!thyl) = 1.02 
log Izt(ncopliyl) - 1.85. lga Since, as ,JOII(!S and Cokc12b 

d b(LiC10,) = 11 (cf. runs 5, 6, and 9). 

(17) We emphasize that the ouerall effect of neighboring-group par- 
ticipation on the aite of pToduct formution is given I,y ll'ka and is a com- 
posite of the effect of tlie neiglilmring group on I', the fraction of bridged 
ion pair going on to  product, and on ka, the rate of ionization; cf.  ref 9d, 
footnote 14. 

(18) (a) D. J. Cram, .I. i lmer.  Clrem. Soc.,  86, 3767 (19641, and references 
cited therein; ( I ) )  S. IVinstein and It. Haker, ibid. ,  86, 2071 (1964). 

(19) (a) Tliis empirical equation is a special case of the more general 
relation IOK (Pk~) (neopby l )  = log (P'k~)(P-arylethyl) + C, and is valid 
apparently Iiecauue nticleophilic solvent participation is relatively un- 
important for all h u t  the least reactive neoptiyl [lerivatives,s'.'e,'o so tha t  
for this series kt = P'kA, because tlie anchimeric assistance to  ionization 
provided Ity tlie @-aryl group is proportional in the two series of compounds, 
i.e., kA(neophy1) 0; kA(p-aryletliy1) (the proportionality constant is incor- 
porated into the intercept, C) and IJecause the fraction, F, of ion pairs 
noinc on to  product in the neopliyl case is constant-tliough not necessarily 
unity-over tibe ranKe of suli8titiientu tested. (11) Cf. ref 9e, footnote 17. 
(0) The only significance that can properly lie attributed to  the unitary 
slope of an empirical loe-Ion correlation suo11 as this is that  the pro- 
portionality reIationuIiipslu" are maintained t~irougliout tile range of SUI)-  

stituents tested. ((1) All  rate constants are corrected to zero acetate ion 
concentration. (e) Corrected for the extent of direct displacement so tha t  
the v a h e  of k, used liere and (ltioted in Talde I11 is actually F k A ;  c f .  ref 3f, 
footnote 18. (0 S o t e  that  the validity of this extrapolation is dependent 
not Ilpon P for P-(p-nilrophenyl)etliyl remaining unchanged, hut rather 
upon tlie ratio F~@-~p-nitropl~ens.l~etl~yll/F(p-nitroneopl~yli remaining ap- 
proximately constant. 

(20) I f .  Tanida, T. Tsuji, 11. IshitolJi, and T. h i e ,  J .  Om.  Chem., 84, 
1086 (1909). 
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Figure 1.-Acetolysis of substituted P-arylethyl and neophyl 
tosylates at 90", 0.00 M acetate ion. 

have determined from rate and product data and 
Schleycr, et al., have derived from rate data alone, 
" F  is nearly constant for all participating  substrate^,"^^ 
a plot of log lct(ncophyl) vs. log ka(@-arylethyl) should 
also be linearlgb and have a slopc of approximately 
unity.lgC Thc plot shown in Figurc 1, which is based 
on the acetolysis rates a t  90" (Table III), confirms this 
expectation. 

T a n m  I11 
ACETOLYSIS RATES OF SUBSTITUTED ~ A R Y L E T H Y L  

AND NEOPHYL TOSYLATES AT 90"" 
8-Aryleth yl Neophyl 

Substituent FkA, 880-1 kt, 880-1 

p-CHaO 4.6.5 X loMK 8.93 x 10-3 c 

p-CHa 3.19 X 7 . ~ 5  x 1 0 - 4 c  

H 3.75 x 10-7b 9.67 x 10-60 
3,.i-di-CHaO 2.1,; x 10-7 d 2.36 X 
p-c1 6.99 x 10-8" 1.87 X 

At 0.00 AI sodium acetate. Reference 12b. Extrap- 
olated value from data in ref 12b. d Reference 16b. Esti- 
mated as kt(ltOBs)/3.49, where k t ( R 0 B s )  is calculated from the 
Yukawa-Tsuno relation, log k t  = -3.711[u + 0.4828(uf - 
u ) ]  - 3.478, for the acetolysis of neophyl-type brosylates a t  
90" (p-CH30, p-CH3, m-CH3, H, m-CHa0, p-C1, p-Br, p-COzCH3, 
p-CN, p-Not) assuming that u(3,5-di-CH30) = Zu(m-CHa0) = 
0.230 and u+(3,T,-di-CHaO) = 2u+(m-CH30) = 0.094. f Esti- 
mated from k t  of the brosylate corrected for the extent of p-nitro- 
phenyl migration assuming that the fraction of aryl-migrated 
products (0.73) is similar for the hrosylate a t  137" and the 
brosylate a t  90' 20 and that kt(It0Ts) = kt(ItOBs)/3.49. 

p-NO2 9.93 x 10-8 f 

Extrapolation of the resulting double lcast squares 
regression log (Fk,') = 0.998 log (/Gto) - 2.327 
(which is linear ovcr approximately thrcc powers of 
ten), through tho estimated lct190 for p-nitroneophyl 
(another two powers of ten, Table III)lgf yields an 
Flca of 4.S5 x 10-1O scc-l for the acctolysis of p-(p- 
nitrophcny1)ethyl p-tolucnesulfonatc (7-OTs) a t  90" 
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Figure 2.-Formolysis of substituted p-arylethyl tosylates at 
86.6" us. acetolysis of like-substituted neophyl tosylates a t  go", 
0.00 M base. 

in the absence of added sodium acetate. Since k," = 
kco - F k A O  = 7.15 x 10-7 - 4.53 x = 7.15 x 

sec-I, it is apparent that  p-nitrophcnyl participa- 
tion is rc4ntivcly unimportant under these  condition^.^" 
Correction of our data (Tablc 11) for the acetolysis of 
the corresponding mesylato (7-011s) a t  90" in the prcs- 
encc of addcd sodium acetate yields estimates of S.9 X 

scc-', respectively, 
for kt0,  lc,", and FlcAo at  zero acetate ion concentration.21 
A similar correction applied to the titrimetric acetolysis 
rate of p- [r-(phrny1)chromium tricarbonyl]cthyl mcth- 
anesulfonate (2-011s) (Table 11) yields an estimated 
kto a t  90°, zero acetate ion concentration, of 6.5 X 
10-6 sec-1. 

The inductive effects of p-nitrophenyl and a-phenyl- 
chromium tricarbonyl are similar,22 while the steric 
bulk of the latter is not less than that of the former; 
thus it follows that the solvent-assisted rate constant 
in the abscncc of base, IC,", of 7-011s constitutes an 
upper limit for IC," (Z-Oi\ls) under comparable condi- 
tions, i .e. ,  1c,"(7-011s) = /ct0(7-OMs) = 8.9 X 
sec-' 2 /c,"(2-01\1s). Therefore FkAo for the acetoly- 
sis of 2-011s at  90" in the absence of added acetate 
must be equal to or greater than /cto(2-0n1s) - IC," 
(7-031s) 2 6.6 X - S.9 X > 5.6 X 
scc-l. Comparison of FkAo (2-031s) and F k A 0  (7- 
031s) provides an estimate of the relative ability of r- 
(phrny1)chromium tricarbonyl and p-nitrophenyl to 
enhance the rat(. of product formation during acetolysis 
a t  90"; i.e., the complexecl aryl  i s  6.6 X 10-0/6.6 X 
10-'0 or -10,000 t imes more ej'ective. 

The rate constant for product formation via the in- 
ternally assisted acetolysis ( F k A o )  of p-phcnylcthyl 

S.9 X loF7, and 2.6 X 

(21) I n  agreement with Schleyer, et al.," we note that the value of F k A  

(22) B. Nicholls and M. C. Whiting, J .  Chem. Soc., 551 (1959). 
for acetolysis of T-Ohfs, though small, is not zero; cf. Table 11, ref 913. 
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methanesulfonate (1-0Ms) a t  90" and zero acetate ion 
concentration, estimated in a similar manner from that 
of the tosylate (l-OTs),ab is 4.4 X loF7 scc-'. Thus, 
the n-complexed phenyl, in spite of its large rate-re- 
tarding inductive effect, is 6.6 X 10-6/4.4 X lo-' 
or 13 times more effcctive than phenyl itself in promot- 
ing product formation under these conditions. 

Formolysis of p- [r-(Pheny1)chromium tricarbonyll- 
ethyl Methanesulfonate ( 2 - 0  M s) . -W e are prevented 
by the lack of sufficient data in this solvent from utiliz- 
ing an analogous method to estimate the rate enhance- 
ment which accompanies the formolysis of 2-011s. 
Diaz and Mi in~te in~~ have, howcvcr, demonstrated the 
existence of a good linear corrrlation between log 
hao of formolysis  for para-substituted 1-phenyl-2-propyl 
tosylates a t  75" and log lct of acetolysis for like-sub- 
stitutcd neophyl tosylatcs under similar conditions. 
Thus it is reasonable to oxpwt that a similar corrclation 
would exist between log FICA' of formolysis for para- 
substituted /3-phcnylethyl tosylatrs at S6.G0 and log 
lct of acetolysis for like-substituted neophyl drrivatives 
a t  Such a plot, based on the data of Table IV, 

TABLE IV 

P-Arylethyl bieophyl 
formolysis, 86.6', acetolysis. 90°, 

Substituent FltA, sec-1 $ I ,  sec-1 

SOLVOLYSIS RATES OF P-ARYLALKYL-TYPI: TOSYLATES 

p-CH80 4.96 X 8.93 x 10-b 
H 9.93 x 1 0 - 5 c  8.57 x 10-bb 
3,s-di-CHaO 1.86 x 10-5d 2.36 X 
p-NOz 9.93 x 10-8 ' 

a Extrapolated from data a t  other temperatures, 0.000-0.033 A I  
sodium formate; cf. ref 3b and :Zc. *Extrapolated f y o m  the 
data in ref 12b. c Calculated from kt at  other temperatures, 
0.000-0.0291 M sodium formate, assuming F ~ A  = kt/O.!)l, 
cf. ref 3b, l k ,  and 16b, cind k ~ / ( k ~  + k.) = O.!)O, cf. ref 3c. 
d Estimated from data on the bro5ylate interpolated from other 
temperatures, cf. ref 13n and 16b, nssuniing kt(OBs) = 2.60 
kt(OTs),  cf. ref 13a, and that the fraction of products formed via 
the bridged ion in the case of the brosylate a t  73O, Le.,  5276, 
equals that from the tosylate a t  86.6', cf. ref 16b. e Table 111, 
footnote 1'. f Table 111, footnote f .  

is shown in Figure 2. Extrapolation of tho correlation 
line fitted to  the data by a doubk lwst squarw regrca- 
sion analysis, log ( F k A o )  = 0.944 log Ict - 0.323, 
through lct for p-nitro (Tablc IV) yiclds an estimated 
FICA' of 1.2 X sec-' for the formolysis of 7-OTs 
a t  S6.6" in the abscncc of addcd base. Thc prcdictcd 
FkA0 for the corrcsponding mcyylatcb (7-OA\1s) under 
these conditions would be 1.16 X 1.2 X or 1.4 X 
lod7 scc-'. Thc titrimetric formolysis constant, k L ,  
of 7-011s at  S6.6" in thr  prcwncc of 0.032 111 sodium 
formate is 6.07 x 10-6 scc-' (Table I). Although b 
values have not bcrn drtcbrmincbd in this rolvc~it system, 
that of thc anchimcrically assisted procese, FkA,  can be 
cxpectcd to bc> rclativdy small so that k ,  lit - 
FkA" = 6.07 X lo-' - 1.4 X = .i.O X lo-' WC-' 
a t  86.6" in the prescncc' of O.O&j A [  format(. ion. Thus 
under thwc conditions about 2% of the products arc' 
apparcntly formed via a p-nitrophvnyl-bridgc'd ion pair. 
Thc titrimetric formolysis constant, /ct, of 2-Oi\Is under 
similar conditions is 1117 X s ( ~ ( ~ - ~ ,  so that F k A  for 
thc complex cquals 1117 X - /c3(2-0.\Is) 2 
1117 X 10-6 - /c,(7-OL\1s) - 1117 X lop0 - 5.9 X 

(23) Note that because the solvents and temperatures are dinerent, tlie 
slope of such a correlatlon line is no longer unity, cf. ief 3f, Figure 2 .  
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> 1111 X sec-'. Hcnce r-tricarbonylchro- 
mium enhances the ratc of product formation during 
formolysis by a factor of 1111 X 10-6/1.4 X lo-' = 
7900 times compared to p-nitro. Similarly (cf. Tablc 
IV), thc complcxcd mesylatc is enhanced by s factor of 
(1111 X 10-6)/(l.16 X 9.93 x 10-j) = 9.6 timrs with 
rcspcct to thc @-phrnylethyl derivative (1-01Is). 

Acetolysis of 2- [a-(Pheny1)chromium tricarbonyll-1- 
propyl Methanesulfonate (cZZ-6-OMS).-Attempts to 
estimate thc ratc enhancement due to a complcxation 
in this system arc complicated by two factors: the 
occurrence of cxtensivc internal rcturn to thc more 
reactive 1-phenyl-2-propyl isomcr in the case of dl-5- 
OR3b3ft*4 and th(> lack of suitablr kin& data for sub- 
stituted phcnyl derivatives, The following approach 
m'ms best under the circumstancos. Assuming that 
th r  acotolyscs of both 7- and ell-8-OTs a t  90" occur prc- 
dominant 1 y via tho solven t-assist cd pathway , I:,, g e t  24 

thc ratio of their titrimcitric rat(\ constants, lit, a t  tliis 
tcmpcraturr (Tablc I) reprrsmts th(1 steric c+fcct of th(1 
@-methyl group upon the solvrnt-assistcd reaction. 
Hrncc liS(dl-5-OTs) = Llct(tlZ-8-011s)/kt(7-O;\Is) 1.6, 

= 7.87 X 10-8 src-l. Winstrin, et al., h a w  
carrird out a drtailed kinrtic analysis of thc acrtolysis 
of d1-5-0Bs within tht> kinc6c framcwrk shown in 
Chart V.14 

(l-OTs)*j = [(2.33 X 10-7)/(2.G4 X lO-')](S.92 X 

CHART V 

products 

Since 

-d [2-aryl-l-propyl] 
dt = (k, + kt,) [a-aryl-1-propyl] 

while 

Td[neophyll = kt[neophyl] = ( F ~ A  + k,) [neophyl] dt 

it seems appropriate to equate (ICr + let,) for 2-aryl-l- 
propyl derivatives with kt for systems whosc solvolysis 
is not accompanied by rxtcnsive internal rcturn to a 
more rcactivr isomer, L e . ,  12, + /it, = kt = F I C A  + I;,. 
Thus, a t  90" Fk~(dl-5-OTs) = lit(dl-5-OTs) = (kr + 
ktp)(dZ-5-OT~) - Ics(dZ-5-OTs) = 1.67 X lo-& *' - 
7.87 X 

For the aryl-assisted acetolysis of dZ-8-OTs, Flea at 
90" can bc approximated as follows. Both @-arylcthyl 
and 2-aryl-2-mc~thyl-l-propyl (nwpliyl) tosylatw givr 
correlation lines of unit slopc (cf. Figure 1) whrn values 
of log 2 " k A  for acetolysis a t  90" arc plottrd against values 
of log kt for liltc-substitutrd 2-aryl-2-mcthyl-1-propyl 
tosylatos under similar conditions. lgO I t  follows that 
the structurally intcrmrdiatr 2-aryl-1-propyl tosylatcs 
should also bc rda t rd  to liltc-substitutrd 2-aryl-2- 
mvthyl-1-propyl tosy1atc.s in a similar mannpr, i.e., 

= 1.67 X 10-5scc-1. 

(24) Cf. acetate "b" values for the corresponding mesylates, Table 11. 
(25) Calculated from the data in ref 121) 
(26) Calculated by extragolatmg the data in ref 14 (cf Table I )  and 

assuming that the measured acetolysis rate ratio, (k, + k t , )  (dl-S-ORs)/  
(k, + kt,) (dl-S-OTs) - 2.92 at 76O 1s maintamed at 90° 

that  log FlcA(2-aryl-1-propyl tosylate, HOAc, 90") = 
1 .O log ICt(2-aryl-2-methyl-l-propyl tosylate, HOAc, 
90') + C .  This being true, thc constant C can be 
computed from tho value of FkA(cll-5-OTs) cstimatcd 
prcviously and the measurrd let of nrophyl tosylatc 
(Tablc 111), viz., for acetolysis a t  90" log (1.G7 X 

= 1.0 log (9.37 X lo+) + C, or C = -0.7682, 
so that thc cquation for the cxpccted correlation be- 
comes log FkA(2-aryl-1-propyl tosylatc, HOAc, 90") = 
log Ict(2-aryl-2-methyl-1-propyl tosylatc, HOAc, 90") - 
0.7382. 

Using this equation and the rstimatcd acetolysis con- 
stant, ICt, for p-nitroneophyl tosylate a t  90" (Tablc 111), 
a valuc for FkA(dl-8-OTs) undcr these conditions can 
be predicted, vix., log FkA(dl-8-OTs) = log (9.93 X 

- 0.75S2 or F I C A  (cll-8-OTs, HOAc, 90") = 1.7 X 
10-8 SCC -1. 

Schleycrge has demonstrated that the solvent-assisted 
ratc constant, IC,, for thr  acetolysis of a P-arylcthyl 
tosylatc a t  90" can bc computcd from thc Hammrtt 
relation log I C ,  = -0 .115~ + log I c , ~ .  It follows from 
this and our prcvious arguments that under similar 
conditions, e .g , ,  for acctolysis a t  90", 1i8(dZ-5-OTs) > 
/cs(c2Z-8-OTs) > k,(clld-OTs), so that Fk~(dl-6-0TS) 3 
Ict(dZ-6-OTs) - IC, (dl-5-OTs) or FkA (cll-6-OTs) 3 
(6.83 X 10-G/l.26)27 - 7.57 X > 5.4 X lo-: 
sec-'. Thus, a-phcnylchromium tricarbonyl is 5.4 X 
10-a/l.7 X lows or 3200 times more cffcctivc than p -  
nitrophenyl in promoting product formation during the 
acetolysis of 2-aryl-1-propyl derivatives a t  90". It is 
5.4 X 10-G/1.67 X or 3.2 times morc effective 
than phenyl itself. 

Formolysis of 2- [a-(Pheny1)chromium tricarbonyl l-1 - 
propyl Methanesulfonate (cZZ-6-OMS). -Since there 
are essentially no kinetic data available for the formoly- 
sis of either 2-aryl-2-methyl-1-propyl or P-:iryl-l-propyl 
derivatives other than those reported here in the latter 
case, and since the assumption that the p-nitro deriva- 
tivcs solvolyzc preponderantly via the solvent-assisted 
path may not bc valid in formic acid, it seems best to 
estimatc thr  effcct of I complexation by direct com- 
parison of thr: titrimetric ratc constants a t  S6.6" (Tablc 
I) .  Thus, FkA(dl-6-011s)/FliA(dz-8-O:\Is) = Izt(rlZ-6- 
01Is)/I~~(dZ-8-O~\Is) = 3000 X 10-G/l,G X lo-' or 1900 
timrs ; Fk, (cll-6-0;\Is) /FkA ( d - 5 - 0 ~  Is) = Ict (clZ-6- 

or 2.4 times. 
The ratc enhancements of solvolytic product forma- 

tion induced by the prior chromium tricarbonyl com- 
plcxation of primary b-arylrthyl dcrivativrs, estimated 
as thc ratios of FlcA(n complcx)/Fk,(p-nitro), arc' sum- 
marized in Tablc V. 

In  considering thr possiblc implications of these data 
s(wra1 questions comc to mind. First and forrmost : 
could thrse enhancements be duo predominantly to  
steric effects? Wc think not. Chromium tricarbonyl 
complcxation increasrs thc absolutc acrtolytic reactivity 
at Sqj-900 by 10 timos in the p-phcnylethyl caw, 6.1 
timrs in thc 2-phenyl-1-propyl dwivative, arid 1.6 
timw in thr  ncophyl methanrsulfonatr. Thus the 
absolutc. ratc enhancrmrnt is grclatwt in thr  kast  
sterically congcstrd @-phrnylalkyl dvrivativc. and least 
in the most congcstrd systrm. This is in spit(> of the 
fact that  a complexation must crrtainly inhibit tlic 

OM~)/lct(dZ-5-011~) = 3000 X 10-6/1270 X 

(27) Assuming that kt(dl-6-OMs) = 1.26 kt(dZ-6-OTs), e / .  Tabie I .  
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TABLE V 

TO CHROMIUM TRICARBONYL COMPLEXATION 
ESTIMATED SOLVOLYTIC RATE ENHANCEMENT D U E  

R e k  (or Ts) 

Z 
Cr 

oc 'gco 
Temp, Enhance- 

Z R R' Solvent OC menta 

H H H HOAc 90 10, OOOb 

HCOOH 86.6 7,9OOb 
H CHa H HOAc 90 3, 200b 

HCOOH 86.6 1,900b 
H CHI CHa HOAC 75 1,600c 
m-CHa 800c 
P-CHI 400c 
p-CHaO 80C 
a After correction for the rate-retarding inductive effect of the 

tricarbonylchromium; vide supra. b This work. c Reference 
2b. 

solvent-assisted process, IC,, to a greater extent in the 
less crowdcd P-phenylethyl methanesulfonate. Since 
the change in reactivity upon complexation is exactly 
opposite from that which would have brcn anticipated 
had steric butrcssing effects bccn dominant, we con- 
clude that thr  rate factors which we have estimated in 
Table V arc consonant with the idca of a relativrly un- 
important steric effect due to n complexation2* coupled 
with some sort of clcctron-donating cffrct by thc p- 
[n-(ary1)chromium tricarbonyl] group. We cannot on 
thc basis of our data distinguish bctwrcn the altcrnatc 
possibilities of u-n typc homoconjugation or the dirrct 
chromium bridging suggestrd prcviously2 as the manner 
in which this electronic effect is transmitted. Wc s rv  
no paradox in the fact that the estimated arichimeric 
effects of the n-(phcny1)chromium tricarbonyl during 
solvolysis arc manifest in the absence of rearrangement, 
for in this sense the two primary n-coniplcxed deriva- 
tives reported here resemble the secondary l-aryl-2- 
propyl arenrsulfonates studied by W i ~ i s t r i n ~ ~  and by 
S ~ h l e y e r . ~ ~ - ~  In each case the rate-limiting stcp of thc 
reaction appears to be the formation of a nonsymmetric 
bridged cation-anion pair which reacts with the solvent 
to yield unrrarrangcd products predominantly or ex- 
clusively. 

A second question which these data raise concerns 
the relativc cxtcnt of apparrnt participation by n- 
(phcny1)chromium tricarbonyl in acetic and in formic 
acid: it is slightly grcatrr in the former than in thc 
latter (Table V). Why? Our estimates of the mag- 
nitudc of nrighboring-group participation have involved 
numrrous assumptions, som(1 of which may at  best br 
unwarrantrd and at  worst be incorrect. Paramount 
among thrsc is thc idca that the inductive cffect of 
n-(phrnyl) chromium tricarbonyl may bc approximatrd 
by that of p-nitrophmyl. This suggrstion is not origi- 

(28) This concluston 18 corroborated by the finding, reported elsewhere 
[R. S. I3ly and R.  C Strickland, J .  Amer. Chem. Soc , 92, 7459 (1970)1, 
that  under kinetically controlled conditions the acetolysis of both exo-2- 
In-exo- and -endo-(benronorborneny1)chromium tricarl,onyll methanesul- 
fonates yields the less stable, more hindered exo-[K-endo-(benzonorhornenJ 1)- 
chromium tncarbonyl] acetate preferentially. 

nal with us but stems from the observation that [n- 
(pheny1)chromium tricarbonyl ]acetic and p-nitro- 
phenylacetic acids have experimentally identical ioniza- 
tion constants in 60% ethanol a t  25°.22 However, the 
geometries of these two aryl groups are obviously quite 
different and the individual bond moments in each 
must clearly be oriented in different directions with 
respect to the remainder of the molecule. Hence, it is 
the time-averaged net moment of all possible conforma- 
tions which must be similar in 50% cthanol. Thc 
relative population of the various conformers of a polar 
molecule is known to be solvrnt dependent,2g so that 
the p-nitrophenyl may not be a good model for the 
conformationally averaged net inductive eff ect of the 
n-complexed phenyl in other solvents, cspecially when 
their dipole moments differ as much as those of acetic 
(D = 6) and formic acids (D = 33). While we rccog- 
nize the possible pitfalls of the assumption, in thc ab- 
sence of something better w(' see no recourse but to con- 
tinue to use it. 

Another possibility may be that thr  ability of tho 
tricarbonylchromium to act as a source of electrons is 
diminished by protonation in the more acidic formic 
acid (pKa = 3.76). Both Wilkinson, et aZ.,ao and 
Sahatjian3I havr demonstrated by nmr that n-arenc- 
chromium tricarbonyl complexes are extensively pro- 
tonated on chromium in trifluoroacetic acid. Clearly 
to the extent that such protonation occurs during 
solvolysis, the effective concentration of the more reac- 
tive unprotonated starting material will be reduced. 
Although we have been unable to dctcct any high-field 
resonance in the 60-JIHa nmr spectrum of a solution of 
2-OAc in unbufferrd formic acid, we cannot completely 
discount metal protonation as a possible source of the 
rcduccd participation observed in this solvent. 

While i t  is possible that thr  slightly reduced apparent 
participation by a-phenylchromium tricarbonyl in 
formolysis relativc to acetolysis may be an artifact of 
our interpretation, other @-arylalkyl groups do exhibit 
the same phenomena in systems such as P-arylethyl 
and ncophyl, wherc the leaving group is attached to a 
primary carbon. As the data in Table VI illustrate, the 
increase in solvolysis rate which accompanies a solvent 
change from acetic to formic acid is always greater under 
comparable conditions for the unsubstituted phenyl 
derivative than for the cornparable p-mrthoxy com- 
pound. In  other words, in highly solvated primary 
systems32 the effcctivcness of p-anisyl as a neighboring 
group is decreased relative to phenyl when the solvent 
itself can provide more electrophilic stabilization. As 
a similar reactivity pattern prevails for a-phcnylchro- 
mium tricarbonyl relative to  phenyl, it  is perhaps not 
surprising that in the primary sulfonate esters examined 
here thc apparent additional anchimcric &ect rc- 

(29) Cf. E. L. Eliel, N. L. Allinger, S. J. Angyal, and G .  A. Morrison, 
"Conformational Analysis," Wiley, New York, N. Y., 1965, pp  169-160, 
and references cited therein. 

(30) A. Davison, W .  McFarlane, L. Pratt ,  and G. Wilkinson, J .  Chem. 
SOC. 3653 (1962). 

(31) R. A. Sahatjian, Ph.D. dissertation, University of Massachusetts, 
1969. 

(32) Primary cations are far too  unstahle to exist in solution?d cf. S. 
Winstein, E. Grunwald, and H. W. Jones, J .  Amer. Chem. Soc., 78, 2700 
(1951); I n  fact i t  
has been suggested tha t  in such primary systems the rate-limiting step may 
actually be the dissociation of a tight ion pair;'" cf. R. A. Sneen and J. W. 
Larson, ibid., 91, 6031 (1969); V. J. Shiner, Jr., and W. Dowd, ibid., 91, 
6528 (1969); J. M. Scott, Can. J .  Chem., 48, 3807 (1970). 

M. Saunders and E. L. Hagen, ibid., SO, 6881 (1968). 
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TABLE VI 
EFFECT OF SOLVENT ON THE EXTENT OF ARYL PARTICIPATION I N  PRIMARY p-ARYLALKYL SULFONATE ESTERS 

Temp, FkA, sec-1------ HCOOII/ 
Cornpd OC HCOOH HOAc HOAc 

p-Phenylethyl tosylate (1-OTs) 74 2.64 x 6.88 X IOe8 384 
p-p- Anisylethyl tosylate 74 1.61 x 10-3 c 8.78 X lod6 183 

n-p-Phenylethyl methanesulfonate @-OMS) 90 1.11 x 10-3d 5 . 6  X -198 
2-Phenyl-1-propyl methanesulfonate (dl-5-OMS) 90 1.27 x l O - S d  1.67 X lod6 76 
?r-%Phenyl-l-propyl methanesulfonate (dl-6-OMS) 90 3.00 x 10-3d 5.4 x 1 0 - 5 d  56 

2-p-Anisyl-2-methyl-1-propyl tosylate 25 8.31 x 10-40 6.00 x 10-6 f 139 

p-Phenylethyl methanesulfonate ( 1-OMS) 90 9.93 x l o - s d  4 .4  x 10-7d -225 

2-Phenyl-2-methyl-1-propyl tosylate 25 1.16 x 10-5e 3.11 X l o d 8 /  374 

a Reference 13c. * Calculated from the data in ref 12b. 
Glaser, J. Amer. Chem. SOC., 82, 3586 (1960), assuming F k a  = kt in this solvent. 
R. Heck, J. Corse, E. Grunwald, and S. Winstein, J. Amer. Chem. Soc., 79, 3278 (1957), assuming F k a  = kt. 
the data in ref 12b assuming F k a  = kt. 

0 Interpolated from the data of ref 3b and W. H. Saunders, Jr., and R. 
' Data of A. H. Fainberg quoted by 

f Extrapolated from 
d This work. 

0 S. Winstein and R. Heck, J .  Amer. Chem. SOC., 78,4801 (1956). 

sulting from ?r complexation prior to  solvolysis is less in 
formic than in acetic 

Experimental Section34 
Preparation of the Methanesulfonates (1-, 3-, dl-5-, 7-, and 

dZ-B-OMs).-The methanesulfonates were prepared by the re- 
action of methanesulfonyl chloride in pyridine with the corre- 
sponding alcohols 1-OH,35 3-OH,36 d2-5-OH,14337 7-OH,,* and 
dl-8-OHaS as described previously.zn Melting points and yields 
are listed in Table VII. 

TABLE VI1 
MELTING POINTS A N D  YIELDS O F  THE 2-ARYLETHYL A N D  

2-ARYLPROPYL METHANESULFONATES 
Yield, 

Compd MP, OC % 
i-on/Is Liquid a t  room temperature 61 
3-OMs Liquid at  room temperature .5 6 
dl-5-OMS Liquid at  room temperature 60 
7-OMs 80-81 41 
dl-8-OMs 85-86 27 

2-Phenylethyl Methanesulfonate (1-OMS) .-Ir analysis showed 
(CHC13) 3070, 3060, 3020 (CH phenyl); 2960, 2930 (CH ali- 
phatic); 1610, 1590 (aromatic nucleus); 1350, 1165 (OSO2); and 
699 cm-l (monosubstituted phenyl); nmr (CDCl,) 6 7.25, 
singlet (CBHK); 4.36, triplet, J = 7.0 HZ (-CH2CHz0); 3.01, 
triplet, J = 7.0 Hz (C~HKCHZCHZ-); and 2.78, singlet (-0So~- 
CH3). 

Anal. Calcd for CgHlZO3S: C, 53.97; H,  6.04; 0, 23.97; 
S, 16.01. Found: C, 54.08; H ,  6.20; 0, 23.91; S, 15.86. 

2-Phenylethyl-1 , I-dz Methanesulfonate (J-OMs).-Ir analysis 
showed (CHC13) 3030 (CH phenyl); 2940 (CH aliphatic); 2250, 
2170 (CD aliphatic); 1610, 1590 (aromatic nucleus); 1370, 
1178 (OSOZ); 700 cm-' (monosubstituted phenyl); nmr (CDC13) 

(33) I t  is interesting to  note that in the 1-aryl-2-propyl tosylate series, 
where the incipient cations are secondary and thus intrinsically more stable 
and less highly solvated in  the transition state, these effects are reversed, 
uiz., the better neighboring group p-anisyl provides relatively more additional 
internal nucleophilic assistance than phenyl when the solvent is changed 
from acetic to  formic acid.go 

Microanalyses were performed by 
Bernhardt Mikroanalitisches Laboratorium, 5251 Elbaoh Uber Engelskir- 
chen, West Germany. Spectra were determined on a Perkin-Elmer grating 
infrared spectrometer, Model 337, a Model 202 ultraviolet spectrometer, 
and a Varian A-60d nmr spectrometer. Gas chromatographic analyses 
were performed on a F & M Model 500 chromatograph equipped with a 
16 Et X 0.5 in. column packed with 20% Carbornax 20M on 60-80 mesh 
Gas-Chrom CL. Helium mas used as carrier gas a t  flow rates of 80-100 
ml/min. The potentiometric titrations were performed on a Radiometer 
Auto-Burette using glass and standard calomel electrodes. 

(34) Melting points are uncorrected. 

(35) Eastman Organic Chemicals, List No. 45, compound 313. 
(36) (a) W. H. Saunders, Jr . ,  S. ASperger, and D. H. Edison, J .  Amer. 

(b) G. S.  Hammond and K.  R.  Kopecky, Chem. Soc . ,  80, 2421 (1958); 
J .  PoZym. Sci., 60, 54-59 (1962). 

(37) K and K Laboratories Inc., Catalog No. 7, compound 7594. 
(38) R. Fuchs and C. A. Vanderverf, J .  Amer. Chem. Soc., 76, 1631 

(1954). 
(39) F. Nerdel and H. Winter, J .  Prakt. Chem., 18, 110 (1960). 

6 7.19, singlet (C6H6); 2.95, singlet (Ct&CH2-); 2.75, singlet 

2-Phenyl-1-propyl Methanesulfonate (dZ-5-OMs).-Ir analysis 
showed (CC14) 3080, 3060, 3025 (CH phenyl); 2960,293:,, 2895, 
2875 (CH aliphatic); 1610, 1590 (aromatic nucleus); 1338, 1175 
(OSOZ); 700 cm-I (monosubstituted phenyl); nmr (CClr) 6 7.12, 
singlet (C~HS-); 4.10, doublet, J = 7.0 He (>CHCHzO-); 
3.08, multiplet [C~HSCH(CH~)CHZ-] ; 2.65, singlet ( o s o ~ c & ) ;  
1.29, doublet, J = 7.0 Hz (>CHCH,). 

Anal. Calcd for C10H1403S: C, 56.05; H,  6.59; 0, 22.40; 
S, 14.96. Found: C,  55.91; H ,  6.75; S, 15.14. 

2-(p-Nitropheny1)ethyl Methanesulfonate (7-OMs).-Ir analy- 
sis showed (CHCl,) 3040 (CH aromatic); 2980, 2920, 2880,2820 
(CH aliphatic); 1530, 1370, 1350 (CNOZ, OSOz), 1170 (OSOz); 
850 cm-1 (disubstituted phenyl); nmr (CDC13) 6 8.28, 8.13, 
7.54, 7.39, AB quartet, J = 8 Hz (-C6HzAHzB-); 4.54, triplet, 
J = 6.5 HZ (-CHzCHzO-); 3.25 ,triplet, J = 6.5 Hz (-C6H4- 
CH~CHZ-); 3.04, singlet (-0SOzCH3). 

Anal. Calod for CgKI1NO5S: C, 44.07; H, 4.52; N ,  5.71; 
0, 32.62; S, 13.07. Found: C, 44.06; H, 4.62; X,  5.59; S, 
13.13. 

2-(p-Nitropheny1)-1-propyl Methanesulfonate (dl-S-OMs).-Ir 
analysis showed (CHC13) 3060, 3020 (CH phenyl); 2970, 2930 
(CH aliphatic); 1350, 1170 (OSOS); 855 cm-l (phenyl); nmr 
(acetone-&) 6 8.16, 8.01, 7.57, 7.42, AB quartet, J = 8 HZ 
(-C@H2*HzB-); 4.34, doublet, J = 6.5 Hz (>CHCHzO-); 3.35, 
multiDlet (-CHCH&Hz-); 2.98, singlet (-0S02CHs); 1.35, 

(OSOzCH3). 

doubiet, J = 6.5 Hz ( X H C H , ) .  
Anal. Calcd for C10H13NOJS: C,  46.32; H,  5.05; N,  5.40; 

0. 30.86: S. 12.37. Found: C,  46.32; H, 5.15; N ,  5.27; 0, 
30.91; S, 12.36. 

Preparation of the r-Complexed Methanesulfonates (2-, 4-, 
and dZ-6-OMs).-The methanesulfonates 2-, 4-, and dl-6-OMr 
were prepared by the reaction of chromium hexacarbonyl with 
the corresponding noncomplexed methanesulfonates, l-ohfs, 
3-OMs, and dl-5-OMS, respectively, as described previously.zY 
The yields and melting points are summarized in Table VIII. 

TABLE VI11 
3fISLTING POIKTS A X D  YIELDS OF THI' ?r-COMPLI<CXI:D 

2-PHILKYLETHYL A N D  2-PHISNYL-l-PROPYL ?YII,~THANISSULFONAT~S 
MP, Yield, 

Compd OC 70 
2-on/Is 70-71 97 
4-0& 70-71 54" 
d2-6-OM~ 49.3-50. -5 68 

0 The low yield is probably due to the reduced scale of this 
preparation. 

Z-[r-(Phenyl)chromium tricarbonyllethyl Methanesulfonate 
(Z-OMs).-Ir analysis 5howed (CHC13) 3030 (CH phenyl); 2970, 
2940 (CH aliphatic); 1980, 1910 ( C r O ) ;  1380, 1170 (090~);  
660, 633, 530 cm-1 (CrC);40 nmr (CllC13) 6 d.35,  doublet {w 
CsHj-); 4.43, triplet, J = 6.S Hz (-CH&HzO-); 3.03, singlet 

(40) (a) R.  D. Fischer, Chem. Ber., 93, 166 (1960); (b) R. E. Humpherey, 
( e )  G. Klopman and li. Boack, Inorg. Spectrochim. Acto, 17, 93 (1961); 

Chem., 7 ,  579 (1968). 
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(-0SOjCHs); 2.8.7, triplet, J G.T, Ha (C61T:,CH2CI-Iy-); uv 
(CeHjOH) 218 nip (E 22,000), 254 ( G O O O ) ,  317 (7900).41 

A d .  Calcd for Cl2Hl2O~SCr: C, 42.86; TI, 3.60; 0, 28.55; 
S, 9.54; Cr, 15.46. Found: C, 42.81; 11, 3.67; 0 ,  28.12; 8,  
9.32. 

2 - [ ~  (Pheny1)chromium tricarbonyl] ethyl-1, I-& Methanesulfo- 
nate (4-OMs).-Ir a showed (CIIC;ls) ::oso, :wo (CEI 
phenyl); 2930 (CH a1 ); 2250, 2170 (CD aliphatic); 1970, 
1880 (CEO); 1340, 1170 (OSOz); 655, A29 cm-l (CrC). 

A d .  Calcti for CliH,ul)20eSCr: C, 42.01; 11, 2 .w;  I ) ,  1.18; 

tricarbonyl] -1-propyl Methanesulfonate 

1980, 1920 (CEO); 1390, 1178 (OSO2); 
660, 630 ern-.' (CrC); nmr (CDCIE) 8 5.08, singlet (T-C~HS-); 
3.99, doublet, J = 6 Hz (>CHCH20-); 2.74, singlet (-OSO,CH,) 
superimposed on a multiplet at' -2.7 (C6H5CHCI~oCH2-); 1 .lo, 
doriblet, ,I = 7.5 TIx (>CI-ICH3). 

S, 9.15; Cr, 14.84. Found: C, 44.68; H, 4.11; 0, 27.24; Y, 
9.36. 

Acetolysis rates were measured titrimetrically in sodium 
acetate buffered, deoxygenated anhydrous acetic acid42 as 
described previously.2~ The rate constants and activation parani- 
ctcrs are recor t id  in Tnlile I. 

Formolysis Rates.--hnhydrous forinic acid was obtained by 
ti of the commercial solvent (Baker and Adanis CP, 
according to the procedure I J f  b'insteiri .3,1 Sodiiun 

as dried at, 120" overnight tind added to the purified 
solvent to obtain a -0.03 A!! solution. The buffered solution was 
dcoxygenat ed :is desrrihed previously for  the acetic. :icid solvent.*:& 

The rates were meahured using the ampoule technique. 
Enough of the niethanesulfonate was dissolved in 23 nil of the 
buffered formic: ticid t o  obtain an -0.02 df ,*oliition. Eight :hnl  
aainples \ w e  pl:wed into :~mpouleh, cooled in I)ry Ice-acetone, 
fliished with dry nitrogen, sealed, and placed in a thermostated 
bath. At appropriate intervals ampoules wcre removed from the 
bath, cooled, and opened, and 2-ml aliquots were withdrawn. 
The measured volume was diluted with 20 nil of anhydrous acetic 
acid and titrated polentiometrically"' with a standard solution of 
-0.O:Z .\I perchloric acid in acetic acid. 

Acetolysis Products of 2-Phenylethyl Methanesulfonate 
(1-OMS). Run A.-A 10-nil sample of a 0.02 :l.P solution of 
1-011s in anliydrous acet,ic acid4* btiffercd with 0.04ci J I  sodium 
acetate was :illowed to react a t  113' for 84 hr (10 half-lives). 
The solution wn,* cooled, poured over cracked ice, and extracted 
with three 2.?-nil portions of pentnne. The combined extract was 
washed with saturated sodium bicarbonate, then washed with 
water and dried over anhydrous sodium sulfate. The solution 
was filtered and concentrated to -2 ml by slow didillation of the 
pentane tlirough a 12-in, wire spiral packed vacuum-jacketed 
coltmin. Analysis by glpc at  140" showed the presence of two 
coniponents whose relative retention tiines and (peak areas) were 
4.1 (<0 . l%)  arid 29.4 (>99.9%). Yo attempt was niade to 
identify the first component. The second component was iden- 
tical with the known and commercially available 2-phenylethyl 
acetate ( ~ - O A C ) . ~ ~  

Acetolysis Products of Z-[r-(Phenyl)chromium tricarbonyl] - 
ethyl Methanesulfonate (2-OMS). Run B.-A solution of 3:: mg 
(0.0%) inniol) of the inet1i:tnesulfonate in 3 nil of deoxygenated 
acetic acid2a buffered with 0.046 M sodium acetate was heated at  
11,;" for 8.4 hr (10 half-lives). The solution wax cooled, poured 
over cracked ice, and extracted with three 50-nil portions of a 
1 : 1 pentane-ether mixture. The extract was washed successively 
with cold sattirated sodium bicarbonate and cold water. To the 
wnshed cxtracf was added dropwisc with rnpid stirring a solution 
of ceric ammonium nitrate in acetone.44 The resulting colorless 
soliition was washed with cold water, dried (NalSOa) 
wit h :in execs:, of lithirun aluminrim hydride.*:' Ail  
reduced product solution by glpc on the l6-fl Carbowax column 
revealed the presence of three components with relative retention 
tiiiies (peak areas) of 10.4 ( < O . l % ) ,  19.0 (<O.lc).l.), and 22.3 

0, 2 x 3 ;  s, 9.4x; Cr, 13.37. Found: c,  42.73; 0, 2x.30; s ,  

*ilowed (cc i , )  ::o::o, mr pilellyi); 

9.37. 

A/lu/. Calcd for CJIiaOoSCr: c, 44.57; I€,  4.03; 0, 27.40; 

(41) E. 0. Fisclier and €I. P. Fritz, Anoew. Chem., 73, 353 (1961). 
(42) Prepared 113. diutillinx reagent grade acetic acid from acetic an- 

(43) K and K Laboratories, Inc., Catalog No. 7, compound 17379. 
(44) G .  F .  Emerson, 1,. Vat t s ,  and R. Pettit,  J. Arner. Ciiem. Soc., 87, 

hydride and adding -1% anhydride to the distillate. 

131 (1965). 

(>99%). The first two components were not isolated and 
characterized. The third component was identical in all respects 
with authentic 2-phenylethanol ( L O H ) . ~ ~  A duplicate run C 
gave identical results. 

Acetolysis of Z-[n-(Phenyl)chromium tricarbonyl] ethyl-I , I-& 
Methanesulfonate (4-OMS). Run D.-This reaction was carried 
out in the same manner a3 run B except that the lithium alu- 
minum hydride reduction step was omitted. The acetate 
product(s), isolated by glpc, showed ir (CCL) peaks a t  3090, 
3070, 3040 (CII phenyl); 2950 (CH aliphatic), 2260, 2180 (CD 
aliphatic); 1760 (C=O ester); 1610, 1390 (phenyl nucleus); 
1028 (CO ester); 721, 700 cm-l (monosubstituted phenyl); 
nmr (CClr) S 7.18, singlet (CeHj-); 2.87, singlet (CeH$Ht--); 
1.9-5,  .singlet (-COCH,). No signal3 were observed a t  8 -4.3 
(-CHzO-). We estimate that -3% of a-hydrogen-containing 
material could have been detected had it been present. The 
acetate isolated in a duplicate run E also contained <3% of 
hydrogen a t  the CY position. 

a-Complexed Products from the Acetolysis of 2-[n-(Phenyl)- 
chromium tricarbonyl] ethyl Methanesulfonate (2-OMS). Run F. 
-To 50 ml of 0.0487 M sodium acetate in deoxygenated acetic 
acidzaL wa> added 0.650 g (1.92 mmol) of 2-OMS. The sample was 
sealed under nitrogen and heated at  113' in the dark for 11 hr 
(13 half-lives). The solution wa5 poured over -200 ml of cracked 
ice and then extracted as described for run B. The extract was 
dried (SlgSOa) and filtered. Addition of pentane to the filtrate 
canzed the precipitation of 0.332 g (37.4%) of yellow crystals, 
mp r71-p720. Ir analysis showed (CHC13) 3020 (CH phenyl), 2960 
(CII diphatic); 1970, 1880 (CEO); 1735 (C=O ester); 660, 
6J0, 3 0  cm-l (CiC); nmr (CDCl?) d 5.33, singlet (a-CeHb-); 
4.32, triplet, J = 6 Hz (-CH&H20-); 2.77, triplet, J = 6 Hz 
(C~H,CH~CHT-); 2.16, ringlet (CH3C02-). 

A d .  Calcd for Cl3Hl2OjCr: C, 32.00; H,  4.03; 0, 26.65; 
Cr, 17.32. Found: C, 52.11; H, 4.10; 0, 26.52. 

The pale yellow mother liquor was treated with ceric ammo- 
nium nitlate (bee run B) and analyzed by glpc on the 16-ft 
Carbowax column. A single component was observed. The 
pioduct, isolated by glpc, was found to be identical with authentic 
1-0Ac. 

Acetolysis Products of 2-Phenyl-1-propyl Methanesulfonate 
(til-5-OMS). Run G.-To 50 nil of 0.0486 M sodium acetate in 
acetic acid wab added 0.43 g (2.02 mmol) of the niethanesulfonate. 
The solution wab heated a t  115' for 22 hr (-24 half-lives) and 
the product(r) were extracted and reduced with lithium alu- 
minum hydride as described for run B. Analysis by glpc at  155' 
revealed the presence of five components whose relative retention 
times (peak areas) were 4.0 (8.7%), 6.3 (6.0y0), 7.1 (14.5'%), 
34.8 (70.8',1), and 42.0 (trace). The first, second, third, and 
fourth components were found to be identical with the known and 
commercially available46 compounds allylbenzene ( lo) ,  cis-@- 
inethylatyrene (1 I) ,  trans-p-methylstyrene (12), and l-phenyl-2- 
propttnol (dl-13-0H), respectively. The fifth component wab not 
present in sufficient amounts for isolation and identification. 

Acetolysis Products of 2-[a-(Phenyl)chromium tricarbonyll-l- 
propyl Methanesulfonate (dl-6-OMs). Run H.-The reaction 
was carried out a t  115' for 4 hr (-13 half lives) as described f a  
run B. A glpc analysis of the decomplexed and reduced product 
mixture showed two components in a relative abundance of 5.1 
and 94.9% which were identified by spectral comparison as 
alcohol5 d-13-OH and dl-5-OH, respectively. 

Formolysis Products of Z-[T-(Phenyl)chromium tricarbonyl] - 
ethyl Methanesulfonate (2-OMS). Run I.-To 50 ml of a 
iolution of 0.0491 M sodium formate in deoxygenated formic acid 
(>977,, Matheson Coleman and Bell) was added 0.686 g (2,04 
inmol) of 2-051s. The solution was heated in a sealed ampoule 
in the dark at  115' for 1 hr, cooled, poured over cracked ice, and 
extracted with three 100-in1 portions of a 1 : 1 ether-pentane 
mixture. The extract was washed with sodium carbonate, then 
with water, and concentrated to -40 ml. Addition of -100 ml 
of pentane to the concentrate gave 0.413 g (71%) of a yellow, 
crystalline product (2-OCOII): mp 71-72'; ir (CHCla) 3080, 
3020 (CH phenyl); 2950, 2930, 2890 (CH aliphatic); 1950, 1870 
( C A I ) ;  1733 (C=O ester); 658, 630, and 530 cm-' (CCr); 
nmr (CDCL) 6 8.06, singlet (-OCOH); 5.60, broad singlet (T- 

CeHj-); 4.41, triplet, J = 6 Hz (-CH2CH@-); 2.79, triplet, 
J = 6 HZ (CeH,CH&H%-). 

(45) I< and li Laboratories, Inc., Catalog No. 7,  compounds 4570, 25530, 
25541, and 8353, respectively. 
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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 t o  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 

(1) Abstracted from a portion of the doctoral dissertation by V. Stella 
to  the Graduate School, University of Kansas. 

(2) E. Ware, Chem. Rev., 46, 403 (1950). 
(3) D. Bethell, G. E. Metcalfe, and R. C. Sheppard, Chem. Cammun., 

(4) I. G. Projarlieff, Tetrahedron, 23, 4307 (1967). 
(5) I. G. Projarlieff, R.  2. Mitova-Chernaeva, I. Blagoeva, and B. J. 

(6) A. F. Hegarty and T. C. Bruice, J .  Amer. Chem. Soc., 91, 4924 (1969). 
(7) A. F. Hegarty and T. C. Bruice, J. Amer. Chem. SOC. ,  92, 6575 (1970). 

189 (1965). 

Kourtev, C. R .  Acad. Bulg. Set., 21, 131 (1968). 

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. I n  the present study the kinetics of 
the cyclization and the effect of 2 substituents on the 

(8) R. F. Brown and N. M. van Gulick, J. Org. Chem., 21, 1046 (1956). 
(9) J. F. Bunnett and D. F. Hauser, J. Amer. Chem. Soc., 87, 2214 (1965). 
(10) S. Milstein and L. A. Cohen, Proc. Nat. Acad. Sci. U. S .  A., 67, 1143 

(1970). 
(11) J. Turk, W. M. Haney, G. Heid, R. E. Barlow, and L. B. Clapp, 

J .  Heterocgcl. Chem., 8 ,  149 (1971). 
(12) T. C. Bruice and W. C. Bradbury, J. Amer. Chem. SOC., 87, 4846 

(1965). 
(13) T. C. Bruice and U. K. Pandit, J. Amer. Chem. Soc., 82, 5858 (1960). 
(14) T. Higuchi, L. Eberson, and J. D. McRae, J. Amer. Chem. SOC., 

(15) T. Higuchi, T. Miki, A. C. Shah, and A. K. Herd, J. Amer. Chem. 

(16) D. P .  Weeks and X. Creary, J .  Amer. Chem. Soc., 92, 3418 (1970). 
(17) K.  H. Gensch, I .  H. Pitman, and T. Higuchi, J. Amer. Chem. Soo., 

(18) L. Eberson and H.  Welinder. J. Amer. Chem. Soc., 98, 5821 (1971). 
(19) D. R. Storm and D. E. Koshland, Jr., J. Amer. Chem. Soc., 94, 

5815 (1972). 
(20) Recent papers have given a number of excellent examples of steric 

catalysis in intramolecular reactions and the possible mechanism of catal- 
ysis: (a) A. J. Kirby and P. W. Lancaster, J .  Chem. SOC., Perkin Trans. 4, 
1206 (1972); (b) 8. Milstien and L. A. Cohen, J. Amer. Chem. SOC., 94, 
9158 (1972); (0) R. T. Borchardt and L. A. Cohen, ibid., 94, 9166 (1972); 
(d) R.  T. Borchardt and L. A. Cohen, zbid., 94, 9175 (1972); (e) J. M. 
Karle and I. L. Karle, ibid., 94, 9182 (1972). 

89, 3001 (1967); 88, 3805 (1966). 

SOC., 86, 3655 (1963). 

90, 2096 (1968). 


