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The =-(arene)chromium tricarbonyl complexed methanesulfonates 2-phenylethyl (2-OMs), 2-phenylethyl-
1,1-d, (4-OMg), and 2-phenyl-1-propyl (di-6-OMs) have been prepared and their acetolysis and formolysis rates
and/or products compared with those of the noncomplexed derivatives, 1-OMs, 3-OMs, and di-5-OMs, respec-
tively. At ~90° in buffered acetic acid, 2- is ten times as reactive as 1-OMs, di-6- about six times as reactive
as dl-5-OMs; in buffered formic acid 2- is 8.5 times more reactive than 1-OMs, di-6- 2.4 times more reactive than

dl-5-OMs.

The formolysis of d{-6-OMs yields 179 [#=-(phenyl)chromium tricarbonyl]-migrated product; the

formolysis of 4- and the acetolysis of 4- and dl-6-OMs yield unrearranged products exclusively. By comparing
Fka’s of the complexes with those of the corresponding noncomplexed p-nitro derivatives, estimates of anchi-
meric assistance to product formation by &-{r-(phenyl)chromium tricarbonyl] have been deduced: 2-OMs,

10* (HOAce), 103 (HCOOH); di-6-OMs, 1032 (HOAc), 1022 (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.

In previous papers of this series? we reported the
acctolytic rates and products of a scries of chromium
tricarbonyl complexed 3-phenyl-2-butyl, 2-phenyl-3-
pentyl, and ncophyl-type methancsulfonates. After
making a correction for the apparent inductive effect
of the tricarbonylchromium group, we concluded that
the acetolytic reactivity of the complexes was enhanced
by factors of from 6.8 to 1600 times at 75°. We were
able to infer that a substantial portion of the enhance-
ment is due to an electronic effect of the metal moiety,
but were unable to evaluate the magnitude of the sterie
effect on these reactions. 2

One of the techniques that has been effectively used
to deteet and establish the importance of neighboring
group participation in solvolytic reactions is that of
varying the nucleophilicity and ionizing power of the
solvent.*~1?  Thus it is gencerally accepted that both

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

(2) (a) R. 8. Bly and R. L. Veazey, J. Amer. Chem. Soc., 91, 4221 (1969);
(b) R. 8, Bly, R. C. Strickland, R. T. Swindell, and R. L. Veazey, ibid.,
92, 3722 (1970).

(3) (a) 8. Winstein and H, Marshall, J. 4Admer. Chem. Soc., T4, 1120
(1952); (b) 8. Winstein, C, R. Lindgren, H. Marshall, and L. L, Ingraham,
ibid., T8, 147 (1953); (c) L. Eberson, J. P. Petrovieh, R. Baird, D. Dyckes,
and 8. Winstein, 1bid., 87, 3506 (1965); (d) E. F. Jenny and 8. Winstein,
Helv, Chim. Acta, 41, 807 (1968); (e) A. Diaz, I, Lazdins, and S, Winstein,
J. Amer. Chem. Soc., 90, 6546 (1968); () A. F. Diaz and S. Winstein,
ibid., 91, 4300 (1969); (g) 1. Lazdins, A. Diaz, and S, Winstein, ibid., 91,
5635 (1969); (h) A. Diaz, I. Lazdins, and 8. Winstein, ibid., 5637 (1969).

(4) (a) D. J. Cram, J. Amer. Chem. Soc., T4, 2129 (1952); (b) J. A.
Thompson and D, J. Cram, ibid., 91, 1778 (1969).

(5) (a) C. C. Lee, G. P. 8Slater, and J, W. T. Spinks, Can. J. Chem., 38,
1417 (1957); (b) C. C. Lee, R, Tkachuk, and G. P. Slater, Tetrakedron, T,
2086 (1959).

(6) (a) H. C. Brown, K. J. Morgan, and T, J. Chloupek, J. Amer. Chem.
Soc., 87, 2137 (1965); (b) C.J. Kim and H. C. Brown, ibid., 81, 4289 (1969).

(7) (8) J. E. Nordlander and W. J. Deadman, J. Amer. Chem. Soc., 90,
1590 (1868); (b) J. E. Nordlander and W. J, Kelly, ibid., 91, 996 (1969).

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

(9) (a) C.J. Lancelot and P. v. R. Schleyer, J. Amer. Chem. Soc., 91,
4291 (1969); (b) ibid., 91, 4206 (1969); (c¢) C. J. Lancelot, J. J. Harper,
and P. v. R. Schleyer, 1bid., 91, 4204 (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. 8. Brown, J. Amer, Chem. Soc., 91, 5639
(1969); (b) P. C. Myhre and E. Evans, 1bid., 91, 5641 (1969).

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

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

the importance of kinetic neighboring group participa-
tion and the extent of rearrangement increase as the
solvent becomes less nucleophilic and/or more ionizing,
1.e., in the order ethanol < aecetic acid < formic acid <
trifluoroacetic acid < sulfuric acid < fluorosulfonic
acid. The good linecar free energy correlations that
have been obtained for both the assisted and the un-
assisted processes? strongly imply that the driving
force for participation is predominantly electronic
rather than sterie in nature.

In an effort to confirm its importance and assess the
nature of tricarbonylchromium participation during
the solvolysis of 8-[m-(aryl)chromium tricarbonyl]alkyl
derivatives, we have cxamined the acetolysis and
formolysis rates and/or products of 2-phenylethyl
(1-OMs), 2-[#-(phenyl)ehromium tricarbonyljethyl (2-
OAIs), 2-phenyl-1,1-ds-cthyl (3-OMs), 2-[x-(phenyl)-
chromium tricarbonyl|-1,1-dx-cthyl (4-OMs), 2-phenyl-
1-propyl (di-5-0OMs), 2-[m-(phenyl)chromium tricar-
bonyl]-1-propyl (di~6-O\s), 2-(p-nitrophenyl)ethyl (7-
OMs), and 2-(p-nitrophenyl)-l1-propyl (dI-8-OMs)
methanesulfonates.

Methods and Results

The known noncomplexed alcohols, I-, 3-, di-5-, 7-,
and dl-8-OH, obtained as deseribed in the Experimental
Section, were converted to methanesulfonates in the
usual manner.?22 The chromium tricarbonyl com-
plexes, 2-, 4-, and dl-6-O\s were prepared as deseribed
previously?* (¢f. Chart I).

Acetolysis products, determined by combination of
the direct analysis, decomplexation, and reduction
techniques described previously,? are summarized in
Chart I1.

Formolysis products, determined in a similar manner
(¢f. Experimental Section), arc summarized in Chart
III. As noted previously,? chromium tricarbonyl com-
plexation prior to solvolysis inhibits phenyl migration;
only during the formolysis of dl-6-O)Is is a significant
amount of rearranged product formed.

Titrimetrie acetolysis and formolysis constants for
the complexed and noncomplexed methanesulfonates
were determined as detailed previously? and in the
Experimental Section at concentrations similar to those
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CHARrT I
CKCO),
CH,CH,OR CH,CH,OR + 3CO
(n-Bu),0
1-0}1\/11, RR= HM Cr(CO),
1-OMs, R = Ms
1-OAc,R = Ac 2:8;115
1-OCOH,R = COH 2.0Ac
2-0COH
Cr(CO),
@—CH_/CDZOR —_— CH.CD,OR + 3CO
(n-Bu),0
30H,R=H Cr(COY,
3-OMs,R = Ms
3-0Ac,R = Ac 4-OH
3-0COH, R = COH 4-OMs
4.0Ac
4-0COH
CH, CH,
I CrCO),
@—-CHCHZOR — CHCH,OR + 3C0
(n-Bu),0
dl-5-OH,R = H
dl-5-OMs, R = Ms Cr(CO),
dl-5-0Ac,R = Ac dl-6-OH
dl-5-0COH, R = COH dl-6-OMs
: dl-6-OAc
dl-6-0COH
leHa
NO.J—@——CHzCHZOR NO;—@—CHCHzoR
7.0HR = H dl-8-OH,R = H
7-OMs,R = Ms dl-8-OMs,R = Ms
CHarT 11
ACOH—ACO"
1-OMs —> 1-OAc (>999%,) + olefin (trace)
115°, 101/,
AcOH~AcO~
2-OMs —> 2-OAc (57%)
115, 131/,

+ Cett
filtrate ~ ——>~ 1-OAc (only)

acetone

AcOH-AcO~ Cet LiAlH,

1-OH (99%)

—
115°,10¢1/;  acetone Et,0

AcOH-AcO- Ces*
4-OMs

> >
115°, 10tt/,  acetone

3-OAc (100 == 3%) + PhCD,CH,0Ac (0 & 39%,)
9-OAc

AcOH~AcO~ LiAlHy

d1-5-OMs > >
115°, 2411/, Et:0
Ph Ph Ph
) (8.7%) + j (6.0%) + I (14.5%)
10 1 12
+ dI-5-OH (trace) + PhCH,CH(CH,)OH (70.8%)
di-13-OH

AcOH-AcO~ Ced, LiAlH;

di-6-OMs

115°, ~15t3/; acetone Et.O

dl-5-OH (94.9%) + di-13-0H (5.1%)

uscd in the product studies. These data are summarized
and compared with those of some related noncomplexed
derivatives®.9%1814 iy Table I.  With the exception of

(18) (a) 8. Winstein and R. Heck, J. Amer. Chem. Soc., 18, 4801 (1956);
(b) 3. W. Clayton and C. C. Lee, Can. J. Chem., 39, 1510 (1961); (c) thid.,
89, 1512 (1961).
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HCOzH, HCO:
2-OMs ———————> 2-0COH (70%)
70°, 30 min
HCO:H, HCO;~
- 2-0COH (71%)
115°, 60 min -+ Cet™ LiAlH,
filtrate —
Et:0
1-OH (only)
HCO:H, HCO,~
4-OMs —

120°, 60 min
4-OCOH (69 = 5%) + 9-OCOH (0 % 5%)

HCO.H, HCO:~  Ce#  LiAlH,
dl-6-OMs

> >
115°, 30 min acetone Et:0

dl-5-OH (83%) + dl-13-OH (17%)

the acetolysis of di-5-OMs, ¢f. runs 41 and 42, each of
the solvolyses exhibited clean first-order kinetics
through at least 7569, reaction.

The effects of added salts on the acetolysis rates of
1+, 2-, 7-, and dl-8-OMs arc recorded in Table IT.%

Discussion

The fact that in both the g-arylethyl and the 2-aryl-
propyl scries the ratios of the rclative titrimetric rate
constants for solvolysis of the complexed and noncom-
plexed methancsulfonates at 86.6° do not change
markedly as the solvent is changed from acetic to
formic acid, viz., ky(2-OMs)/k:i(1-OMs), 17.4/1.68 =
10.4 (HOAc), 1117/131.7 = 8.5 (HCOOH); Fk(6-
OMs)/k(5-OMs), 47.6/7.81 = 6.1 (HOAc), 2990/
1270 =~ 2.4 (HCOOH), implies at first glance that the
enhanced reactivity of the former might more properly
be attributed to steric than to electronic factors. How-
ever, this view is certainly oversimplified and probably
incorrect, for it fails to consider the substantial elec-
tron-withdrawing inductive effect of the w-tricarbonyl-
chromium and the extent to which the solvolyses are
accompanied by nucleophilic solvent participation.

The solvolyses of noncomplexed B-arylalkyl deriva-
tives in the absence of added base have been success-
fully interpreted in terms of the diserete, competing
solvent- and aryl-assisted pathways represented in
Chart IV se—e.8e,122,18,18 wwherpe F is the fraction of bridged
ion pairs which is converted to product, Chart IV,
80 that ky = Fky + ks. Thus, when comparing the
relative abilities of differing aryl groups to enhance
the rate of product formation through neighboring-

CHarT IV
6+
SOH

1

ArCH,CH,08
ACHCH,| =

|
ArCH,CH,OR 6-OR

k
\ Ar
7N,
= Fk, ) Fky

.,

C’H;—“\ H, HOS
“OR

SOCH,CH, Ar

(14) 8. Winstein and K. C. Schreiber, J. Amer. Chem. Soc., T4, 2171
(1952).

(15) A, H, Fainberg and S. Winstein, J, Amer. Chem. Soc., 78, 2763
(1956).

(16) (a) C. C. Lee and K. J. Noszké, Can. J. Chem., 44, 2481 (1066);
(b) dbid., 44, 2491 (1966).
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TasLg I
ArPARENT FirsT-ORDER SoLvoLrysis CONSTANTS AND ACTIVATION PARAMETERS OF 2-ARYL-1-ETHYL AND -1-PROPYL DERIVATIVES®
Run Compd Solvent Temp, °C? 108k, sec ™! AH*, keal/mol AS*, eu
1,2 1-OMs AcOH/AcO~ ¢ 85.0 1.405 == 0.045 24,94 —16.2¢
3,4 97.3 4.605 %= 0.015
56 115.1 23.0 =% 0.00
7 115.2 11.9¢
8 115.3 19.0/
9 27 .40
86.7 1.684
90.0 2.31»
1-OT'gee 1.28 24.9 —17.3
10, 11 1-OMs HCOH/HCO,~* 86.7 131.65 &= 0.03
1-OTs? 86.6 111
12, 13 2-OMs AcOH/AcO™ ¢ 85.0 14.5+0.4 24 . 5% —12.5%
14, 15 97 .4 49.7 4+ 0.5
16 113.0 42, 1¢
17 42, 6.l
18, 19 115.0 227,54 5.5
20 115.2 64.9¢
21 115.3 227m
86.7 1744
90.0 24,00
115.3 236"
22-24 HCO,H/HCO,~ ¢ 86.7 1117 &= 19
25 4-OMs 86.7 9027
26 86.8 889
27, 28 7-OMs AcOH/AcO~ ¢ 86.95 2.00£0.00 22. 40 —22.9°
29, 30 113.1 18.0£0.15
31 113.15 26.37
32 32.1¢
33 113.2 12.97
34 113.4 6.2¢
86.7 1.974
90.0 2.644
7-OTgb? ' 0.715 23.7 - 22
35, 36 7-OMs HCO:H/HCO, ¢ 69.25 1.275 4 0.025 21.3¢ —23.6¢
37, 38 86.2 6.015 = 0.045
39, 40 99.4 17.4=0.1
86.7 6,16~
41, 42 dl-5-OMs AcOH/AcO- ¢ 86.65 ~T7.81 4+0.17¢
dl-5-OBsee 86, 7" 35.0 25.5 —~8.5
90.0» 48.8 .
43, 44 dl-5-OMs HCOH/HCO,~ 86.4 1270 £+ 20
45, 46 dl-6-OMs AcOH/AcO~ ¢ 69.3 7.165 = 0.165 26. 3% —~5.5¢
47, 48 ‘ 86.8 48.85 = 0.85
49, 50 112,45 609 = 9
86.5 47 .60
90.0 68,54
51, 52 HCOH/HCO,- ¢ 86.45 2990 == 80
53, 54 dil-8-OMs AcOH/AcO~ ¢ 99.8 0.6115 £ 0.0115 25.6v —18.8
55-57 ‘ 1156.1 2.26 0,18
58 3.74v
59 3.32¢°
60 1.99v
61 1.15¢
62, 63 130.0 8.875 = 0.063
86.7 0.167
90.0 0.233%
64, 65 HCOH/HCO,~ ¢ 69.25 0.226 £ 0.000 26.67 —11.6¢
66, 67 86.2 1.51 =0.005
68, 69 99.4 5.81 %= 0.06
86.7 1.58%

« Contains 0.0185-0,0250 M ROMs unless otherwise specified. * Controlled to =0.03°. < Contains 0.0461-0.0508 M sodium
acetate unless otherwise specified. ¢ Computed from runs 1-6. ¢ Contains no sodium acetate. / Contains 0.0286 M sodium acetate.
¢ Contains 0.0327 M lithium perchlorate. * Calculated from data at other temperatures. ¢ Contains 0.0250~0.0350 3 sodium formate
unless otherwise specified. ¢ Extrapolated from the data in ref 3b and 13c. * Calculated from runs 12-15, 18, and 18. ! Contains
0.0203 M sodium methanesulfonate. ™ Contains 0.0286 M sodium acetate. ™ Contains 0.0141 M ROMs. ° Caleulated from runs
27-30, * Contains 0.0772 M sodium acetate. ¢ Contains 0.0989 M sodium acetate. ” Contains 0.0302 M sodium acetate. ¢ Calcu-
Iated from runs 35-40. ¢ Since this reaction is accompanied by extensive internal return to the more reactive di-13-OMs, this constant
was approximated from the first 2097 reaction (cf. ref 14). * Calculated from runs 45-50. » Calculated from runs 53-57, 62, and
€3.  Contains 0.0950 M sodium acetate. ¢ Contains 0.0752 M sodium acetate. ¥ Contains 0.0326 M sodium acetate. * Calecu-
lated from runs 684-69, <¢ Reference 3b. ® Reference 9e. ¢ Reference 14.
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TasLe II
DEpENDENCE OF APPARENT FIRsT-ORDER ACETOLYSIS
CONSTANTS OF 2-ARYL-1-ETHYL AND 2-ARYL-1-PROPYL
TYPE SULFONATES UPON ADDED SALTS

Value of “b”
Temp, 108¢°,% for added

Compd °C sec™1 NaOAc?
1-OMs 115.2 12.5 18¢.@
1-OTs¢ 115 13.0 19
2-0OMs 115.2 217 1.9¢/
7-OMs 113.2 4.35 649
8-OMs 115.1 0.93 304

¢ Extrapolated value at zero acetate concentration. ? Calcu-
lated from the relation ky = k:°(1 + b;[NaOAc] + be[salt 2]).15
¢ Calculated from runs 5, 6, and 8; (k¢®)extrapolatea = 1.03
(k+° Jmeasurea. ¢ B(LIClOs) = 11 (¢f. runs 5, 6, and 9). ¢ Calcu-
lated from run 21 and an interpolated value at this temperature
for 0.0401 M sodium acetate; (k¢ )extrapolated = 3.35 (Kt° )measured.
7 b(NaOMs) = 0 (¢f. runs 16 and 17). ¢ Calculated from runs
29_33: (kto )extmpolnted = 0.70 (kto)meusured. h Calculated from
runs 53-60; (k¢° Jextrapolated = 0.81 (k:° Imonsured. ° Reference 3b.

group participation during solvolysis, it is apparent
that Fka’s rather than £y's should be employed.'2:V?

'In previous papers in this series we have taken the
titrimetric rate constant of the p-nitro derivative as a
model for that of the w-complexed derivative in the
absence of participation.? This treatment appeared to
yvield rcasonable cstimates of w-complexed aryl par-
ticipation, since in the systems considered, viz., 3-aryl-
2-butyl® ¥ and ncophyl,® % direct displacement by
solvent is relatively unimportant. However, in the
solvolyses of B-arylethyl and 2-arylpropyl derivatives
direct solvent participation is frequently the dominant
reaction.? % 12.1%2,14  Henee, estimates, not of titri-
metric rate constants, &y, but of the rate constants
Fk,, for product formation via the bridged ion pair are
desired.!?*  These may be estimated from experimental
data reported here and elsewhere as follows.

Acetolysis of p-[r-(Phenyl)chromium tricarbonyl]-
ethyl Methanesulfonate (2-OMs).—Jones and Coke
have demonstrated the existence of a good linear cor-
relation between log k: for the acetolysis of para-sub-

stituted neophyl tosylates at 75° and log &k for the

acctolysis of like-substituted g-arylethyl tosylates at
the same temperature,'2® piz., log ka(B-arylethyl) = 1.02
log ke(neophyl) — 1.85.1%  Since, as Jones and Colke!?®

(17) We emphasize that the overall effect of neighboring-group par-
ticipation on the rate of product formation is given by Fka and is a com-
posite of the effect of the neighboring group on F', 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, J. Amer. Chem. Soc., 86, 3767 (1964), and references
cited therein; (h) 8. Winstein and R. Baker, ibid., 86, 2071 (1964).

(19) (a) This empirical equation is a special case of the more general
relation log (Fka)(neophyl) = log (#ka)(B-arylethyl) + C, and is valid
apparently because nucleophilic solvent participation is relatively un-
important for all hut the least reactive neophyl derivatives,*****® 50 that
for this series &y = Fka, lecause the anchimeric assistance to ionization
provided by the g-aryl group is proportional in the two series of compounds,
i.e., kA(neophyl) « ka{B-aryletliyl) (the proportionality constant is incor-
porated into the intercept, C) and because the fraction, I, of ion pairs
going on to product in the neophyl case is constant—though not necessarily
unity——over the range of substituents tested. (L) Cf. ref 9e, footnote 17.
(¢) The only significance that can properly he attributed to the unitary
slope of an empirical log-log correlation such as this is that the pro-
portionality relationships"’“ are maintained throughout the range of sub-
stituents tested. (d) All rate constants are corrected to zero acetate ion
concentration. (e} Corrected for the extent of direct displacement so that
the value of k; used hiere and guoted in Table 111 is actually FkA; cof. ref 3f,
footnote 13. (f) Note that the validity of this extrapolation is dependent
not upon F for B-(p-nitrophenyl)ethyl remaining unchanged, but rather
upon the ratio /'[8-(p-nitrophenyl)ethyl]l/F (p-nitroneophyl) remaining ap-
proximately constant.

(20) 1L, Tanida, T. Tsuji, H. Ishitobi, and T. Irie, J. Org. Chem., 84,
1086 (1969).
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Figure 1.—Acetolysis of substituted g-arylethyl and neophyl
tosylates at 90°, 0.00 M acetate ion.

have determined from rate and product data and
Schleyer, et al., have derived from rate data alone,
“F is nearly constant for all participating substrates,’’%
a plot of log ki(ncophyl) vs. log ka(B-arylethyl) should
also be linecar'®® and have a slope of approximately
unity.!® The plot shown in Figure 1, which is based
on the acetolysis rates at 90° (Table III), confirms this
expectation.

TasLe IIT
AceToLysis RaTis OF SUBSTITUTED B-ARYLETHYL
AND NeopaYL TosYLATES AT 90°¢

B-Arylethyl Neophyl

Substituent FkA, sec™) k¢, sec ™1
p-CH,;0 4.65 X 107%¢ 8§.93 X 10-3%¢
p-CH; 3.19 X 10-¢? 7.25 X 10™¢¢
H 3.75 X 10-7¢% 9.57 X 1078
3,5-di-CH,0 2,153 X 10-74 2.36 X 10~%e
p-Cl 6.99 X 1078 % 1.87 X 103 ¢
p-NO, 9.93 X 1078/

¢ At 0.00 M sodium acetate. ? Reference 12b. ¢ Extrap-
olated value from data in ref 12b. ¢ Reference 16b. ¢ Esti-
mated as k«(ROBs)/3.49, where ki(ROBs) is calculated from the
Yukawa-Tsuno relation, log ks = —3.711[¢ + 0.4828(¢c* —
o)) — 3.478, for the acetolysis of neophyl-type brosylates at
90° (p-CH;O, p-CHa, ’m—CHa, H, m-CHzO, p-Cl, p—Br, p-COzCHa,
p-CN, p-NO;) assuming that ¢(3,5-di-CH;0) = 2¢(m-CH;0) =
0.230 and ¢*(3,5-di-CH30) = 20 +(m-CH;0) = 0.094. / Esti-
mated from k; of the brosylate corrected for the extent of p-nitro-
phenyl migration assuming that the fraction of aryl-migrated
products (0.75) is similar for the brosylate at 137° and the
brosylate at 90° 2 and that k,(ROTs) = k.(ROBs)/3.49.

Extrapolation of the resulting double least squares
regression line,** log (Fk,°) = 0.998 log (k:°) — 2.327
(which is lincar over approximately threc powers of
ten), through the cstimated ki!% for p-nitroneophyl
(another two powers of ten, Table III)!* yiclds an
Fly of 485 X 10~% gee—! for the acctolysis of 8-(p-
nitrophenyl)ethyl p-tolucnesulfonate (7-OTs) at 90°
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Figure 2.—Formolysis of substituted g-arylethyl tosylates at
86.6° vs. acetolysis of like-substituted neophyl tosylates at 90°,
0.00 M base.

in the absence of added sodium acetate. Since &s° =
ki — Fkp° = 7.15 X 107 — 485 X 10~ = 7.15 X
107 sec—, it is apparent that p-nitrophenyl participa-
tion is relatively unimportant under these conditions.®
Corrcetion of our data (Table II) for the acetolysis of
the corresponding mesylate (7-OMs) at 90° in the pres-
ence of added sodium acetate yiclds estimates of 8.9 X
10-7, 8.9 X 107, and 5.6 X 10— sec—!, respectively,
for ks°, ks°, and Fk,° at zero acctate ion concentration.
A similar correction applied to the titrimetric acetolysis
rate of B-[m-(phenyl)chromium tricarbonyl]ethyl meth-
anesulfonate (2-OMs) (Table II) yields an estimated
ks at 90°, zero acetate ion concentration, of 6.5 X
10— sec—1,

The inductive effects of p-nitrophenyl and w-phenyl-
chromium tricarbonyl are similar,?? 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 absence of base, ks°, of 7-OMs constitutes an
upper limit for k° (2-OMs) under comparable condi-
tions, Z.e., k°(7-OMs) = k°(7-OMs) = 8.9 X 107
see—! 2 k,°(2-OMs). Therefore Fk,° for the acetoly-
sis of 2-OMs at 90° in the absence of added acetate
must be equal to or greater than %,°(2-OMs) — k,°
(7-OMs) 2 6.5 X 10— — 89 X 10~ > 5.6 X 10-¢
scc~l. Comparison of Fks°(2-OMs) and Fka°(7-
OMs) provides an estimate of the relative ability of -
(phenyl)echromium tricarbonyl and p-nitrophenyl to
enhance the rate of product formation during acctolysis
at 90°; 4.e., the complexed aryl 7s 6.6 X 107%/6.6 X
1071 or ~10,000 times more effective.

The rate constant for product formation via the in-
ternally assisted acetolysis (Fka.°) of B-phenylethyl

(21) In agreement with Schleyer, et al.,’ we note that the value of Fka
for acetolysis of T-OMs, though small, is not zero; ¢f. Table II, ref 9h,
(22) B. Nicholls and M. C. Whiting, J. Chem. Soc., 551 (19589).
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methanesulfonate (1-OMs) at 90° and zero acetate ion
concentration, estimated in a similar manner from that
of the tosylate (1-OTs),® is 4.4 X 107 sec™!. Thus,
the w-complexed phenyl, in spite of its large rate-re-
tarding inductive effect, is 5.6 X 10-%/44 X 107
or 13 times more effcctive than phenyl itself in promot-
ing product formation under these conditions.
Formolysis of g-[r-(Phenyl)chromium tricarbonyl]-
ethyl Methanesulfonate (2-OMs).—We 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-OMs.
Diaz and Winstein® have, however, demonstrated the
existence of a good lincar correlation between log
ka° of formolysis for para-substituted 1-phenyl-2-propyl
tosylates at 75° and log k. of acetolysis for like-sub-
stituted ncophyl tosylates under similar conditions.
Thus it is reasonable to cxpeet that a similar correlation
would exist between log Fka® of formolysis for para-
substituted S-phenylethyl tosylates at 86.6° and log
ks of acetolysis for like-substituted ncophyl derivatives
at 90°.22  Such a plot, based on the data of Table IV,

TasLe IV
SoLvoLysis RATES OF 8-ARYLALKYL-TYPE TOSYLATES

B-Arylethyl Neophy!
formolysis, 86.6°, acetolysis, 90°,
Substituent Fla, sec™! ky, sec™t
p-CH;0 4.96 X 103 ¢ 8.93 X 10~8¢
H 9.93 X 1075 ¢ 9.57 X 108
3,5-di-CH;0 1.86 X 1084 2.36 X 105
p-NO, 9.93 X 107 /

« Extrapolated from data at other temperatures, 0.000-0.055 M
sodium formate; c¢f. ref 3b and 3¢. ? Extrapolated from the
data in ref 12b. ¢ Calculated from k, at other temperatures,
0.000-0.0291 M sodium formate, assuming Fka = Fk:/0.91,
¢f. ref 3b, 13a, and 16b, and ka/(ka + k.) = 0.90, cf. ref 3c.
¢ Estimated from data on the brosylate interpolated from other
temperatures, ¢f. ref 13a and 16b, assuming ki(OBs) = 2.50
k«(OTs), cf. ref 13a, and that the fraction of products formed via
the bridged ion in the case of the brosylate at 75°, i.c., 529,
equals that from the tosylate at 86.6°, ¢f. vef 16b. ¢ Table III,
footnote ¢. 7/ Table III, footnote f.

is shown in Figurc 2. Extrapolation of the correlation
line fitted to the data by a double least squares regres-
sion analysis, log (Fka\°) = 0.944 log k. — 0.323,
through k. for p-nitro (Table IV) yiclds an estimated
Fka° of 1.2 X 107 sec™? for the formolysis of 7-OTs
at 86.6° in the absence of added base.  The predicted
Fk,° for the corresponding mesylate (7-OMs) under
these conditions would be 1.16 X 1.2 X 1077 or 1.4 X
10~7 sce~!. The titrimetric formolysis constant, k.,
of 7-0Ms at 86.6° in the presence of 0.035 A/ sodium
formate is 6.07 X 10~ sec—! (Table I). Although b
values have not been determined in this solvent system,
that of the anchimerically assisted process, I'ka, can be
expected to be relatively small so that & = ke —
Fk,® = 6.07 X 10— — 1.4 X 107 = 5.9 X 10~%scc™!
at 86.6° in the presence of 0.035 M formate ion. Thus
under these conditions about 29 of the products are
apparently formed via a p-nitrophenyl-bridged ion pair.
The titrimetric formolysis constant, ki, of 2-OMs under
similar conditions is 1117 X 10~¢ sce~!, so that Fhy for
the complex cquals 1117 X 10~% — £, (2-OMs) 2
1117 X 10-% — k,(7-OMs) = 1117 X 10=° — 5.9 X

(23) Note that because the solvents and temperatures are different, the
slope of such a correlation line is no longer unity; cf. ref 3f, Figure 2.
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10—¢ > 1111 X 10-% sec~!. Hence w-tricarbonylehro-
mium enhances the rate of product formation during
formolysis by a factor of 1111 X 10—¢/1.4 X 107 =
7900 times comparcd to p-nitro. Similarly (¢f. Table
IV), the complexed mesylate is enhanced by a factor of
(1111 X 107%/(1.16 X 9.93 X 10-%) = 9.6 times with
respect to the 8-phenylethyl derivative (1-OMs).

Acetolysis of 2-[r-(Phenyl)chromium tricarbonyl]-1-
propyl Methanesulfonate (dl-6-OMs).—Attempts to
estimate the rate enhancement due to 7 complexation
in this systecm arc complicated by two factors: the
occurrence of extensive internal return to the more
reactive 1-phenyl-2-propyl isomer in the case of dl-5-
OR?®e:114 and the lack of suitable kinctic data for sub-
stituted phenyl derivatives. The following approach
seems best under the circumstances. Assuming that
the acetolyses of both 7- and dI-8-OT's at 90° occur pre-
dominantly wvie the solvent-assisted pathway, ks, %2
the ratio of their titrimetric rate constants, k¢, at this
temperature (Table I) represents the sterie effect of the
B-methyl group upon the solvent-assisted reaction.
Hence ko(dl-5-0OTs) = [k, (dl-8-OMs) /e (7-OMs) ] - k.
(1-0Ts)®» = [(2.33 X 10-1)/(2.64 X 10-9](8.92 X
10-7) = 7.87 X 10-% scc—!. Winstein, et al., have
carricd out a detailed kinetic analysis of the acetolysis
of di-5-OBs within the kinetie framework shown in
Chart V.14

CHaR? V
CH, CH,CHCH.CH,
C,H,CHCH,0Bs 0OBs
m l [
products
Since
A2yl Lpropyll . 4 k) (2-aryk-1-propyl]
while
~d[neophyl]

& = ky[neophyl] = (Fka + k) [neophyl]

it scems appropriate to equate (kr + ki) for 2-aryl-1-
propyl derivatives with &, for systems whose solvolysis
is not accompanied by extensive internal return to a
more reactive isomer, i.e., k + ki, = ky = Fky + k.
Thus, at 90° Flks(dl-5-0Ts) = k(dl-5-0Ts) = (kr +
Fotp) (dl-5-OTs) — ky(dl-5-OTs) = 1.67 X 10-52% —
7.87 X 1078 =~ 1.67 X 10~5scc—1.

For the aryl-assisted acetolysis of di-8-OTs, Fk, at
90° can be approximated as follows. Both g-arylethyl
and 2-aryl-2-methyl-1-propyl (ncophyl) tosylates give
correlation lines of unit slopc (¢f. Figure 1) when values
of log Fk, for acctolysis at 90° arc plotted against values
of log k; for like-substituted 2-aryl-2-methyl-1-propyl
tosylates under similar conditions.!® It follows that
the structurally intermediate 2-aryl-1-propyl tosylates
should also be related to like-substituted 2-aryl-2-
methyl-1-propyl tosylates in a similar manner, <.e.,

(24) Cf. acetate “‘0"’ values for the corresponding mesylates, Table II.

(25) Caleulated from the data in ref 12D,

(26) Calculated by extrapolating the data in ref 14 (¢f. Table I) and
assuming that the measured acetolysis rate ratio, (& + kep) (d1-8-0OBs)/
(ke + kup) (dl-5-OTs) = 2,92 at 75°,* is maintained at 90°.
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that log Fka(2-aryl-1-propyl tosylate, HOAe, 90°) =
1.0 log k:(2-aryl-2-methyl-1-propyl tosylate, HOAc,
90°) + C. This being true, the constant C' can be
computed from the value of Fk,(di-5-OTs) estimated
previously and the measured k; of ncophyl tosylate
(Table III), wviz., for acetolysis at 90° log (1.67 X
10-%) = 1.0 log (9.57 X 10~%) + C, or C = —0.7582,
so that the cquation for the expected correlation be-
comes log Fk,(2-aryl-1-propyl tosylate, HOAe, 90°) =
log k. (2-aryl-2-methyl-1-propyl tosylate, HOAc, 90°) —
0.7582.

Using this equation and the estimated acetolysis con-
stant, k., for p-nitroneophyl tosylate at 90° (Table III),
a value for Fk,(dl-8-OTs) under thesc conditions can
be predicted, viz., log Fka(dl-8-OTs) = log (9.93 X
10-%) — 0.7582 or Fk, (dI-8-OTs, HOAc, 90°) = 1.7 X
108 gcc—L

Schleyer® has demonstrated that the solvent-assisted
rate constant, ks, for the acetolysis of a @-arylethyl
tosylate at 90° can be computed from the Hammett
relation log ks = —0.1150 + log k2. It follows from
this and our previous arguments that under similar
conditions, e.g., for acetolysis at 90°, k.(dl-5-OTs) >
ks(dl-8-0OTs) 2 ki(dl-6-OTs), so that Fka(di-6-0Ts) >
ky(di-6-OTs) — k. (dl-5-OTs) or Fka(dl-6-OTs) 2
(6.85 X 10-5/1.26)7 — 7.87 X 10~8 > 5.4 X 10~
sec™t. Thus, m-phenylchromium tricarbonyl is 5.4 X
10—3/1.7 X 10-% or 3200 times more cffective than p-
nitrophenyl in promoting product formation during the
acetolysis of 2-aryl-1-propyl derivatives at 90°. It is
54 X 10-5/1.67 X 10~ or 3.2 times morc effective
than phenyl itself.

Formolysis of 2-[r-(Phenyl)chromium tricarbonyl]-1-
propyl Methanesulfonate (d/~6-OMs).—Since there
are essentially no kinetic data available for the formoly-
sis of either 2-aryl-2-methyl-1-propyl or 2-aryl-1-propyl
derivatives other than those reported here in the latter
case, and since the assumption that the p-nitro deriva-
tives solvolyze preponderantly »ia the solvent-assisted
path may not be valid in formic acid, it scems best to
estimate the effect of = complexation by dircet com-
parison of the titrimetric rate constants at 86.6° (Table
I). Thus, Fka(dl-6-OMs)/Fky(dl-8-0MNs) = ki (dl-6-
OMs) /k(dl-8-OMs) = 3000 X 10-5/1.6 X 10~ or 1900

times;  Fha(dl-6-OMs)/Fk,(dl-5-O3s) =~ ki(dl-6-
OMs)/k:(dl-5-OMs) = 3000 X 10-%/1270 X 10-¢
or 2.4 times.

The rate enhancements of solvolytic product forma-
tion induced by the prior chromium tricarbonyl com-
plexation of primary g-arylethyl derivatives, cstimated
as the ratios of Fk,(r complex)/Fka(p-nitro), are sum-
marized in Table V.

In considering the possible implications of these data
several questions come to mind. 1Yirst and foremost:
could these cnhancements be due predominantly to
steric effects? We think not.  Chromium tricarbonyl
complexation increases the absolute acetolytic reactivity
at 83-90° by 10 times in the g-phenylethyl case, 6.1
times in the 2-phenyl-1-propyl derivative, and 1.6
times in the ncophyl methancsulfonate. Thus the
absolute rate cnhancement is greatest in the least
sterically congested g-phenylalkyl derivative and least
in the most congested system. This is in spite of the
fact that = complexation must certainly inhibit the

(27) Assuming that k(dl-8-OMs) = 1.26 k(dl-6-OTs); c¢f. Table I.
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TasLe V

EsTiMaTED SoLvoLyTic RaTe ENHANCEMENT DUE
7o CHROMIUM TRICARBONYL COMPLEXATION

1
(ITCHQOMS (or Ts)

z K
AN
ocC co Cco
Temp, Enhance-
zZ R R/ Solvent °C ment®

H H H HOAc 90 10,0008

HCOOH 86.6 7,900°%

H CH, H HOAc 90 3,200

HCOOH 86.6 1,900°

H CH; CH, HOAc 75 1,600¢

m-CHj 800¢

p-CH, 400¢

p-CH:;O 80¢
¢ After correction for the rate-retarding inductive effect of the
tricarbonylchromium; wide supra. * This work. ¢ Reference

2b.

solvent-assisted process, k., to a greater extent in the
less crowded B-phenylethyl methancsulfonate. Since
the change in reactivity upon complexation is exactly
opposite from that which would have been anticipated
had steric butressing ecffects been dominant, we con-
clude that the rate factors which we have estimated in
Table V are consonant with the idea of a relatively un-
important steric effect due to = complexation® coupled
with some sort of eleetron-donating cffect by the g-
[7-(aryl)chromium tricarbonyl] group. We cannot on
the basis of our data distinguish betwcen the alternate
possibilities of e—# type homoconjugation or the direct
chromium bridging suggested previously? as the manner
in which this cleetronic effcet is transmitted. We sco
no paradox in the fact that the estimated anchimeric
effects of the w-(phenyl)chromium tricarbonyl during
solvolysis arc manifest in the absence of rearrangement,
for in this sense the two primary m-complexed deriva-
tives reported here resemble the sccondary 1-aryl-2-
propyl arencsulfonates studied by Winstein® and by
Schleyer.%—<¢  In cach case the rate-limiting step of the
reaction appears to be the formation of a nonsymmetric
bridged cation—-anion pair which reacts with the solvent
to yield unrearranged products predominantly or ex-
clusively.

A second question which these data raise concerns
the relative extent of apparent participation by -
(phenyl)chromium tricarbonyl in acetic and in formic
acid: it is slightly greater in the former than in the
latter (Table V), Why? Our cstimates of the mag-
nitude of neighboring-group participation have involved
numerous assumptions, some of which may at best be
unwarranted and at worst be incorrect. Paramount
among thesc is the idea that the inductive effect of
m-(phenyl)chromium tricarbonyl may be approximated
by that of p-nitrophenyl. This suggestion is not origi-

(28) This conclusion is corroborated by the finding, reported elsewhere
[R. 8. Bly and R. C. Strickland, J. Amer. Chem. Soc., 92, 7459 (1970)],
that under kinetieally controlled conditions the acetolysis of both exo-2-
[r-exo- and -endo-(benzonorbornenyl)echromium tricarbonyl] methanesul-
fonates yields the less stable, more hindered exo-[r-endo-(benzonorbornenyl)~
chromium tricarbonyl] acetate preferentially.
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nal with us but stems from the observation that [=-
(phenyl)chromium tricarbonyljacetic and p-nitro-
phenylacetic acids have experimentally identical ioniza-
tion constants in 509, ethanol at 25°.2 However, the
geometries of these two aryl groups are obviously quite
different and the individual bond moments in each
must clearly be oriented in diffcrent 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 509, cthanol. The
relative population of the various conformers of a polar
molecule is known to be solvent dependent,?® so that
the p-nitropheny! may not be a good model for the
conformationally averaged net inductive effect of the
m-complexed phenyl in other solvents, especially when
their dipole moments differ as much as those of acetic
(D = 6) and formic acids (D = 58). While we recog-
nize the possible pitfalls of the assumption, in the ab-
sence of something better we see no recourse but to con-
tinue to use it.

Another possibility may be that the ability of the
tricarbonylchromium to act as a source of electrons is
diminished by protonation in the more acidic formic
acid (pK, = 3.75). Both Wilkinson, e al.,* and
Sahatjian®® have demonstrated by nmr that =-arene-
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 detect any high-field
resonance in the 60-MHz nmr spectrum of a solution of
2-OAc in unbuffered formic acid, we cannot completely
discount metal protonation as a possible source of the
reduced participation obscrved in this solvent.

While it is possible that the slightly reduced apparent
participation by m-phenylchromium tricarbonyl in
formolysis relative to acetolysis may be an artifact of
our interprotation, other g-arylalkyl groups do exhibit
the same phenomena in systems such as B-arylethyl
and neophyl, where the leaving group is attached to a
primary carbon. As the data in Table VI illustrate, the
inerease 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 comparable p-methoxy com-
pound. In other words, in highly solvated primary
systems?®? the effectiveness 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 m~phenylehro-
mium tricarbonyl relative to phenyl, it is perhaps not
surprising that in the primary sulfonate esters examined
here the apparent additional anchimeric effect re-

(29) Cf. E, L. Eliel, N. L. Allinger, 8, J. Angyal, and G. A. Morrison,
“Conformational Analysis,”” Wiley, New York, N. Y., 1965, pp 159-160,
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 unstable to exist in solution;"® ¢f. 8.
Winstein, E. Grunwald, and H. W. Jones, J. Amer. Chem. Soc., 78, 2700
(1951); M., Saunders and E. L. Hagen, ibid., 90, 6381 (1968). In fact it
has been suggested that in such primary systen:s the rate-limiting step may
actually be the dissociation of a tight ion pair;** ¢f. R. A. Sneen and J. W.
Larson, bid., 91, 6031 (1969); V. J. Shiner, Jr., and W. Dowd, sbid., 91,
6528 (1969); J. M. Scott, Can. J. Chem., 48, 3807 (1970).
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TasLE VI
EFFECT OF SOLVENT ON THE EXTENT OF ARYL PARTICIPATION IN PRIMARY B-ARYLALKYL SULFONATE ESTERS
Temp, Fka, se¢ ™ l——————— HCOOH/

Compd °C HCOOH HOAc¢ HOAc
B-Phenylethyl tosylate (1-OTs) 74 2.64 X 10-5@ 6.88 X 10-8? 384
B-p-Anisylethyl tosylate 74 1.61 X 1073 ¢ 8.78 X 10-6? 183
B-Phenylethyl methanesulfonate (1-OMs) 90 9.93 X 10~5¢ 4.4 X 10774 ~225
w-3-Phenylethyl methanesulfonate (2-OMs) 90 1.11 X 10-3¢ 5.6 X 1084 ~198
2-Phenyl-1-propyl methanesulfonate (dl-5-OMs) 90 1.27 X 1034 1.67 x 10754 76
w-2-Phenyl-1-propyl methanesulfonate (di-6-OMs) 90 3.00 X 1034 5.4 X 10-%4 56
2-Phenyl-2-methyl-1-propyl tosylate 25 1.16 X 105 3.11 x 108/ 374
2-p-Anisyl-2-methyl-1-propyl tosylate 25 8.31 X 10~¢v 6.00 X 10-¢ / 139

¢ Reference 13c. ® Calculated from the data in ref 12b.

2

the data in ref 12b assuming Fka =~ k..
sulting from = complexation prior to solvolysis is less in

formic than in acetic acid.??

Experimental Section3*

Preparation of the Methanesulfonates (1-, 3-, dl-5-, 7-, and
dl-8-OMs).—The methanesulfonates were prepared by the re-
action of methanesulfonyl chloride in pyridine with the corre-
sponding salcohols 1-OH,* 3-OH,% dI-5-OH,%43% 7-OH,® and
dl-8-OH?®* as described previously.?» Melting points and yields
are listed in Table VII.

TaBLE VII
MerTIiNG POINTs AND YIELDS OF THE 2-ARYLETHYL AND
2-ARYLPROPYL METHANESULFONATES

Yield,
Compd Mp, °C %
1-OMs Liquid at room temperature 61
3-OMs Liquid at room temperature 56
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
(CHCl;) 3070, 3060, 3020 (CH phenyl); 2960, 2930 (CH ali-
phatic); 1610, 1590 (aromatic nucleus); 1350, 1165 (OSO;); and
699 cm™! (monosubstituted phenyl); nmr (CDCl;) § 7.25,
singlet (CeHs); 4.36, triplet, / = 7.0 Hz (-CH,CH)0); 3.01,
triplet, J = 7.0 Hz (C;H;CH,CHy-); and 2.78, singlet (-OSO.-
CH;).

Anal. Caled for CoHi;0,8: C, 53.97; H, 6.04; O, 23.97;
S, 16.01. Found: C, 54.08; H, 6.20; O, 23.91; S, 15.86.

2-Phenylethyl-1,1-d; Methanesulfonate (3-OMs).—Ir analysis
showed (CHCL;) 3030 (CH phenyl); 2940 (CH aliphatic); 2250,
2170 (CD aliphatic); 1610, 1590 (aromatic nucleus); 1370,
1178 (O80,); 700 cm ™! (monosubstituted phenyl); nmr (CDCl;)

(33) It is interesting to note that in the l-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,
viz., 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,’®

(34) Melting points are uncorrected. Microanalyses were performed by
Bernhardt Mikroanalitisches Laboratorium, 5251 Elbach tiber 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-60A nmr spectrometer. Gas chromatographic analyses
were performed on a F & M Model 500 chromatograph equipped with a
18 ft X 0.5 in. column packed with 209, Carbowax 20M on 60-80 mesh
Gas-Chrom CL. Helium was used as carrier gas at flow rates of 80-100
ml/min. The potentiometric titrations were performed on a Radiometer
Auto-Burette using glass and standard calomel electrodes.

(35) Eastman Organic Chemicals, List No. 45, compound 313.

(36) (a) W. H. Saunders, Jr., S. A$perger, and D. H. Edison, J. 4dmer.
Chem. Soc., 80, 2421 (1958); (b) G. 8. Hammond and K. R. Kopecky,
J. Polym. 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),

¢ Interpolated from the data of ref 3b and W. H. Saunders, Jr,, and R-
Glaser, J. Amer. Chem. Soc., 82, 3586 (1960), assuming Fka =~ k; in this solvent.
R. Heck, J. Corse, E. Grunwald, and S. Winstein, J. Amer. Chem. Soc., 79, 3278 (1957), assuming Fka = k.
¢ S, Winstein and R. Heck, J. Amer. Chem. Soc., 78, 4801 (1956).

4 This work. ¢ Data of A. H. Fainberg quoted by

/ Extrapolated from

5 7.19, singlet (CeHs); 2.95, singlet (CsH;CHy-); 2.75, singlet
(OSO.CH;).

2-Phenyl-1-propyl Methanesulfonate (dl-5-OMs).—Ir analysis
showed (CCly) 3080, 3060, 3025 (CH phenyl); 2960, 2935, 2895,
2875 (CH aliphatic); 1610, 1590 (aromatic nucleus); 1353, 1175
(0S0,); 700 cm ™ (monosubstituted phenyl); nmr (CCly) § 7.12,
singlet (C¢Hs—); 4.10, doublet, J 7.0 Hz (>CHCH,0-);
3.08, multiplet [CeH;CH(CH;)CH.-]; 2.65, singlet (OSO,CHa);
1.29, doublet, J = 7.0 Hz (>CHCHa;).

Anal. Caled for C,oH10:8: C, 56.05; H, 6.59; O, 22.40;
S, 14.96. Found: C, 55.91; H, 6.75; S, 15.14.

2-(p-Nitrophenyl)ethyl Methanesulfonate (7-OMs).—Ir analy-
sis showed (CHCl;) 3040 (CH aromatic); 2980, 2920, 2880, 2820
(CH aliphatic); 1530, 1370, 1350 (CNQ,, 080;), 1170 (080;);
830 em™! (disubstituted phenyl); nmr (CDCl;) 5 8.28, 8.13,
7.54, 7.39, AB quartet, / = 8 Hz (-C;H»H,B-); 4.54, triplet,
J = 6.5 Hz (-CH,CH0-); 3.25 ,triplet, J = 6.5 Hz (-CsHq-
CH.,CH-); 3.04, singlet (-OSO,CH;).

Angl. Caled for CHuNO:S: C, 44.07; H, 4.52; N, 5.71;

0, 32.62; S, 13.07. Found: C, 44.06; H, 4.62; N, 5.59; S,
13.13.
' 2-(p-Nitrophenyl)-1-propyl Methanesulfonate (d/-8-OMs).—Ir
analysis showed (CHCl;) 3060, 3020 (CH phenyl); 2970, 2930
(CH aliphatic); 1350, 1170 (OS80:); 855 cm ™ (pbenyl); nmr
(acetone-dg) 5 8.16, 8.01, 7.57, 7.42, AB quartet, J = 8 Hz
{(-CsHAHB-); 4.34, doublet, J = 6.5 Hz (>CHCH,0-); 3.35,
multiplet (-CHCH;CHy-); 2.98, singlet (-OSO,CH;); 1.35,
doublet, J = 6.5 Hz (>CHCH,;).

Anal. Caled for C,oHi3NO;S: 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; Q,
30.91; S, 12.36. i

Preparation of the r-Complexed Methanesulfonates (2-, 4«
and dl-6-OMs).—The methanesulfonates 2-, 4-, and dl-6-OMs
were prepared by the reaction of chromium hexacarbonyl with
the corresponding noncomplexed methanesulfonates, 1-OMs,
3-OMs, and dl-5-OMs, respectively, as described previously.®
The yields and melting points are summarized in Table VIII.

TasLe VIII
MerriNg Points AND YIELDS OF THE 7-COMPLEXED
2-PHENYLETHYL AND 2-PHENYL-1-PROPYL METHANLESULFONATLS

Mp, Yield,
Compd °C %
2-OMs 70-71 97
4-OMs 70-71 54e
dl-6-OMs 49.5-50.5 68

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

2-[r-(Phenyl)chromium tricarbonyl]ethyl Methanesulfonate
(2-OMs).—Ir analysis showed (CHCl;) 3030 (CH phenyl); 2970,
2040 (CH aliphatic); 1980, 1910 (C=0); 1380, 1170 (0S02);
660, 633, 530 em™* (CrC);% nmr (CDCly) § 5.35, doublet (-
CeH:-); 4.43, triplet, J = 6.5 Hz (-CH,CH,0-); 3.03, singlet

(40) (a) R. D. Fischer, Chem. Ber., 98, 165 (1960); (b) R. E. Humpherey,
Spectrochim. Acta, 1T, 93 (1961); (c¢) G. Klopman and K. Noack, Inory.
Chem., T, 579 (1968).
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(-080,CHjy); 2.83, triplet, J = 6.5 Hz (Ce;CH.CHy); uv
(CyH;0H) 218 mpu (e 22,000), 234 (6000), 317 (7900).41

Anal. Caled for C;Hi20e8Cr: C, 42.86; H, 3.60; O, 28.55;
S, 9.54; Cr, 15.46. Found: C, 42.81; H, 3.67; 0, 28.12; S,
9.32.

2-[7-(Phenyl)chromium tricarbonyl] ethyl-1,1-d, Methanesulfo-
nate (4-OMs).—Ir analysis showed (CHCI;) 3080, 3020 (CH
phenyl); 2930 (CH aliphatic); 2250, 2170 (CD aliphatic); 1970,
1880 (C=0); 1340, 1170 (080,); 653, 629 em ! (CrC).

Anal. Caled for CuHyyDiOgSCr: C, 42.61; H, 2.08; D, 1.18;
0, 28.3%; ¥, 9.4%; Cr, 15.37. Found: C, 42.73; O, 28.30; S,
9.37.

2-[7-(Phenyl)chromium tricarbonyl] -1-propyl Methanesulfonate
(dl-6-OMs).—Ir anualysis showed (CCly) 3030, w (CII phenyl);
2950, w (CH aliphatic); 1980, 1920 (C=0); 1390, 1178 (O50,);
660, 630 cm™! (CrC); nmr (CDCly) § 5.08, singlet (7-CeHs—);
3.99, doublet, J = 6 Hz (>CHCH,0-); 2.74, singlet (~0S0,CHj;)
superimposed on a multiplet at ~2.7 (C;H;CHCH;CH,-); 1.10,
doublet, J = 7.5 Hz (>CHCHj;).

Anal. Caled for C3Hi0eSCr: C, 44.57; H, 4.03; 0O, 27.40;
S, 9.15; Cr, 14.84. Found: C, 44.68; H, 4.11; O, 27.24; S,
9.36.

Acetolysis rates were measured titrimetrically in sodium
acetate buffered, deoxygenated anhydrous acetic acidi? as
described previously.?» The rate constants and activation param-
eters ave recorded in Table I.

Formolysis Rates.—Anhydrous formic acid was obtained by
purification of the commercial solvent (Baker and Adams CP,
08-1009,) according to the procedure of Winstein.® Sodium
formate was dried at 120° overnight and added to the purified
solvent to obtain a ~0.03 M solution. The buffered solution was
deoxygenated as described previously for the acetic acid solvent. 2

The rates were measured using the ampoule technigue.
LEnough of the methanesulfonate was dissolved in 25 ml of the
buffered formic acid to obtain an ~0.02 M solution. Eight 3-ml
samples were placed into ampoules, cooled in Dry Ice-acetone,
flushed with dry nitrogen, sealed, and placed in a thermostated
bath. At appropriate intervals ampoules were removed from the
bath, cooled, and opened, and 2-ml aliquots were withdrawn.
The measured volume was diluted with 20 ml of anhydrous acetic
acid and titrated potentiometrically? with a standard solution of
~0.033 M perchloric acid in acetie acid.

Acetolysis Products of 2-Phenylethyl Methanesulfonate
(1-OMs). Run A.—A 10-ml sample of a 0.02 M solution of
1-OMs in anhydrous acetic acid*? butfered with 0.046 M sodium
acetate was allowed to react at 113° for 84 hr (10 half-lives).
The solution was cooled, poured over cracked ice, and extracted
with three 25-ml portions of pentane. 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 distillation of the
pentane through a 12-in. wire spiral packed vacuum-jacketed
column. Analysis by glpe at 140° showed the presence of two
components whose relative retention times and (peak areas) were
4.1 (<0.19%) and 29.4 (>99.99:). No attempt was made to
identify the first component. The second component was iden-
tical with the known and commercially available 2-phenylethyl
acetate (1-OAc).4®

Acetolysis Products of 2-[r-(Phenyl)chromium tricarbonyl]-
ethyl Methanesulfonate (2-OMs). Run B.—A solution of 33 mg
(0.099 mmol) of the methanesulfonate in 5 ml of deoxygenated
acetic acid? buffered with 0.046 M sodium acetate was heated at
115° for 8.4 hr (10 half-lives). The solution was cooled, poured
over cracked ice, and extracted with three 50-ml portions of a
1:1 pentane-ether mixture. The extract was washed successively
with cold saturated sodium bicarbonate and cold water. To the
washed extract was added dropwise with rapid stirring a solution
of ceric ammonium nitrate in acetone.* The resulting colorless
solution was washed with cold water, dried (Na,804), and treated
with an excess of lithium aluminum hydride.2*  Analysis of the
reduced product solution by glpe on the 16-ft Carbowax column
revealed the presence of three components with relative retention
times (peak areas) of 10.4 (<0.19), 19.0 (<0.1%), and 22.5

(41) E. O. Fischer and H. P. Tritz, Angew. Chem., T8, 353 (1961).

(42) Prepared by distilling reagent grade acetic acid from acetic an-
hydride and adding ~19% anhydride to the distillate.

(43) X and K Laboratories, Inc., Catalog No. 7, compound 17379.

(44) G. F. Emerson, L. Watts, and R. Pettit, J. Amer. Clem. Soc., 87,
131 (1965).
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(>99%). The first two components were not isolated and
characterized. The third component was identical in all respects
with authentic 2-phenylethanol (1-OH).® A duplicate run C
gave identical results.

Acetolysis of 2-[r-(Phenyl)chromium tricarbonyl]ethyl-1,1-d,
Methanesulfonate (4-OMs). Run D.—This reaction was carried
out in the same manner as run B except that the lithium alu-
minum hydride reduction step was omitted. The acetate
product(s), isolated by glpe, showed ir (CCly) peaks at 3090,
3070, 3040 (CH phenyl); 2930 (CH aliphatic), 2260, 2180 (CD
aliphatic); 1760 (C==0 ester); 1610, 1590 (phenyl nucleus);
1028 (CO ester); 721, 700 em~' (monosubstituted phenyl);
nmr (CCly) & 7.18, singlet (CeHi—); 2.87, singlet (C:H;CHy~);
1.95, singlet (-COCHj). No signals were observed at 6§ ~4.3
(-CH,0O-). 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 at the « position.

w-Complexed Products from the Acetolysis of 2-[r-(Phenyl)-
chromium tricarbonyl] ethyl Methanesulfonate (2-OMs). Run F.
—To 50 mi of 0.0487 M sodium acetate in deoxygenated acetic
acid® was 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 was poured over ~200 ml of cracked
ice and then extracted as described for run B, The extract was
dried (Mg8O,) and filtered. Addition of pentane to the filtrate
caused the precipitation of 0,332 g (57.49%) of yellow crystals,
mp 51-32°.  Iranalysis showed (CHCl;) 3020 (CH phenyl), 2960
(CH aliphatic); 1970, 1880 (C==0); 1735 (C=0 ester); 660,
630, 530 em™ (CrC); nmr (CDCIL) 6 5.33, singlet (x-CeHi~);
4.32, triplet, J = 6 Hz (-CH,CH,0-); 2.77, triplet, J = 6 Hz
(C:H,CH,CH,-); 2.16, singlet (CHy;COz-).

Anal.  Caled for CH0:Cr: C, 52.00; H, 4.03; O, 26.65;
Cr, 17.32. Found: C, 52.11; H, 4.10; O, 26.52.

The pale yellow mother liquor was treated with ceric ammo-
nium nitrate (see run B) and analyzed by glpc on the 16-ft
Carbowax column. A single component was observed. The
product, isolated by glpe, was found to be identical with authentic
1-OAc.

Acetolysis Products of 2-Phenyl-1-propyl Methanesulfonate
(dl-5-OMs). Run G.—To 50 ml of 0.0486 M sodium acetate in
acetic acid was added 0.43 g (2.02 mmol) of the methanesulfonate.
The solution was heated at 115° for 22 hr (~24 half-lives) and
the product(s) were extracted and reduced with lithium alu-
minum liydride as described for run B. Analysis by glpe at 155°
revealed the presence of five components whose relative retention
times (peak areas) were 4.0 (8.7%), 5.3 (6.0%), 7.1 (14.5%,),
34.8 (70.8%%), and 42.0 (trace). The first, second, third, and
fourth components were found to be identical with the known and
commercially available compounds allylbenzene (10), c¢s-8-
methylstyrene (11), irans-g-methylstyrene (12), and 1-phenyl.2-
propanol (dl-13-OH), respectively. The fifth component was not
present in sufficient amounts for isolation and identification.

Acetolysis Products of 2-[r-(Phenyl)chromium tricarbonyl]-1-
propyl Methanesulfonate (di-6-OMs). Run H.—The reaction
was carried out at 115° for 4 hr (~15 half lives) as described for
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
alcohols dl-13-OH and di-5-OH, respectively.

Formolysis Products of 2-[r-(Phenyl)chromium tricarbonyl]-
ethyl Methanesulfonate (2-OMs). Run I.—To 50 ml of a
solution of 0.0491 M sodium formate in deoxygenated formic acid
(>979%, Matheson Coleman and Bell) was added 0.686 g (2.04
mmol) of 2-OMs. 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-ml 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,
erystalline produet (2-OCOH): mp 71-72°; ir (CHCL) 3080,
3020 (CH phenyl); 2950, 2930, 2890 (CH aliphatic); 1950, 1870
(C=0); 1735 (C=0 ester); 638, 630, and 530 ecm~ (CCr);
nmr (CDCl) § 8.06, singlet (-OCOH); 5.60, broad singlet (-
CeHi-); 4.41, triplet, J = 6 Hz (-CH,CH:0-); 2.79, triplet,
J =6 Hz (CGH.}CHQCHT').

(45) K and K Laboratories, Ine., Catalog No. 7, compounds 4570, 25530,
25541, and 8353, respectively.
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Anal. Caled for C.H100;Cr: C, 50.35; H, 3.52; O, 27.95;
Cr, 18.18. Found: C, 50.51; H, 3.56; O, 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-[x-(Phenyl)chromium tricarbonyl]-
ethyl-1,1-d; Methanesulfonate (4-OMs). Run K.—A solution
of 0.355 g (1.05 mumol) of 4-OMs in 25 ml of deoxygenated formic
acid?® buffered with 0.0491 M sodium formate was heated at 120°
for 1 hr. The complexed formate 4-OCOH (0.209 g, 699,) was
isolated as described in run I: mp 71-72°; ir (CHCl;) 3090,
3035 (CH phenyl); 2980, 2945, 2920 (CH aliphatic); 2170 (CD
aliphatic); 1980, 1890 (C==0), 1730 (C=0 ester), 1190 (CO);
660, 630 em~! (CrC); nmr (CDCl;) & 8.02, singlet (-OCOH);
5.30, broad singlet (#-CeHs—); 2.73, singlet (CesH;CHs—). No
signals were observed at § ~4.4 (-CH,O-).
~5% of a-hydrogen-containing material could have been de-
tected had it been present.

Anal., Caled for C:H;D,05Cr: C, 50.01; H, 2.80; D, 1.39;
0, 27.76; Cr, 18.04. Found: C, 50.28; O, 27.70.

We estimate that -
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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 di-6-OMs in 5 ml of deoxygenated formic
acid?® was heated at 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 179, and 83%) which were identified by
their infrared spectra as alcohols di-13-OH and dI-5-OH, re-
spectively.

Registry No.—1-OMs, 20020-27-3; 2-OCOH, 38599-
99-4; 2-OAc, 38600-00-9; 2-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 pH range 0-2 at -
50° shows a specific acid-catalyzed component at low pH as well as a spontaneous component at 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 observed.? The
only data available for the attack of a ureido group at a
carboxyl group are the kinetics of the acid-catalyzed
closure of a para-substituted phenylthioecarbamoyl-
leucine, but the closure resulted in a thiochydantoin.?
More recently, Projarlieff, et al.,%% have reported
studies on the acid-catalyzed reversible cyclization of
ureidopropionie acid to yield dihydrouracil which,
although not a hydantoin, possesses chemical char-
acteristics similar to hydantoins. Bruice, et al., studied
quantitatively the conversion of O-ureidobenzoic acid
and its esters to 2,4-(1H,3H)-quinazolinedione, a
hydantoin-like molecule, under basic conditions.5”
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. Commun.,
189 (1965).

(4) 1. G. Projarlieff, Tetrahedron, 28, 4307 (1967).

(6) 1. G. Projarlieff, R. Z. Mitova-Chernaeva, I. Blagoeva, and B. J.
Kourtev, C. RB. Acad. Bulg. Sci., 21, 131 (1968).

(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., 93, 6575 (1970).

cyclization increased.®—%* However, exceptions to this

rule do exist.!®:1?

Despite the large amount of work done on hydantoins,
the kineties 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

(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).
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(1965).
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(15) T. Higuehi, T. Miki, A, C. Shah, and A. K. Herd, J. Amer. Chem.
Soc., 86, 3655 (1963).
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(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. 2,
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