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The Mechanism of the Stevens Rearrangement

By W. Davip Ociis,* Max Rev, and Iaxn O. SUTHERLAND
(Department of Chemistry, The University, Sheffield S3 THF)

and GERHARD L. CLoss
(Department of Chemistry, The University of Chicago, Chicago, Illinois 60637)

Summary The influence of solvent viscosity and reaction
temperature upon the stereoselectivity and intramolecu-
larity of the Stevens [1,2] rearrangement of the ylide (1)
has been examined; the results are compatible with two
possible mechanisms: (i) a radical pair mechanism with
an average geminate recombination rate which is ex-
ceptionally fast, or (ii) dual pathways involving con-
current radical pair and concerted processes.

TrE radical pair mechanism (Scheme, pathway b) for the
Stevens [1,2] rearrangement! and related [1,2] anionic

rearrangements has been widely accepted.’~® This opinion
has been based upon (a) qualitative CIDNP results?*~¢ and
(b) the isolation of compounds?®.? regarded as escape products
formed from radical pair intermediates. These results,
however, do not establish that these rearrangements pro-
ceed solely by radical pair pathways.® Furthermore,
radical pair mechanisms are not easily compatible with the
observed high stereoselectivity (80—909, retention of
configuration at the terminus of the migrating groupt) for
the thermal rearrangement (1 —2) of the chiral ylide
(1).4:"-% We have now re-investigated the stereoselectivity

1 The reported stereoselectivities? are based upon incorrect values for the specific rotations of the degradation products (4) and (5).

The figures given above are corrected for these errors.
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TABLE
Solvent Stereo- Inter- Intramolecular ked Red
Temp./°C viscosity selectivity? molecularity®  stereoselectivitye +t %a
Solvent-base +2°C {cp) % (£2%) % %

Glycerol-NaOH .. .. 50 142 91 25 93 26-5 19-5
Cyclohexanol-NaOH .. 50 13 77 55 82 9-1 86
ButOH-NaOH .. .. 50 1-4 67 10-5 75 6-0 4-3
MeOH-NaOMe .. .. 0 0-8 71 69 76 63 67
MeOH-NaOMe .. . 40 05 59 16-7 71 4-9 25
MeOH-NaOMe .. .. 60 0-3 — 229 — — 1-4

H,0-NaOH . .e 0 1.8 99 0-1 99 198 >100
H,0-NaOH .. .o 50 0-6 79 43 83 9-7 115

. ® Stereoselectivity = [(* — ¥)/(x + )] X 1009 where in the reaction (1) ~> (2) the reaction (1) = R-(2) proceeds # % with reten-
tion and the reaction (1)~S-(2) proceeds y 9 with inversion. b Intramolecularity = 429 and intermolecularity = 100 — 42 % where
an equimolecular mixture of racemic (3) and (8) gives the following relative proportions of non-deuteriated and deuteriated products

(2): [Hol-(2), 50 —2%; [H,]-(2), 2:%; [H,o-(2), 50 — 2%,
cularity) x 100%.
cularity; Re/Rrit =

and intramolecularity of the base-catalysed rearrangement
of the salt (3) using a variety of solvents and reaction
temperatures (Table). The stereoselectivity of the reaction
has been determined using transformations based upon the
correlation? of the chiral amine R-(2) with the known chiral
ketone (4)% and the known chiral acid (5):%:20 the chiral acid
(5) is formed by the Baeyer—Villiger oxidation of the chiral
ketone (4) followed by hydrolysis.

Ph ,aH Ph I,H ,,Me
H
MeN-CHCOPh -Me,N-CHCOPh Me,N-CHCOPh
m R-12) 5-12)
Ph /H Ph ,zH Ph . H
Me \hMe Me
Br™{Me,N-CH, COPh &H,COPh CH,COH
3 ) (5)
Ph-Cri-Me Me,N~CH-COPh
Ph—CH-Me Me,N-CH-COPh
(6) )
CeDsn _Me Aren,

B {Me,N-CH,COCEDs Me,N~CHCOAT

(8) (9}

Two extreme results require particular discussion. The
R-ammonium salt (3) with H,0-NaOH (0°) gave the
rearrangement product (2) [899% isolated yield of two
diastereomers (4:3 ratio)] which was degraded via the
ketone (4) to the acid (5) whose specific rotation!® showed
that in H,O-NaOH (0°) the rearrangement (1 — 2) pro-
ceeds with 99 -- 19, net retention of configuration [R-(2)]
and 1 4 19 racemisation [R-(2) + S-(2)] at the chiral

¢ Intramolecular stereoselectivity = (stereoselectivity)/(intramole-
4 The rate constants, k¢, k4, and kg, are defined in the Scheme.
2 X Intramolecular stereoselectivity/(100 — Intramolecular stereoselectivity).

ke/ka = Intramolecularity /2 x Intermole-

centre of the migrating «-phenylethyl group. In contrast,
in MeOH-NaOMe (55°) (cf. ref. 9 for discussion of CIDNP
effects observed under these conditions), the R-ammonium
salt (3) rearranges with 56 4 29, net retention [R-(2)] and
44 4 29 racemisation [R-(2) + S-(2)]. Furthermore, ad-
ditional products from (3) with MeOH~NaOMe (55°) include
the optically inactive 2,3-diphenylbutanes (6) [69, yield of
two diastereomers (1:1 ratio)] and the amines (7) [69%, yield
of two diastereomers (3:1 ratio)]. These escape products
(6) and (7) were not detected in the [1,2] rearrangement of
the salt (3) using H,0-NaOH (0°).

JH
I Me

Pathway a (1) —> MezNi;-lCHcoph —>h-(2)

Ph

r’H ';Me
Ph—C{ rat Ph—C{
Pathway b (1) —> *OMe |F o oy
Me,N—CHCOPh Me,N—CHCOPh
ke *d/ \
R-12) Free radicals §-12)
6) n $-12) + R-12)

ScHeEME. Concerted and radical pair pat ways for the thermal
transformations of the ylide (1).

Thus, a correlation between the stereoselectivity of the
Stevens rearrangement (1 — 2), the observation of CIDNP
effects,1! the formation of escape products (6) and (7), and
reaction conditions (Table) was beginning to emerge. The
need to determine the extent to which stereoselectivity was
associated with intramolecular recombination was met by
determining the intermolecularity of the rearrangement
(1 >2). Mass spectral examination of the reaction
product from an equimolecular mixture of the racemic salt
(¢f. 3) and its racemic decadeuterio-derivative (8) gave
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quantitative information (see Table, footnote b) on the
percentage intermolecularity and intramolecularity for the
rearrangement (1 —2). The Table summarises the in-
fluence of reaction temperature and solvent viscosity upon
overall stereoselectivity (footnote a), intermolecularity
(footnote b), and intramolecular stereoselectivity (footnote
c). If it is assumed that the rearrangement (1 —2) is a
radical pair process then the ratios of the rate constants
(Re/Reys) and k./k4) may be evaluated (footnote d) assuming
that racemisation is an obligatory consequence of diffusion
followed by intermolecular radical recombination.

The data summarised in the Table lead to the following
conclusions. The stereoselectivity of the Stevens rearrange-
ment [(1) - R-(2) + S-(2)] shows a strong dependence
upon solvent viscosity (low viscosity—decrease in stereo-
selectivity), small temperature effects, but no direct relation
with solvent polarity. The intramolecularity of the
Stevens rearrangement [(1) — R-(2) + S-(2)] showed strong
dependence upon solvent viscosity (low viscosity—decrease
in intramolecularity) and large temperature effects (de-
crease in intramolecularity at higher temperatures). These
trends are highly suggestive of a reaction pathway involving
radical pair intermediates!? (Scheme, pathway b), but the
ratios (k¢/k..t) and (k./ka) are unusually large (cf. ref. 12).
Thus, if we assume that &..¢ is ca. 1011 s~1 based upon
correlation rates for molecules of a similar size and shape as
the components of the radical pair, then %, is ca. 1012 s~1
This very high rate for radical pair recombination may be a
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consequence of the proximity of the components of the
initially formed radical pair.

Although it is not possible to exclude some contribution
from a competing concerted process (Scheme, pathway a)
to the observed intramolecularity and stereoselectivity of
the rearrangement (1 — 2), this would still require un-
usually high values of &,/kq and &,/k..¢ for the radical pair
component (Scheme, pathway b) of the reaction mechanism.
Either view of the reaction mechanism would be com-
patible with the quantitative study?!! of the CIDNP effects
observed during the rearrangement of the ylides (9).

The Stevens [1,2] rearrangement obviously can proceed
with a high degree of stereoselectivity and intramolecularity,
although a radical pair pathway is at least an important or
even exclusivel contributor to the reaction mechanism.
Such stereoselective and intramolecular recombination of
radicals has been observed!® for other ‘forbidden’ sigma-
tropic rearrangements, and may apply generally to reac-
tions of this type which proceed at relatively low tempera-
tures. These views are related to current opinions about
reactions involving radical pair intermediates,2 symmetry-
forbidden transformations,’¥ and pericyclic reaction mech-
anisms.18
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} Our unpublished results!® require an exclusive radical pair pathway for some examples of anionic [1,2] sigmatropic rearrangements,
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