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P(RNCH;CH;)sN AS VERY STRONG NON-IONIC
BASES AND CATALYSTS: RECENT ADVANCES
AND APPLICATIONS

John G. Verkade
Department of Chemistry, lowa State University

(Received July 29, 2001; accepted December 25, 2001)

A rationale for the unusually strong Lewis basicity and catalytic activ-
ity of the title pro-azaphosphatranes is presented. Four stoichiometric
and four catalytic uses of such pro-azaphosphatranes are described,
as well as some unexpected reactions in which these bases take part.
Mechanistic pathways are put forth for several of the transformations
outlined.

Keywords: Bases; carbon-fluorine activation; catalysts; pro-
azaphosphatranes; transannulation

INTRODUCTION

The basicity of the pro-azaphosphatranes A arises from the ease with
which these compounds form stable transannulated conjugate acids
B that possess trigonal bipyramidal molecular structures.!? The axial
N—P bond is sufficiently short (ca 200 pm) to allow considerable electron
density to be transferred from the nitrogen to the phosphorus, thereby
forming robust P—H bonds that confer pK, values on B of about 33
in acetonitrile.> Gas phase UPS studies reveal that the phosphorus IE
of 1a is among the lowest reported for phosphorus compounds (5.6 eV),
that of its gas phase transannulated bond stretch isomer, which features
a transannulated bond, is even lower (4.6 eV).4

The versatility of compounds of type A as catalysts for useful or-
ganic transformations is associated with the flexibility of the transan-
nular bridgehead—bridgehead interaction. The distance between the
two bridgehead atoms progresses gradually from about 330 to 200 pm,
depending on the nature of the axial substituent.? This distance varies

Address correspondence to J. G. Verkade, Department of Chemistry, Iowa State
University, Ames, IA 50010.
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monotonically with the NPN angle at the phosphorus bridgehead,
which gradually opens from about 104° in untransannulated pro-
azaphosphatrane structures to 120° in fully transannulated trigonal
bipyramidal phosphatranes. Compounds that exhibit structural met-
rics between these extremes are referred to as quasi-phosphatranes.!

It is interesting to note that the bridgehead nitrogen in pro-
azaphosphatranes and some quasi-phosphatranes possesses a very
nearly planar geometry. This stems from van der Waals interactions
among the hydrogens on the methylene carbons adjacent to the bridge-
head nitrogen and not from any detectable electronic interaction be-
tween the bridgehead atoms.!

In this talk, recent developments in three areas will be briefly dis-
cussed: syntheses utilizing our non-ionic bases stoichiometrically, syn-
theses utilizing our non-ionic bases catalytically, and some interesting
and surprising results with these non-ionic bases.

Syntheses Utilizing Our Non-lonic Bases
Stoichiometrically

In most instances, the stoichiometric use of our bases involves depro-
tonation as a key step. Advantageous properties of our non-ionic bases
include their relatively non-nucleophilic character and their bulky na-
ture. Their neutrality and bulk allows them to behave as reactive naked
species that are poorly solvated and lack counterions with which to form
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ion pairs. Although we have developed more than a dozen syntheses in
which bases of type A are used stoichiometrically, time permits us to
consider only four.

The first such synthesis features the use of ylide 2 in Wittig reactions
that are highly stereoselective for the E configuration.?® The olefina-
tion of aldehydes with phosphorus ylides is governed primarily by the
nature of the ylide and the reaction conditions. Stabilized and nonsta-
bilized ylides bearing an «-alkyl group tend to give Z alkenes, whereas
stabilized ylides, which typically bear a pi acceptor group on the
a-carbon, generally react with high selectivity for the E olefinic con-
figuration. Semi-stabilized ylides, such as benzyl and allyl ylides, yield
mixtures of Z and E isomers. Unexpectedly, we found that the semi-
stabilized ylide 2, synthesized from 1a and benzyl bromide,® gave ex-
clusively E olefins in high yield with aldehyde substrates, regardless of
changes in the metal ion of the ionic base used to deprotonate the benzyl
phosphonium precursor cation to 2. Also somewhat unexpectedly, tem-
perature and solvent polarity had no significant influence. The high E
selectivity with 2 contrasts results with the acyclic semi-stabilized ylide
PhCH=P(NMe;y)3, which gave an E/Z mixture.®

The stereoselectivity of 2 in the Wittig reaction can be rationalized
in terms of the Vedjs model” and the X-ray molecular structure of 2.5
Thus, in contrast to flexible acyclic ylides, ylide 2 possesses a bicyclic
phosphine whose compact and relatively rigid cage moiety dramatically
reduces the 1,3-interaction between a CHs group and a substituent on
the carbonyl substrate in the process of forming an oxaphosphetane
intermediate as depicted in structure 3. Consequently, 1,2-interactions
between the R’ and R” can then dominate, favoring formation of a four-
centered trans-oxaphosphetane transition state that leads to E-alkene.

The second synthesis we consider is that of epoxides. Thus, the re-
action depicted in Figure 3 transpires rapidly and cleanly in a highly
stereoselective manner to form the ¢trans product.® This contrasts our
finding that P(NMez)s and the cyclic triaminophosphine 4 afford di-
astereomeric mixtures. We speculate that mechanistic considerations
analogous to those put forth for the aforementioned Wittig synthesis

e\ l\ N Me Ar‘. Ar

2 Ar-CHO W/

0 (1)

RT, C¢Hy

FIGURE 3
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also apply in the present case. In support of this hypothesis is our ob-
servation that the more sterically hindered non-ionic base 1b is not
effective in the synthesis of trans-epoxides.

The third synthesis we consider is that of E-o,8-unsaturated
esters.? The most common routes to these compounds are Horner and
Wadsworth-Emmons reactions. Both methods, however, suffer from
the drawback that they require the pre-preparation of intermediates.
Organometallic catalysts have also been utilized for the synthesis of
E-o,B-unsaturated esters, but such catalysts entail environmental con-
cerns and they rarely produce only one isomer. Peterson olefination
reactions require elevated temperatures yet afford only modest yields.

In the reaction depicted in Figure 5, it is seen that ethyl acetate re-
acts with aldehydes in the presence of 1b to form exclusively E-isomers,
though the higher homologue methyl propionate gives rise to a mixture
of E and Z isomers (with the former as the major product). However,
when methyl propionate is used as the solvent for the reaction, the
corresponding E-a,8-unsaturated ester is formed exclusively. The pro-
posed pathway of our reaction (shown in Scheme 1) is initiated by a
pre-equilibrium that lies far to the left. Interesting is the observation
that 1b is more effective in reaction 2 than 1a. We attribute this to the
greater basicity of 1b.> We suggest that the high diastereoselectivity
of reaction 2 is because the reaction is thermodynamically rather than
kinetically controlled.

P o i-Pr
i-Pr.
N ~ P\N/ i—Pr CO R"
x> 2
ArCHO + R'CH,CO,R" Ar/\(
Rl
NZ )
1.1-1.2 equiv
- [HP(RNCH,CH,);N]OH

40-50°C,2-6 h, Me,CHCN

FIGURE 5
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SCHEME 1

The fourth synthesis is that for iminophosphoranes of chiral 1¢. The
products were made for the purpose of determining the e.e. values of
the precursor organic azides.! Chiral azides are useful as ligands, aux-
iliaries and pharmaceutical intermediates, and also for the synthesis of
natural products. Because of the attractive NMR properties of phospho-
rus, this nucleus has in the past been incorporated into various chiral
reagents for the determination of e.e. values of alcohols, amines, and
thiols, though not for azides.

The chiral tren precursor to reagent 1c is easily made from nitrilo-
triactic acid and (S)-a-phenethylamine, both of which are commercially
available (Scheme 2).1° Base 1c reacts with a wide variety of chiral
azides at 50°C in an NMR tube to generate the corresponding chi-
ral iminophosphoranes quantitatively. The 3P NMR signals of the
two product diastereomers are very well separated (ca 1 ppm), and
their integration gives e.e. values that corresponded very closely to
those for known mixtures and those determined from 'H NMR in-
tegration of the peaks on the diastereomeric protons on the imino
carbon.

I-L Me
< R
30N Ph R excess LiATH, %\/N .)
oH —_— N ——————— N H/3
3 3.0 P(OPh), N H/7 3 THF, reflux, 5 days
Py, 100°C, 10 hrs 0 ()CIP(NMe,);

(2)KO-t-Bu

é{* - /QPh> {': RN R*

SCHEME 2



11: 45 28 January 2011

Downl oaded At:

1626 J. G. Verkade

Syntheses Utilizing Our Non-lonic Bases Catalytically

Of the more than twenty reactions we have found to be catalyzed by
bases of type A, we will restrict ourselves to describing four of them,
of which the first is dehydrohalogenation.!! We have shown that 1a
functions as a better stoichiometric base than DBU for the dehydro-
halogenation of primary and secondary halides in acetonitrile.'? It was
further shown in that report that with CD3CN as the solvent, 1a prefer-
entially deprotonates the acetonitrile, and the resulting solvent anion
dehydrohalogenates the organic halide.

More recently, we converted this dehydrohalogenation process to
a catalytic version as shown in reaction 3 (see Figure 6). In this re-
action, the procatalyst 1a H" (R=R'=R") can be used, or alterna-
tively 1d H' can be chemically bound via a nitrogen to the ben-
zyl group of a Merrifield resin (R=resin, R’ =R’ =H in reaction 3).12
Sodium hydride serves as a stoichiometric reagent that deprotonates
the phosphatrane, forming hydrogen and NaCl and thus liberating
the pro-azaphosphatrane catalyst. This catalyst deprotonates the ace-
tonitrile, and the resulting solvent anion dehydrohalogenates the
organic halide. The further action of sodium hydride on the procat-
alyst begins the cycle again. The advantage of the polymer procat-
alyst is that all but the organic halide starting material and the
olefin product are quite insoluble in acetonitrile, thus providing for
easy product isolation by simple filtration. The filtered material can
also be recycled, with the addition of sodium hydride, in further
dehydrohalogenations.

The second catalytic reaction to be described is the synthesis of diaryl
ethers. Diaryl ether units are found in vancomycin antibiotics, the anti-
tumor agent bouvardin, herbicides, and anti-inflammatories. They are
also intermediates in the synthesis of xanthones and p-dibenzofurans.
Although diaryl ethers can be made via the classical Ullman approach,
this method requires elevated temperatures, and it is often accompa-
nied by competitive reductive dehalogenation and homocoupling of aryl
halides. Although recent improvements in the synthesis of diaryl ethers

"o
e ]
11(2))( ;NaH KN_ ““““ N />R o
or </ — olefin + NaX (3)
\ 10 mol % /
MeCN, rt

FIGURE 6
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have been developed, our approach is competitive.!® As shown in reac-
tion 4 (depicted in Figure 7), we use two equivalents of 1a. While this
amount hardly seems a catalytic one, this pro-azaphosphatrane func-
tions not only as a ligand for the copper(I) catalyst, but it also serves
as the required base for the reaction. The reaction fails if copper(I) is
absent and 3!P NMR studies confirm that 1a coordinates to copper(I).
Our approach gives moderate to good yields of product even with ster-
ically hindered phenols. Advantages of our method include relatively
mild conditions (90-100°) and the avoidance of prior preparation of a
phenoxide.

The third reaction is the 1,2-addition of activated allyls to aromatic
aldehydes.'* As shown in reaction 5 (depicted in Figure 8), allyl esters
give rise to a-addition products exclusively. In the case of allyl cyanide,
however, allylic transposition occurs to give a Baylis-Hillman product
in high yield with an E/Z ratio of 78/22 (reaction 6).

To our knowledge, there has been only one report in which allylic
cyanides and esters of the type used here have been utilized in 1,2-
addition to aldehydes.!® The authors of that report achieved this reac-
tion in the presence of (toxic) cadmium chloride and obtained a mixture

i-Pr

iPr N/ P H
ArCHO N/ P A COMe  (5)
A~ COMe K)) " ~
20 mol%
i-Pr
iPr N/ H
ArCHO RN P NN (6)
A~CN }
20 mol%

FIGURE 8
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of a and y-addition products, which contrasts out results in which ex-
clusive a-addition is encountered. Moreover, Bayless-Hillman reactions
are generally carried out at elevated pressures in the presence of an
amine over long periods of time, giving unreliable results with aryl
aldehydes. It is interesting to note that proazaphosphatrane 1b is most
advantageous for our reactions since 1a and the more sterically hin-
dered 1d lead to low conversion.

The fourth reaction catalyzed reaction we discuss is 1,4-addition to
o,B-unsaturated substrates (Scheme 3).16 1,4-Michael addition is one
of the most effective methods for carbon—carbon bond formation. The
reactions in Scheme 3 take place under mild conditions (—63 to 70°C)
with bases 1a, 1b, or 1d in isobutyronitrile. Our hydro alkoxylation
reaction is rather unique in that no general reaction for the synthesis
of beta-alkoxy ketones via Michael addition has been reported. Also, our
Michael addition of nitroalkanes is superior to literature preparations
using DBU or TMG.

' 4
R RN R /R
4 N/ —_—
R"OH } Rl R3
N= R
catalytic O, R*
R‘R’CHNO, R’
1 3
SR
t-BuCH=N> R R3 +Bu. N, COMe
MCOZC
1
R R3

R2

SCHEME 3

Michael additions of imines of @-amino esters have long been known
as a method for functionalizing a-amino esters at the « position, al-
though cycloaddition is a competing reaction. The ratio of Michael ad-
dition to cycloaddition product has been found to depend upon the metal
ion employed to chelate the enolate produced upon deprotonation. Al-
though the use of DBU in this reaction has been observed to give an
a-functionalized o-amino ester as the exclusive product, a stoichiomet-
ric amount of LiBr is required to provide sufficient metal cation con-
centration for chelation.!”18 It is worth noting that a weaker base such
as triethylamine produces only the cycloadduct even in the presence of
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LiBr.!® Our imino ester addition reaction requires no metal ion, and it
proceeds very cleanly.

Some Miscellaneous But Interesting
and Surprising Results

One such result is the facile formation of benzene from the cyclohex-
ane derivative shown in Scheme 4.2° Although this scheme represents
a very expensive and inconvenient synthesis of benzene, it does contain
several curious features. First, historical methods for converting cyclo-
hexane derivatives to benzenes require harsh conditions (ca 400°C in
the presence of zeolites and up to 900°C using precious metal catalysts).
Our reaction occurs at room temperature and below. Secondly, the tri-
azido starting material is exceedingly stable, withstanding detectable
decomposition in refluxing toluene or after heating at 100°C in vacuum
for hours. Thirdly, low temperature 3P NMR experiments show that
the bicyclic PR3 moriety in the starting material transannulates upon
protonation.

Me

’

Me.
3PR; R sMe
+ H < Nj — © + H,NPR;" + N,
R,PN; N3PR, \  =PR, / 36%
RT, 1h, CD,CN ONPR3 ©/NPR3
+ +

NPR,
SCHEME 4

These and other observations strongly suggest the following. The
starting material is prevented from undergoing the expected thermal
decomposition to the corresponding tri-imido derivative (with the evolu-
tion of nitrogen), owing to steric protection afforded by the cyclohexane
moiety and the electron rich character of the bicyclic proazaphospha-
trane. Protonation of the starting material leads to a transannulated
azaphosphatrane moiety that functions as an excellent leaving group,
taking with it a proton from the cyclohexane ring to form HoNPR3"
with concomitant evolution of dinitrogen. If at this point one of the two
azidophosphorane substituents remaining on the ring is not protonated
before thermal decomposition to an iminophosphorane substituent oc-
curs, the cyclohexene and the cyclohexadiene molecules shown become
possible products that can be formed sequentially.
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A second interesting result concerns the observation we made while
comparing the reactions of 1a and of P(NMey)3 with benzophenone.?’ It
has long been known that the solution equilibrium involving P(NMey)s3
shown in Scheme 5 occurs. Not surprisingly, we could detect the so-
lution equilibrium shown for 1a in this scheme by 3P NMR spec-
troscopy. Crystals obtained from our solution were the zwitterion, i.e.,
form, which was confirmed by X-ray means. Whereas the pentacoordi-
nate species containing the P(NMeg)s moiety can easily form a trigo-
nal bipyramid in the solid state (as shown by X-ray crystallography),
la is apparently too sterically congested and too rigid to do so, and
thus it prefers to stabilize a four-coordinate phosphorus by forming a
zwitterion.

Ph Ph P(NMe,), Ph: :Ph
O; g‘o toluene "0 + /o
- 11’\
Ph Ph
M _Me >_<
v RN Me A0
: N 7 AN
N= Ph Ph
1a - >—<
O +0
/
- Il)\
Ph Ph

=
Q0
P IS
SCHEME 5

Last but not least is our observation that 1a and 1b are the first phos-
phines reported to be capable of cleaving carbon-fluorine bonds.?? The
results of this investigation are described in a poster being presented
at this meeting (see Poster Abstracts in this journal).
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