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Figure 4. Packing and pair formation of 2 in the crystal.

temperature interval from 8 to 55 K gave no indication of the
voluntary formation of a dimer.

Owing to the strongly oxidizing effect of tetravalent
germanium, PH; and an insoluble yellow solid are formed
spontaneously on reaction of GeCl,; with Li[Al(PH,),] in
ethylene glycol dimethyl ether at —45°C. After filtration and
removal of PHj;, the clear reaction solution contains only
tetraphosphanylgermane (3) and triphosphanylgermane
(HGe(PH,);, 6) in the ratio 1:2.5, as determined by GC-MS.
In the EI mass spectrum of 3, the molecular ion peak is at
m/z =206 with a relative intensity of 10% and a correct
isotope distribution. The new compounds 2, 3, and 6 are
indeed thermolabile single-source precursors for CVD proc-
esses. They react at the relatively low temperature of 80 °C
under cleavage of PH; to readily form Si and Ge phosphides.
We will report on these elsewhere.

Experimental Section

2: SiCl, (11.46 g, 67.4 mmol) was added to a solution of Li[Al(PH,),]
(0.25Mm, 75 mmol) in tetraethylene glycol dimethyl ether (300 mL) at
—30°C over a period of 10 min under continuous stirring. The solution
turned orange. The volatile components (PH;, HSi(PH,);, and 2) were
removed under vacuum (1073 Torr) at 20 °C and collected in a cold trap at
—196°C. These were then fractionated by condensation in a series of cold
traps at — 10, —60, and — 196 °C. Compound 2 was collected in the trap at
—10°C, HSi(PH,); at —60°C, and PH; at —196°C. Yield: 194 g
(12.1 mmol, 18%); m.p. —25°C; '"H NMR (250 MHz, CsDg, 25°C): 6 =
2.04 (dm); *'P NMR (101 MHz, CsDy, 25 °C): 6 =—205.0 (tm, 'J(PH) =
185.51, 2%J(PP)=14.28, 2J(H,H)=0.37, “/(PH)=435Hz); *Si NMR
(49 MHz, C,Dg, 25°C): 6 =—12.17 (n of quint, 'J(Si,P) =52.5, 2J(Si,H) =
7.5 Hz); IR (Ar matrix, — 218 °C): 7 =2289 (vs), 1183 (vs), 840 (w), 721 (m),
633 (m), 566 (w), 478 cm~! (vs); MS (EI): m/z (%): 160 (30) [M*], 127 (100)
[M*—PH,], 93 (61) [SiPH(PH,)*], 61 (17) [SiPHJ].

3/6: GeCl, (0.60 g, 2.8 mmol) was added dropwise under stirring to a
solution of Li[Al(PH,),] (0.31M, 3.1 mmol) in ethylene glycol dimethyl
ether (10 mL) at —45°C. The release of gas (PH;) was accompanied by
formation of a yellow suspension, which was filtered. According to GC-MS,
the clear filtrate contained only 3 and 6 in the ratio 1:2.5. 3: MS(EI): m/z
(%) =206 (10) [M*], 173 (100) [M*" —PH,], 137 (100) [GeP,H"], 107 (82)
[GePHT], 74 (19) [Ge™], 67 (19) [P,HZ]. 6: MS(EI): m/z (%): 174 (23)
[M*], 140 (90) [M* — PH;], 107 (100) [M*™ — PH,PH;], 74 (40) [Ge*].
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Rate Enhancement of the Radical 1,2-Acyloxy
Shift (Surzur-Tanner Rearrangement) by
Complexation with Lewis Acids**
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Owing to their mildness and their compatibility with many
functional groups, radical reactions have become a very
powerful tool for organic synthesis.l!! For instance, unique
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radical rearrangements have found synthetic applications.
Among them, the 1,2-acyloxy shift of 5-(acyloxy)alkyl radicals
(Surzur —Tanner rearrangement, A —B)) is particularly inter-
esting since it has no equivalent in ionic chemistry.) As a

R‘Y . o}
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consequence, since its discovery by Surzur in 19678 and a
seminal study by Tanner in 1969, this rearrangement has
attracted considerable attention from a mechanistict! as well
as a synthetic point of view.) However, for many p-
(acyloxy)alkyl radicals, the rate of rearrangement is too slow
for synthetic purposes. Recently, Zipse reported calculations
indicating that the rate of the 1,2-acyloxy migration should be
enhanced by protic acids.”! This hypothesis was underlined in
a recent review, and Giese has reported that intramolecular
protonation of acetate groups may be responsible for the rate
acceleration of a closely related fragmentation of a-hydroxy-
B-(acetoxy)alkyl radicals.’l Our experience with Lewis acids
in radical reactions® '% led us to investigate their ability to
accelerate the rate of the 1,2-acyloxy shift. We report here the
first evidence that Lewis acids can efficiently enhance the rate
of this rearrangement. This represents, to the best of our
knowledge, the first example of a Lewis acid mediated
acceleration of a radical rearrangement (with the exception
of cyclization reactions).!"!

Our investigation started with the acetate 1, which has been
thoroughly investigated by Beckwith et al.l'l Under standard
radical reaction conditions (0.02M Bu;SnH, AIBN (azobis-
isobutyronitrile), refluxing benzene), only the reduced com-
pound 2 could be detected; no rearranged product 3 is
observed.[l Interestingly, in the presence of stoichiometric
amounts of Lewis acids such as Et,AlCl or methylaluminum
bis(di-2,6-tert-butyl-4-methylphenoxide) (MAD), the migra-
tion product 3 was detected. However, the yield was low and
poorly reproducible due to Lewis acid induced cationic
decomposition of both starting material and products. A
reagent less prone to ionization—that is, the secondary
benzylic acetate 4—was chosen next.'] As anticipated, better
yields (up to 76 %) were obtained in the presence of Lewis
acids, but only the product of direct reduction 5 was observed;
no rearranged product 6 was detected.

(o}
PhA/\X b JJ\
L PhA/\o Me
Y "
Me
1 (R=Me, X=Br)
2(R=Me, X=H)
4(R=H, X=8Br
§(R=X=H)

3 (R =Me)
6(R=H)
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We attribute the inefficiency of the Lewis acids to the
presence of only a small amount of complexed radical
precursor. To favor the formation of the complex by means
of chelation, we decided to use the salicylate 7 instead of the
acetate 4 as radical precursor. The results of the radical
reactions are reported in Table 1.

Table 1. Radical reduction of 7 with Bu;SnH in refluxing benzene to
provide 8 and 9. Procedure A:0.02m Bu;SnH; procedure B: Bu;SnH added
over 12 h with a syringe pump.

Entry Additivel® Proce- Yield[%]  8:91
dure
1 - A 88 97:3
2 - B 78 75:25
3 MeAl(Op-Tol), A 63 62:38
4 MeAl(Op-Tol), B 73 12:88
5 La(OTf);, NEt; A 78 91:9
6 Yb(OTY),, NEt, A 69 95:5
7 Sc(OTf);, NEt, A 75 75:25
8 Sc(OTf);, DIPA A 62 76:24
9 Sc(OTf);, TMEDA A 66 74:26
10 Sc(OTf);, quinuclidine A 86 70:30
11 Sc(OTH)s, 2,6-lutidine A 71 67:33
12 Sc(OTH)s, 2,6-lutidine B 76 17:83l¢l
13 Sc(OTf)s, 2,6-lutidine (10% cat.) A 86 93:2
14 Sc(OTH)s, 2,6-lutidine, TEMPO A no reaction —

[a] Tol=tolyl. [b] The ratios were determined by 'H NMR spectroscopy
(360 MHz). [c] 1.0-mmol scale; on a 0.5-mol scale, the ratio was 12:88.

To allow a facile comparison of the additive effects, we used
an easily reproducible standard one-pot procedure (A: 0.02Mm
each Bu;SnH and 7). A second procedure (B: 0.02m 7 and
slow addition of Bu;SnH over 10 h) was used to optimize the

Ph
Y\X

O OH
0 ° BugSnH, ABN
-
OH additive \/\O/U\©
7 (X=Bn) 9
8 (X =H)

amount of rearranged product 9. In the absence of Lewis acid,
the product of direct reduction 8 was the major product with
both procedures (8:9 =97:3 and 75:25, respectively; entries 1
and 2). Different aluminum Lewis acids were tested, and
interesting effects were obtained with methylaluminum bis(4-
methylphenoxide). With this additive, the aluminum tris-
(aryloxide) was formed in situ, as proven by the evolution of
methane. With procedure A, the ratio 8:9 reached 62:38 (68 %
yield, entry 3). In contrast, procedure B gave 9 as the major
product (8:9=12:88, entry 4) without loss of yield. Compar-
ison of entries 1/3 and 2/4 indicates that an approximate 20-
fold enhancement in the rate of the rearrangement occurs
upon complexation (assuming that the rate of reduction is not
influenced by the complexation). Besides aluminum com-
pounds, zinc(il) and magnesium(t1) derivatives were investi-
gated; all of them induced a rapid decomposition of the
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starting bromide 7. Trivalent lanthanides!™ which have been
applied with success in radical reactions!'®! were tested, but
only minor effects were noticed (entries 5 and 6). Interest-
ingly, scandium(tn) triflate (triflate = trifluoromethanesulfo-
nate (Tf)) was found to be an effective promoter of the
rearrangement (entries 7—11). The nature of the coligand
proved to be important. Good results were obtained with
tertiary amines, but no rate enhancement of the rearrange-
ment was observed with less basic coadditives such as
dimethyl sulfoxide (DMSO) and hexamethyl phosphoramide
(HMPA). A screening of different amines (entries 7—-11;
DIPA = diisopropylamine, TMEDA = tetramethylethylene-
diamine) showed that 2,6-lutidine was the coadditive of
choice. By the one-pot procedure, a 8:9 ratio of 67:33
(entry 11) was obtained, which is similar to the result
observed with methylaluminum bis(4-methylphenoxide) (en-
try 3). Upon slow addition of Bu;SnH (procedure B), the
major product was the rearranged compound 9 (8:9=17:83,
entry 12). As expected, stoichiometric amounts of scandiu-
m(1) triflate are necessary for the maximum rate enhance-
ment. In the presence of 10 mol % of the Lewis acid, no rate
enhancement was perceptible (entry 13). With both scan-
dium(t) triflate and methylaluminum bis(4-methylphenox-
ide), the presence of a free ortho-OH group was necessary for
a rate enhancement. Methylation of the phenol fully inhibits
the effect of additives.'”l This is in accord with the formation
of an aluminum tris(aryloxide) of type C or a scandium
complex of type D. The radical nature of the rearrangement
was confirmed by the absence of reaction when 20 mol % of
the radical scavenger 2,2,6,6-tetramethylpiperidine N-oxide

(TEMPO) was used (entry 14).18]
Ph \I/ .

PhY .
o_ _o. o_ _o.

27 ATl 27 8c(0Thg
0 o
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An even greater increase in the rearrangement rate was
observed in the lactate series starting with bromide 10. In the
absence of Lewis acid, the one-pot procedure A furnished
exclusively the reduced compound 11 (11:12>99:1) in 75%
yield. The use of one equivalent of scandium(im) triflate/2,6-
lutidine led to preferential formation of the rearranged
product 12 (11:12=7:93) in 54 % yield. This represents an

10 (X =Br) no Lewis acid: 11/12 >99:1
11 (X = H)

Busan AIBN
addltlve

increase in the reaction rate by three orders of magnitude.!'”]
Interestingly, under Lewis acidic conditions, it was possible to
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Sc(OTf)32,6-Iutidine: 11/12 7:93
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run the rearrangement at —20°C (11:12=25:75) in 60%
yield. This is, to our knowledge, the lowest temperature at
which a 1,2-acyloxy shift was observed."]

Three mechanisms have been proposed for the acyloxy
shift: five-electron five-center shift (E), three-electron three-
center shift (F), and in-cage fragmentation to a carboxylate
and an alkene radical cation (G).”! Because of the polar-
ization of the transition states or intermediates E — G, all three
pathways are expected to be favored by complexation with
Lewis acids. However, Zipse’s recent calculations indicated
that the three-center mechanism proceeding via intermediate
F, which resembles the addition of a carboxylic acid to an
olefin radical cation, is favored by protonation of the ester
carbonyl group.”

)Ri ¢ O Rz ’ RZ
0*7%o T o//.go
Ve £ .
— 1/;\ —

R R =
E F G

In conclusion, aluminum and scandium Lewis acid, when
used in stoichiometric amounts, can efficiently accelerate the
f-(acyloxy)alkyl radical rearrangement. The idea of favoring
one mechanism, the three-center shift via F, upon complex-
ation is particularly interesting when considering the stereo-
chemical aspect of such rearrangements. Further study of the
stereochemical outcome of the reaction, with either chiral
substrates or chiral Lewis acids, is under way in our
laboratory.
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Organoazides are important starting materials for a
multitude of organic reactions,” such as in the synthesis
of alkylamines from alkyl alcohols or halides
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(R—X—RN; —-R—NH,) or heterocycles (e.g. [2+3] cyclo-
addition).’! The most remarkable aspect in the reactivity of
organoazides is the loss of dinitrogen, which can occur
thermally, photochemically, or by acid or transition metal
catalysis.l! The highly reactive nitrenes (“R—N”) that are
generated from the RN; fragment, can rearrange to
the corresponding imines, insert into C—C bonds, form
amines by intra- or intermolecular hydrogen abstraction
(“R—N”—=R—-NH,), or undergo cycloaddition in the
presence of unsaturated substrates (e.g. “R-N”+
GH, —>R_N(C2H4))~[5]

An illustrative example of the stabilization of a “nitrene
fragment” at a transition metal center was described by
Bergman and Proulx with the reaction of [Cp,TaCH;(PMes) |
with phenylazide, which led to the formation of the tantalum
imido complex [Cp,TaCH;(=N—C4H;)].1% In the intermediate
[Cp,TaCH;(N;—CHs)], the transition metal center is coordi-
nated by the terminal nitrogen atom (N3) of the azido
functionality. This compound was, to our knowledge, the only
structurally characterized transition metal complex bearing a
RN; ligand.! This is surprising since many coordination
complexes of the azide ion (N3) are known.®] Here we report
the first structurally characterized organoazide complexes,
which are coordinated by the alkylated nitrogen atom (N1) to
the transition metal center.

For some time we have investigated new chiral chelating
ligands for applications in enantioselective catalysis, where
the donor centers are linked by 1,2-disubstituted cyclo-
alkanes.' /1 The cyclohexaneazide 1 was obtained as a key

0

7
: ‘N‘N N‘N N.N
— —_—
—_— —_—
“OH N3 N

intermediate during the synthesis of new multidentate imine
ligands following this strategy.” Surprisingly, hydrogenation
of 1 to the corresponding amine with palladium/charcoal in
ethanol proceeds rather slowly, in contrast to the behavior of
the analogous pyrazolyl pyridine derivative 1'.'"! Therefore,
investigation of the reactivity of 1 in
solution in the presence of transition
metal ions like Pd" and Cu', which =
are known to be efficient catalysts
for the decomposition of organoa-
zides, appeared promising.
Reaction of 1 with CuCl,-2H,0O in
methanol leads quantitatively to the dinuclear Cu®! complex
[{CuCl,(1},] (2), which is thermally and photochemically
(daylight) stable, and crystals suitable for X-ray structure
analysis could be obtained by recrystallization from methanol.
Reaction of 1 with [PdCL(NCC4H;),] in CH,Cl, gives the Pd"
complex [PdCl,(1)] (3) after dissociation of the benzonitrile
ligands. In contrast to 2, 3 is not stable in CH,Cl, and
decomposes slowly, even in the absence of light, to yield the
amine complex 4, which is also accessible from the corre-
sponding amine®! and [PdCl,(NCC4Hs),] (Scheme 1).
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