showing the complex to be diamagnetic.? This is
anticipated, since the proposed structure contains
rhenium in the 14 state. The lack of a high-field
“hydride” resonance indicates the probable absence of
a rhenium-bound hydrogen.?

The mass spectrum* of I gives further support to the
above formulation. A parent peak, (M)* (m/e 1130),?
was observed with a relative intensity of 43.89; com-
pared to the (M — 5CO)* peak. In addition to several
low-intensity and doubly charged peaks, an (M —
6CO)* peak was also observed (68.9%). Since
naturally occurring rhenium has two common isotopes,
%Re and '¥Re, the triplet at (M)*, (M + 2)*, and
(M + 4)* further supports the presence of two rhenium
atoms in each molecule.

(Monohydrogen mesoporphyrin IX dimethyl ester-
ato)tricarbonylrhenium(I) (II) recrystallized as clumps of
brown microcrystals from benzene-hexane. It melted
at 190-192° and was distilled under vacuum at 240°
onto a cold finger of the sublimation apparatus. Anal.
Caled for ReCy;H NO;: C, 54.21; H, 4.78; Re,
21.57. Found: C, 54.93; H, 489, Re, 22.24. In
benzene it gave a brown solution with three broad
visible absorptions at 585 nm (e 6.2 X 10%), 485 (2.0 X
104), and 392 (1.1 X 10%). Its ir spectrum was similar
to that of I, having absorptions at 3380 (N-H stretch),
1900, and 2015 cm~—!. The proton magnetic resonance
(pmr) spectrum of the brown complex was that of a
complexed porphyrin with the addition of a broad
(Wi, = 6 cps) peak at 7 14.9 corresponding to a single
proton. The sharp spectrum is again indicative of a
diamagnetic complex. Addition to the CDCI; solution
of a small amount of DCl in D;O caused the immediate
disappearance of this peak. A comparison of the
chemical shift of this exchangeable proton with that
of the N-H protons in uncomplexed porphyrins (e.g.,
7 13.9 for mesoporphyrin)® leads us to believe that the
proton observed here is similarly bonded to the por-
phyrin nitrogens. The presence of this proton would
also put the rhenium atom in the 14 state and explain
the observed diamagnetism. If the proton was attached
to the metal atom, we would expect the pmr absorption
to occur at higher field, in the neighborhood of 7 20.
By comparison, the Re-H proton of ReH(C;H;), occurs
at 7 237

The mass spectrum of 11 showed a parent peak (M)*
(m/e 862)* with a relative intensity of 8.8 %] compared to
the (M — 3CO)* peak. There were also several low-
intensity and doubly charged peaks. The relative
intensities of the doublet at (M)* and (M + 2)* support
the presence of one rhenium atom per molecule.
Further, the ratio of (M — H)* to (M)+ for 11 is 4.5
times as large as for 1. This seems to confirm, as
surmised from pmr studies, the presence of a nitrogen-
bonded protonin II and its absence in 1.

(2) H.J. Keller and K. E. Schwarzhans, Angew. Chem., Int. Ed. Engl.,
9, 197 (1970).

(3) A. D. Buckingham and P. J. Stephens in “Nuclear Magnetic
Resonance in Chemistry,” B. Pesce, Ed., Academic Press, New York,
N.Y., 1964, p 35.

(4) CEC 21-104 mass spectrometer,

5 ‘35R62‘2C351H4o“N.;‘GOq(”C‘GO)s.

(6) E. D. Becker, R. B. Bradley, and C. J. Watson, J. Amer. Chem.
Soc., 83, 3742 (1961).

(7) B. L. Shaw, “Inorganic Hydrides,” Pergamon Press, Elmsford,
N. Y, 1967, p 139.

(8) 1%Re2Css1H 14N 180,(12C 160);,
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Compound 1 can be prepared without significant
amounts of 1I by using excess rhenium carbonyl and
long (10 hr) reaction times. Compound II can also be
prepared in similar purity by allowing stoichiometric
quantities of rhenium carbonyl and porphyrin to react
for a period of 1 hr.

One can convert II to I by reaction with rhenium
carbonyl as in the preparation of 1 from porphyrin.
However, attempts at the conversion of 1 to Il by
reflux in decalin with excess porphyrin were unsuccess-
ful in periods of up to 24 hr.

On the basis of these experiments one can propose
the following reaction scheme, where P represents the
porphyrin dianion.

1/:.Rey(CO);0 + PHy —> Re(PH)XCO); (1
Re(PH)(CO); + !/:RexCO);o —> (CO);RePRe(CO);  (2)

A single-crystal X-ray diffraction analysis will be
needed to determine whether there is a metal-metal
bond in I and whether the four porphyrin nitrogens
are arranged to form a planar or a “puckered” ring.
The latter question is significant in determining the exact
arrangement of bonds between metal and porphyrin.
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A Classical Mechanical Isotope Effect. The Effect of
Ring Deuterium on the Rate of Pyrolysis of
1,1’-Diphenylazoethane

Sir.
The thermal decomposition of 1,1’-diphenylazo-
ethane (I-H) proceeds vig simultaneous rupture of both

carbon-nitrogen bonds' (eq 1). We report that the
kinetic isotope effect in the decomposition of ring-

CeX;CHN=NCHCX; —>

CH; CH;
I-H,X = H
I-D,X =D
CsX;CIIH- o NZEN- . CHCX+ —» 2CeX;CHCH; + N, (1)
|
CH;; CH3

deuterated I-H (I-D) is nearly, if not completely,
classical mechanical® (v ¥/vsr¥) in origin. To our
knowledge this is the first direct measurement of
vi, ¥/v ¥ at “low’”’ temperatures.

Compounds I-H and I-D were synthesized'® by
catalytic hydrogenation of acetophenone® and aceto-
phenone-dio* azines in benzene (I-H, mp 71-72°, lit.'
mp 71.8-72.7°; ¢ (benzene) 45.8; Ana.e 360 mu), p-

(1) (@) S. G. Cohen and C. H. Wang, J. Amer. Chem. Soc., 77, 3628
(1955); (b) C. G. Overberger and A. V, DiGiulio, ibid., 81, 2154 (1959);
(¢) S. Seltzer, ibid., 83, 2625 (1961); (d) S. Seltzer and S. Mylonakis,
ibid., 89, 6584 (1967).

(2) J. Bigeleisen and M. Wolfsberg, Advan. Chem, Phys., 1, 15 (1958).

(3) S. G. Cohen, S. J. Groszos, and D. B. Sparrow, J. Amer. Chem,
Soc., 72, 3947 (1950).

(4) S. E. Scheppele, R. D. Grigsby, D. W, Whitaker, S. D. Hinds,
K. F. Kinneberg, and R. K. Mitchum, Org. Mass Spectrom., 3, 371
(1970).
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dioxane (I-D, sample 1, mp 71.5-72.5°; ¢ (benzene)
45.1; Apmax 360 my), and benzene (I-D, sample 2, mp
71.2-71.7°; € (benzene) 45.3; A 360 mu). Mass
spectrometric analysis* (15 and 12.5 eV nominal) of
the dio azine yielded 99.50 = 0.24 atom % D. Using
p-dioxane as an internal standard, nmr analysis gave
1.97 £ 0.04 and 2.01 = 0.04 atoms of «-H for samples
1 and 2, respectively. Analysis of the benzoic acid-d;
obtained from oxidation’ of samples 1 and 2 of 1I-D
yielded 99.13 = 0.45 and 99.40 = 0.12 atoms of D.
As expected,® catalytic reduction of the dj, azine
occurs with essentially no exchange of aromatic deu-
terium. The isotope effects determined by simul-
taneously observing the rates of disappearance of I-H
and I-D in ethylbenzene® are tabulated in Table I.

Tahle I. Isotope Effect in the Thermal Decomposition of
1,1"-Diphenylazoethane-d;q in Ethylbenzene
Compound Temp, °C (ku/kv)obsa®
I-H/1-D¢? 104.58 = 0.06 1.030 &= 0.007¢
I-H/I-D¢ 104.57 £ 0.05 1.030 = 0.007¢

« All deviations are standard deviations. ®Sample 1. <Sample
2. 4 Average of seven determinations, ¢ Average of five determi-
nations.

Within the limits of experimental precision, the possible
presence of ca. 0.06 atom of «-D does not alter ky/kp,
ie., (ku/kp)eor (1/1.27)"+41.030) = 1.023,
where 1.27 is the « effect for 1.'* Furthermore, the
agreement in ky/kp for samples 1 and 2 is excellent.

The isotope effect can be expressed as the product
of the classical mechanical and quantum mechanical
(VP X EXC X ZPE) contributions’” (eq 2). The

kul/kp = v, F/vau® X VPX EXC X ZPE ()

contribution of VP X EXC X ZPE to kuy/kp was
estimated as follows. Observed rates of pyrolysis
of 1,1'-(3,3’- and 4,4’-disubstituted)diarylazoethanes
(meta and para substituted I-H) are listed in Table 1I.

Table II. Rates and Relative Rates for Pyrolysis of
1,1’~(3,3’- and 4,4’-Disubstituted)diarylazoethanes in
Ethylbenzene at 104.57°

k X 10%, Rel

Substituent sec™la rate a! gt/
H 8.29% 1.00 0.00 0.00
m-CHj 8.29¢ 1.00 —0.069 —0.066
p-CH; 9.60¢ 1.16 —0.170 —0.310
p-CH;0 11.5 1.39 —0.268 —0.778
@ Calculated from data at other temperatures. ®k = 2.13 X
107+ and 9.08 X 107% sec™! at 11291 and 105.35°. <k = 2.14 X
10+ and 9.08 X 107° sec™! at 112,91 and 105.35°. 4k = 2.44
X 107*and 10.2 X 1073 sec™! at 112,91 and 105.13°, ¢k = 2.93
X 10~*and 12.3 X 10~*sec~!at 112.91and 105.13°. /J, E. Leffler

and E. Grunwald, ‘‘Rates and Equilibria of Organic Reactions,”
Wiley, New York, N. Y., 1963, p 204.

Linear least-squares plots of log (kx/ku) as a function of
ot and ¢ yield pr.y values of —0.095 = 0.007 and
—0.275 = 0.056 at 104.57°, respectively. Isotope
effects reported for solvolysis of benzhydryl chloride

(5) S. E. Scheppele, R. K. Mitchum, J. W. Burnham, E. J. Eisen-
braun, and P, W, Flanagan, J. Caial,, 19, 89 (1970).

(6) S.E.Scheppele and S. Seltzer, J. Amer. Chem. Soc., 90, 358 (1968).
(7) M. Wolfsberg and M. J. Stern, Pure Appl. Chem., 8, 225 (1964).

Table III. Ring Deuterium Isotope Effects for Solvolysis of
Benzhydryl Chloride and Calculated Quantum Mechanical
Effects for I-H/I-D

——I-H/-ID, 104.57°-—
——II-H/II-D———— VP X EXC VP X EXC

Position VP X EXC X ZPE X ZPE
of D kulkv™® X ZPE* p = —0.095 p = —0.275
Ortho  0.9823 0.9813 0.9996¢ 0.9990¢
Meta 0.9862 0.9852 0.9986° 0.9960¢
Para 0.9901 0.9891 0.9995¢  0.9985¢
Totals for I-H/I-D 0.998¢ 0.994¢

¢ Data for 70 and 80 % aqueous acetone at 25°,
¢ For four atoms of D. ¢ For two atoms of D.
of D.

b Per atom of D.
¢ For ten atoms

(II-H) and specifically ring-deuterated benzhydryl
chlorides (I1-D) are tabulated in Table III.® For
II-H/11-D the mass fragment approximation? yields a
value of 1.0010 for v;p /v, *. From eq 2 the quantum
mechanical contribution to the isotope effect is given
by (ku/kp)/(viLF/vor¥). The values of this quantity
for the various II-D’s are shown in column 3 of Table
ITI1. For each ring position in I-D, the quantum me-
chanical effect per D was estimated using eq 3. The
value of prr.y in eq 3 was taken to be —4.03.°0 A

log (VP X EXC X ZPE)I-H/I-D =
(pru/pnm) log (WP X EXC X ZPE)ig/u.p (3)

value of (VP X EXC X ZPE);yn.p obtained from
eq 3 was then raised to the power equal to the number
of deuteriums in equivalent positions in II-D (columns
4 and S, Table I1l). The magnitude of the quantum
mechanical effect for I-H/I-D is thus calculated to be
ca. 19 for ten atoms of D. The data for 1I-H (II-D)
were obtained at 25°. However, extrapolating the
rate constants for I-H to 25° and determining the
magnitudes of p do not affect, in terms of the pre-
cision in ky/kp, the calculated values of VP X EXC X
ZPE for 1I-H/I-D, i.e., the values at 25° are 0.997 and
0.990, respectively. Clearly, delocalization of the
incipient odd electron in the transition state for I-H
results in a negligible perturbation of the aromatic
carbon-hydrogen force constants. Assuming the reac-
tion coordinate for I-H (I-D) to be the symmetric
stretching frequency,’® the fragment model yields a
value of 1.024 for v ¥/var ¥, ie., vi, T/va ™ = (my.p/
my.q) '’ where my.p and my.y are the masses of
C;D;CHCH; and C¢H;CHCH,;, respectively. This
value may be regarded as a lower limit to the correct
value. For example, for I-methyl-dy the ‘‘exact”
value for vy ¥/ver ¥ (1.026) is larger than the value from
the fragment model (1.014).1! Tentatively and without
attempt at justification, an alternative value of 1.044,
i.e., (1.026)", is assumed for vy ¥/ver., ¥ for I-H/I-D.
The value of ku/kp, 1.030, is encompassed by this

(8) A. Streitwieser, Jr. and H. S. Klein, J, Amer. Chem, Soc., 86, 5170
(1964).

9) A.J.Kresge and R, J, Preto, ibid., 89, 5510 (1967).

(10) (a) Graphical analysis!o of the relative rates as determined by
E. D. Hughes and G. Kohnstam (quoted from C. K. Ingold, “Structure
and Mechanism in Organic Chemistry,” Cornell University Press,
Ithaca, N. Y., 1953, p 332) for para-substituted benzhydryl chlorides at

25°in 707, aqueous acetone yields p (6) = —4.0; (b) Y. Okamoto and
H. C. Brown, J. Org. Chem, 22, 485 (1957); (c) linear least-squares
analysis yields p = —4.03 £ 0.11.

(11) S. Seltzer and E, J. Hamilton Jr., J. Amer. Chem. Soc., 86, 3775
(1966).
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Table IV. Experimental Range of v,. ¥/v,.+ for [-H/[-D

VP X EXC X
—p kulkp ZPE (L F/1a1 Fexpu
0.095 1.037 0.998 1.039
1.030 0.998 1.032
1.023 0.998 1,025
0.275 1.037 0.994 1.043
1.030 0.994 1.036
1.023 0.994 1.029

range in w;p¥F/ver T, 1.024-1.044, Table IV lists ex-
perimental values of vy ¥/vo ¥ for I-H/I-D obtained
by combining values of VP X EXC X ZPE from
Table III with the value of kyu/k;, £ @iy, The
theoretically calculated and experimentally determined
ranges of » ¥/»y T are in good agreement, i.e., 1.024-
1.044 and 1.025-1.043, respectively.!? The observed
isotope effect is thus principally if not completely
determined by Vi, :#:/VQL :‘:.

The importance of vy ¥/v.y, ¥ results from its being a
function of the nature of the transition state.”'3
Consequently, calculations of “exact”? values of
vi, F/var ™ for various transition states for I-H (I-D)
are in progress, with the view of unambiguously defining
the nature of the pyrolytic transition state for I-H.
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(12) Use of the VP X EXC X ZPE values calculated at 25° yields a
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The Magnitude of Secondary a-Deuterium Isotope
Effects for Limiting Solvolyses!

Sir.

The tendency of the solvolytic secondary a-deuterium
isotope effect?:? to increase with decreasing disposition
of the substrate toward rearside nucleophilic attack or
with decreasing nucleophilicity of the solvent (or attack-
ing group) has been used as a means of assessing the
limiting nature of solvolysis.>® While the lower limit

(1) Presented at the 13th Reaction Mechanisms Conference, Santa
Cruz, Calif., July 1970.

(2) (a) K. Mislow, S. Borcic, and V. Prelog, Helr. Chem. Acta, 40,
2477 (1957); (b) A. Streitwieser, Jr., and R, C. Fahey, Chem. Ind.
(London), 1417 (1957); (¢) R. R, Johnson and E. S. Lewis, Proc. Chem.
Soc. London, 52 (1958).

(3) Reviews: (a) A, Streitwieser, Jr., “Solvolytic Displacement
Reactions,” McGraw-Hill, New York, N. Y., 1962, pp 100, 172; (b)
E. A Halevi, Progr. Phyrs. Org. Chem., 1, 109 (1963),

(4) (a) V. J. Shiner, Jr., J. Amer. Chem. Soc., 74, 5285 (1952); (b) V.
J. Shiner, Jr., and §. G, Jewett, ibid., 86,945 (1964); (¢) V.J. Shiner, Jr.,
W. E. Buddenbaum, B, L. Murr, and G. Lamaty, ibid., 90, 418 (1968);
(d) V. J. Shiner, Jr., and J. G. Jewett, ibid., 87, 1382 (1965); (e) V. J.
Shiner, Jr,, and J, G, Jewett, ibid., 87, 1383 (1965); (f) V. J. Shiner, Jr.,
M. W. Rapp, E. A. Halevi, and M. Wolfsberg, ibid., 90, 7171 (1968);
(g) V. J. Shiner, Jr., W. Dowd, R. D, Fisher, S. R. Hartshorn, M. A,
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of the a-deuterium isotope effect is unity or slightly less
for SN2 reactions,®#:3 determination of the maximum
value for limiting solvolyses has posed difficulties. Not
only does the magnitude of «-D isotope effects depend
on the degree of nucleophilic involvement, but also on
the leaving group* and on ion-pair partitioning effects.™
The highest recorded values of the a-deuterium iso-
tope effect for secondary arenesulfonates (kufkp =
1.16-1.23) in saturated systems were determined with
substrates sterically susceptible to backside nucleophilic
attack (Table I). «-Deuterium isotope effects in this
range have often been interpreted as indicating limiting
behavior. These conclusions are at variance with
other criteria!® which indicate that the behavior of the
substrates listed in Table I is nor limiting. For ex-
ample, their m values and apparent m values are all sig-
nificantly less than the experimental maximum for a
secondary substrate (Table I).1

We have recently presented extensive evidence indi-
cating that 2-adamantyl derivatives, unlike simple
secondary alkyl derivatives such as 2-propyl or cyclo-
hexyl, solvolyze with little or no nucleophilic solvent
participation.'*-'? For this reason we have determined
the rates of solvolysis of 2-adamantyl tosylate and 2-
adamantyl-2-d tosylate in four solvents ranging from
trifluoroacetic acid (low nucleophilicity)®* to 809
ethanol (high nucleophilicity)!* in the hope of establish-
ing maximum experimental values of the a-deuterium
isotope effect for arenesulfonate leaving groups. Dur-
ing the course of reporting this work, two closely related
studies from Shiner’s laboratory*«! were brought to our
attention. Shiner and Dowd showed that the 3-pentyn-
2-yl system apparently was limiting and gave as high

Kessick, L. Milakofsky, and M. W. Rapp, ibid., 91, 4838 (1969); (h) V.
J. Shiner, Jr., and W. Dowd, ibid., 91, 6528 (1969); (i) V. J. Shiner,
Jr., R. D. Fisher, and W. Dowd, ibid., 91, 7748 (1969); (j) V. J. Shiner,
Jr., M. W, Rapp, and H. R, Pinnick, Jr,, ibid., 92, 232 (1970); (k) V. J.
Shiner, Jr., and W, Dowd, ibid., 93, 1029 (1971); () V. J. Shiner, Jr., and
R.D. Fisher, ibid., 93, 2553 (1971).

(5) (a) J. A, Llewellyn, R. E. Robertson, and J. M. W, Scott, Can. J,
Chem., 38, 222 (1960); (b) K. T. Leffek, J. A. Llewellyn, and R. E.
Robertson, 1bid., 38, 1505 (1960).

(6) (a) A. Streitwieser, Jr,, R. H. Jagow, R, C. Fahey, and S. Suzuki,
J. Amer. Chem. Soc., 80, 2326 (1958); (b) A. Streitwieser, Jr, and G. A,
Dafforn, Tetrahedron Lett., 1236 (1969); (c) G. A. Dafforn and A.
Streitwieser, Jr., ibid., 3159 (1970).

(7) (a) B, L. Murr and J. A. Conkling, J. Amer. Chem. Soc., 92, 3462
(1970); (b) B. L. Murr and M. F. Donnelly, 1bid., 92, 6686, 6688 (1970).

(8) (a) Y. Pocker, Proc, Chem. Soc. London, 140 (1961); (b) W. H.
Saunders, Jr,, and K. T. Finley, ibid., 87, 1384 (1965); (¢) C. C. Lee and
E.W. C. Wong, Can.J. Chem., 43, 2254 (1965); (d) 1. L. Reich, A, Diaz,
and S. Winstein, J. Amer. Chem. Soc., 91, 5635 (1969); (e) J. O, Stoffer
and J. D. Christen, 1bid., 92,3190 (1970).

(9) For example, Lee and Wong:® “Solvolysis of 1 (endo-norborny!
tosylate) gave an isotope effect of about 1,20 which may be regarded as
normal for an SN1 or limiting sclvolysis,” and Stoffer and Christen :8e
“The solvolysis of the cyclopentyl brosylates in agueous ethanol is
thought to proceed through a limiting, Sx1, carbonium ion mechanism
since the kg/kp for the 1-di compound is 1.18.”

(10) (a) J. L. Fry, C. J, Lancelot, L. K. M, Lam, J. M. Harris, R. C,
Bingham, D. J, Raber, R, E. Hall, and P, v. R, Schleyer, J. Amer. Chem.
Soc., 92, 2538 (1970); (b) J. L, Fry, J. M. Harris, R. C. Bingham, and
P. v, R. Schleyer, ibid., 92, 2540 (1970); (c) P. v. R. Schleyer, J. L. Fry,
L.K. M. Lam, and C. J. Lancelot, ibid., 92, 2542 (1970).

(11) 2-Adamanty! tosylate gives maximum values for secondary sub-
strates: apparentm = 0.89, m = 0.91.192  See ref 10a for a discussion
of this use of m values. In addition to m values, other criteria such as
(ketor/kacon), 1% and per cent inversion#® indicate the nonlimiting be-
havior of the substrates listed in Table I. See also S. Winstein and D.
Trifan, ibid., 74, 1147 (1952).

(12) (a) J. M. Harris, D. J. Raber, R. E. Hall, and P, v, R. Schleyer,
ibid., 92, 5729 (1970); (b) S. H. Liggero, J. J. Harper, P, v. R. Schleyer,
A. P. Krapcho, and D. E, Horn, ibid., 92, 3789 (1970).

(13) P. E. Peterson, R. J. Bopp, D. M. Chevli, E. L. Curran, D. E.
Dillard, and R. J. Kamat, ibid., 89, 5902 (1967).

(14) C. G.Swain and C, B. Scott, ibid., 75, 141 (1953).
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