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respectively; we have assumed that the back-reaction is un-
important, and [NE] > [V(NE),].

The longest transient can be ascribed to further reactions
of the quinone products of the redox reaction. These reactions
include semiquinone quenching, oxidative addition of hy-
droxide to the quinone, and other processes.’

Reversal of the vanadate inhibition of (Na,K)-ATPase is
accomplished by norepinephrine and other catecholamines
through complexation and reduction of vanadate. These
compounds are more effective in removing free vanadate than
other chelators (e.g., EDTA) under physiological conditions
because they do not readily form competing complexes with
Mg2+ and Ca?* .9 Thus, the model presented here is consistent
with the data, and explains several other related observa-
tions.
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Correlated Rotation of tert-Butyl Groups
in Tri-tert-butylsilane
Sir:

In crowded systems, the correlated (coupled) rotation of two
or more alkyl groups may become energetically more feasible
than the independent rotation of a single group.! In view of
current interest in “gearing” or “cogging” effects of alkyl
groups,2-5 we now wish to report evidence based on empirical
force field (EFF) calculations® and DNMR studies that the
rotation of the tert-butyl groups in tri-tert-butylsilane (1) is
correlated.

According to full relaxation EFF calculations, the ground
state of 1 has C3 symmetry, with torsional angles (¢ = Cp,-
C4-Si-H)? of 43°.° To study dynamic processes in 1, we re-
sorted to incremental group driving calculations.!4 Using this
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Flgure 1. Two torsional pathways for #-Bu3SiH (see text). The view down
the C4-Si bond axis from Cg to Si is shown for each of the three terz-butyl
groups (A, B, and C, as denoted by the column heading). One methyl in
each tert-butyl group is marked with a star to provide a point of reference.
Solid arrows indicate the direction in which group A is driven; hollow ar-
rows indicate the overall direction of rotation induced in the other two
groups.

method, strain energies of 1 were calculated® with one Cp,-
C4-Si-H torsional angle frozen at successively increasing or
decreasing values,'’ while all other internal parameters were
allowed full relaxation. When one rert-butyl group of 1 was
driven through a staggered (S) conformation, a barrier of 5.1
kcal/mol was surmounted as the other two (unfrozen) rert-
butyl groups responded by rotating through staggered con-
formations, resulting in overall enantiomerization by the SSS
pathway (Figure 1). When the tert-butyl group was driven
through the eclipsed (F) conformation, the other two groups
again responded by rotating through staggered conformations
(ESS, Figure 1), with a calculated barrier of 6.8 kcal/mol.
These two ‘processes represent correlated rotations, in the
following sense.

The possible torsional pathways which effect topomerization
or enantiomerization can be delineated by means of group
theoretic techniques.!® Considering only rotations about the
t-Bu-Si bonds,!7 the Cs point group partitions the nonrigid
molecular symmetry group of feasible rearrangements!® (G162
= (C3)3 A Cs3,) into sixteen distinct rearrangement modes: ten
enantiomerizations (two of which are represented by the SS$
and ESS processes), five topomerizations, and the identity
mode. We consider rotation to be correlated if, and only if, a
single-step process leads to permutational rearrangement (site
exchange) of the methyl groups in more than one of the three
tert-butyl groups. It follows that all enantiomerizations, in-
cluding the two processes depicted in Figure 1, involve corre-
lated rotations.

In the threshold (SSS) mechanism, all three terz-butyl
groups undergo net conrotation (see Figure 1). Two of the three
diastereotopic methyl sites are thus rendered equivalent (i.e.,
the average symmetry is Cs,, with the unique methyl group
anti to Si-H). In the ESS mechanism, two of the three pairwise
interactions between tert-butyl groups involve net disrotation;
the third interaction involves net conrotation. By this mecha-
nism, all three methyl sites are equivalenced by successive
rearrangements in which a given rert-butyl group passes
through S and E conformations, e.g., by a succession of the
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mode-equivalent ESS, SES, and SSE processes,

To confirm the magnitude of the calculated barriers, we
recorded the temperature dependent 25.2 MHz 13C {{H} NMR
spectra!? of 120 in 4:1 CF,Cl,/CF;Br. At =140 °C the singlet
due to the methyl carbons (dme,si 31.0 ppm at =70 °C) splits
into two singlets in a ratio of ~2:1 (8 32.3 and 26.4 ppm at
=157 °C, respectively). The corresponding value of AG ¥, 6.1
+ 0.3 keal/mol,?! is in good agreement with the barrier of 6.8
kcal/mol calculated by the EFF method.?? The observation
of two resonance signals is in accord with our calculations
which indicate that the (nonobserved) threshold mechanism
(SSS) for this compound averages two of the three methyl
environments at lower temperatures. 24

The above analysis may be extended to any system of the
type ¢-BusMX. Thus, besides the obvious analogies to other
silanes,2® the observed coalescences in tri-tert-butylphos-
phines26 might similarly be explained by a process involving
correlated rotation.?’

Further discussion is reserved for the detailed account of this
work.

Acknowledgments. We thank the National Science Foun-
dation (CHE?77-07665) for the support of this work, Ms, Mary
Baum for technical assistance, and Dr. John P. Hummel for
preliminary calculations.

References and Notes

(1) Correlated rotation has previously been demonstrated for aryl ring systems;

cf. K. Mislow, Acc. Chem. Res., 9, 26 (19786), and references therein.

Correlated rotation of alkyl groups has been suggested and looked for. See,

for example, (a) D. T. DIx, G. Fraenkel, H. A. Karnes, and M. S. Newman,

Tetrahedron Lett., 517 (1966), (b) H. Kwart and $. Alekman, J. Am. Chem,

Soc., 90, 4482 (1968); (c) B. Nelander and S. Sunner, ibid., 94, 3576 (1972);

(d) E. E. Burnell and P. Diehl, Mol. Phys., 24, 489 (1972), and Org. Magn.

Reson., 5, 137 (1973); (e) J. E. Anderson, R. W, Franck, and W. L. Mandella,

J. Am. Chem. Soc., 94, 4608 (1972); (f) R. F. Langler and T. T. Tidwell,

Tetrahedron Lett, 777 (1975), and D. S. Bomse and T. H. Morton, ibid., 781

(1975); (g) S. Hoogasian, C. H. Bushweller, W. G. Anderson, and G. Kingsley,

J. Phys. Chem., 80, 643 (1976); (h) C. Roussel, A. Lidén, M. Chanon, J.

Metzger, and J. Sandstrom, J. Am. Chem, Soc., 98, 2847 (1976), A. Lidén,

C. Roussel, T. Liljefors, M. Chanon, R. E. Carter, J. Metzger, and J. Sand-

strém, ibid., 98, 2853 (1978); and T. Liljefors and J. Sandstrém, Org. Magn.

Reson., 9, 276 (1977); (i) 8. Brownsteln, J. Dunogues, D. Lindsay, and K.

U. Ingold, J. Am. Chem, Soc., 99, 2073 (1977). In the case of hexameth-

ylbenzene, geared rotation Is Indicated on the basls of computational and

experimental evidence: (j) W. R. Woolfenden and D. M. Grant, J. Am. Chem.

Soc., 88, 1496 (1966); (k) J. Jonas, J. Chem. Phys., 47, 4884 (1967),

especially footnote 13; (I) W. C. Hamllton, J. W. Edmonds, A. Tlppe and

J. J. Rush, Discuss. Faraday Soc., 48, 192 (1969).

It is well established that the conformations of alkyl groups may be deter-

mined by mutual interactions in the ground state, leading to a statlc gear

effect. See, for example, (a) C. Roussel, M. Chanon, and J, Metzger, Tet-

rahedron Leftt., 1861 (1971), 3843 (1972), and FEBS Lett., 29, 253 (1973);

(b) A. Lidén, C. Roussel, M. Chanon, J. Metzger, and J. Sandstém, Tetra-

hedron Lett., 3629 (1974); (c) ref 2f; (d) J. Burdon, J. C. Hotchklss, and W,

B. Jennings, J. Chem. Soc., Perkin Trans. 2, 1052 (1976).

Rate effects have been observed when an alkyl group buttresses the

rotation of a neighboring group. The nonspherical nature of the buttressing

group reduces its "effective size”, resulting In a lowered barrler to rotation.

See, for example, (a) B. L. Hawkins, W. Bremser, S. Borclé, and J. D.

Roberts, J. Am. Chem. Soc., 93, 4472 (1971); (b) B. Nilsson, P. Martinson,

K. Olsson, and R. E. Carter, J. Am. Chem. Soc., 98, 3190 (1874); (c)F.

Suzuki, M. Oki, and H. Nakanishi, Bull. Chem. Soc. Jpn., 47,3114 (1974);

(d)P.-T. Leung and D. Y. Curtin, J. Am. Chem. Soc., 97, 6790 (1975),

Spectroscopic studies have shown that, In several compounds wlith geminal

and vicinal methyl groups, gearing components are a minor perturbation

to the overall potential. See, for example, (a) D. R. Lide, Jr., and D. E. Mann,

J. Chem. Phys., 28,572 (1958); 29, 914 (1958); (b) J. D. Swalenand C. C.

Costain, ibid., 31, 1562 (1959); (c) J. J. Rush, ibid., 47, 3936 (1967); (d)

ref 2d; (e) D. M. Grant, R. J. Pugmire, R. C. Llvingston, K. A. Strong, H. L.

McMurry, and R. M. Brugger, J. Chem. Phys., 52, 4424 (1970), and R. C.

Livingston, D. M. Grant, R. J. Pugmire, K. A, Strong, and R. M. Brugger, ibid.,

58, 1438 (1973); (f) J. R. Durlg, 8. M. Craven, J. H. Mulligan, C. W. Hawley,

and J. Bragin, J. Chem. Phys., 58, 1281 (1973); (g) H. Rojhantalab, J. W.

Nibler, and C. J. Wilkins, Specatrochim. Acta, 32A, 519 (1975); (h) J. Durig,

P. Groner, and M. G. Griffin, J. Chemn. Phys., 86, 3061 (1977).

(6) These calculations were performed using program BIGSTRN (QCPE No. 348)
and the Allinger 1971 force fleld parameters.” Input structures were relaxed
using a modifled verslon of the pattern search minlmization technique, with
an energy criterion of 0.005 kcal/mol over one Iteration.

(7) N. L. Allinger, M. T. Tribble, M. A. Miller, and D. H. Wertz, J. Am. Chem.
Soc., 93, 1637 (1971); M. T. Tribble and N. L. Allinger, Tetrahedron, 28,
2147 (1972).

(8) Cm = methyl carbon; Cq = quaternary carbon, ¢ = 0° for the eclipsed
conformation.

(9) For t-BuzCH, values for ¢ of ~42 and 50° have been found by force fleld

(2

(3

(4

(5

0002-7863/78/1500-5213$01.00/0

5213

calculations'® and by electron diffraction, " respectively. For t Bu13P values
for ¢ of ~36 and 46° have been found by CNDO/2 calculations 28 and by
electron diffraction,?® respectively. All of these stereochemically corre-
spondent™® structures represent examples of static gearing;? l.e., a methyl
group on one tert-butyl group fits between the methyl "teeth”’ of an adjacent
tertoutyl, resulting in a "’geared’’, chiral (Cy) structure.

(10) E. M. Engler, J. D. Andose, and P. v, R. Schleyer, J. Am. Chem. Soc., 95,
8005 (1973), and references therein; S. Fltzwater and L. 8. Bartell, ibid.,
98, 5107 (1976).

(11) H. B. Burgi and L. S. Bartell, J. Am. Chem. Soc., 94, 5236 (1972).

(12) (a) M. Coroslne, F. Crasnier, J.-F. Labarre, M.-C. Labarre, and C. Leibovicl,
J. Mol. Struct., 22, 257 (1974); (b) H. Oberhammer, R. Schmutzler, and O.
Stelzer, Inorg. Chem., 17, 1254 (1978).

(13) K. Mislow, D. Gust, P. Finocchlaro, and R. J. Boettcher, Fortschr. Chem.
Forsch., 47, 1(1974); D. Gust, P. Finocchiaro, and K. Mislow, Proc. Natl.
Acad. Sci. US.A.,, 70, 3445 (1973); J. G. Nourse, ibid., 72, 2385
(1975).

(14) See, for example, J. D. Andose and K. Mislow, J. Am. Chem. Soc., 98, 2168
(1974).

(15) The torslonal angle ¢ was held fixed at a given value (¢,) by imposing a
large quadratic potential, Exx = 10 000 (¢ — ¢o)? kcal/mol. This technique
is a modified version of one originally employed by K. B. Wiberg and R. H.
Boyd, J. Am. Chem. Soc., 94, 8426 (1972).

(16) See, for example, W. Hésselbarth and E. Ruch, Theor. Chim. Acta, 29, 259
(1973).

(17) If rotation of the individual methyl groups were considered, the order of the
molecular symmetry group would be 3, 188, 646.

(18) H. C. Longuet-Higgins, Mol. Phys., 6, 445 (1963); C. M. Woodman, ibid.,
19, 753 (1970).

(19) No exchange broadenin: 1g of the methyl singlet (Ome,s1 1. 15 ppm) was ob-
served in the 100-MHz TH NMR spectrum down to —150 °C.

(20) For the preparation of 1, cf. M. Weidenbruch, H. Pesel, W. Peter, and R.
Steichen, J. Organamet Chem., 141, 9 (1977), and references therein.

(21) Actlvation parameters were obtained by a least-squares fit of the rate data
obtained by line-shape analysis using the Saunders program?? and the
Eyring equation.

(22) The computer program used was adapted from one developed by M.
Saunders (see M. Saunders in ""Magnetic Resonances in Biological Sys-
tems’’, A. Ehrenberg, B. G. Malmstrém, and T. Vanngard, Ed., Pergamon
Press, New York, N.Y,, 1967, p 85).

(23) A more meaningful comparison would be the one between calculated (EFF)
activatlon energy and AHF. However, we refrain from reporting AHF and
AS™ components derived from line-shape analysis because of the high
uncertainties in these values; cf. R. R. Shoup, E. D. Becker, and M. L
McNeel, J. Phys. Chem., 76, 71 (1972), and references therein.

(24) No further exchange broadening of the larger peak was observed in the
13C NMR spectrum of 1down to —157 °C.

(25) M. Weidenbruch, W. Peter, and C. Pierrand, Angew. Chem., Int. Ed. Engl.,
15, 43 (1976); R. J. Wroczynski, L. D. Iroff, and K. Mislow, J. Org. Chem.,
in press.

(26) C. H. Bushweller and J. A. Brunelle, J. Am. Chem. Soc., 95, 5949 (1973);
Tetrahedron Lett., 893 (1974).

(27) Support for this conjecture derives from the close similarity in the static
and dynamic stereochemistry of tetraalkyldiphosphines and -disilanes (S.
Q. Baxter, D. A, Dougherty, J. F. Blount, and K. Mislow, submitted for
publicatlion).

W. Douglas Hounshell, Linda D. Iroff

R. J. Wroczynski, Kurt Mislow*

Department of Chemistry, Princeton University
Princeton, New Jersey 08540

Received February 27, 1978

Chemically Modified Electrodes. 11.
Predictability of Formal Potentials of Covalently
Immobilized Charge-Transfer Reagents

Sir.

This research in covalent anchoring of redox reagents to
electrode surfaces' examines the correspondence between
electrochemical properties of an immobilized reagent and its
solution analogue. Good correspondence is desired for pre-
dictive design of electrocatalytic systems.!b:2

Predictability of the electrochemical step I and the chemical
step IT can be scrutinized separately. While developing a di-
verse chemistry useful for covalently immobilizing OX/RED
couples, we have measured a sufficiently extensive series of

PRODUCT
ELECTROD < SOLUTION
SUBSTRATE

© 1978 American Chemical Society



