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Abstract: Several peralkylated polyaminophosphazenium cations were evaluated
for the generation of novel anhydrous F~ salts. Two of them have been character-

ized by X-ray analysis and are particularly soluble, even in apolar aprotic solvents
like benzene or THF, one of them even at —30°C. Such solutions probably repre-
sent the most basic metal-free and stable media known to date. Comparison of
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these fluorides with known F~ sources demonstrates that they are of unprecedent-

ed reactivity and selectivity in E2 elimination reactions.

Introduction

The F~ ion is among the most important catalysts in organic
synthesis and its importance is ever growing."? A vast varie-
ty of inorganic,*? organometallic,*” and organic®®%! F-
sources have been proposed, but the limited lipophilicity of
resistant (metal) counterions and the instability of so far
known lipophilic (organic) counterions towards the F~ ion
pose severe restrictions. Metal fluorides™ and even
Me,NF®’ are notoriously insoluble in aprotic (inert) sol-
vents, whereas higher tetraalkylammonium fluorides are

normally® notoriously unstable towards Hofmann degrada-
tion.[10:28.31]
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The term “naked fluoride”, first introduced by Liotta
1974 for the system KF/[18]crown-6 in MeCN,®! has been
used for F~ sources of strongly differing reactivity.*!4
Truly “naked fluoride” can of course only exist in the gas
phase in the absence of a counterion. All solvents and all
counterions stabilize and thus deactivate to a greater or
lesser extent depending on their size and their specific struc-
ture. Spectroscopic criteria for the definition of nakedness
of F~ ions are not available; it has, for example, been point-
ed out that Y’FNMR data do not correlate with “naked-
ness”.”? Attempts have been reported to define “naked-
ness” by means of estimated lattice energies of the F~
salts.™ The main problem is the reliable estimate of the lat-
tice energy, which in the case of organic cations is certainly
not solely a function of electrostatics, but also of specific
short-range interactions like hydrogen bridges of F~ to a-
protons in quaternary ammonium!"* or phosphonium ions,
or partial or even full bonding with carbon in guanidinium
ions!™* or with phosphorus in phosphonium ions, as has
been often observed or calculated for tetraalkyl-,'*1%% tet-
raaryl-1"*¥ and even tetraaminophosphonium fluorides."*!
Preliminary ab initio calculations have recently been per-
formed to establish a scale of “nakedness” of a limited
number of organic F~ sources,” but no comprehensive
comparison of the experimental reactivity or nucleophilici-
ty-basicity balance of F~ sources has yet been reported.

The preceding paper deals with the unique stability of
polyaminophosphazenium cations under basic conditions.F’!
In this paper we detail our efforts to utilize some of these
cations for the generation of stable, unsolvated, and soluble
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F~ salts. Preliminary results have already been publish-
ed 3738
Results and Discussion

The phosphazenium fluorides presented in this paper are
shown in Figure 1.

FULL PAPER

ed indicators with PMS°pK, values of about 20. As we al-

ready knew from our work on phosphazene bases®*! that
at such high basicity levels deprotonation of MeCN with
subsequent self-condensation might be rapid, we suspected
that this might be responsible for the color of the solution.
Such behavior would be in accord with observations of solu-
tions of Me,NF in MeCN'® and thus the reports by Richman
must be doubted.*
Next we treated KF with
1-BF, in H,O. After filtration

NM .

Ve.N—b e;Me /O from precipitated KBF,, the so-
AT ~ i

NV, N, MeN N NMe, Q N lutl.on was .conc.entrated and the
MSZN_ﬁ,:N_FI,‘_NMeZ Me2N—ﬁ’=N—FI"’-N=F"—NMe2 /N_,ly_N res:due drlec.i in V.acuo at 77—
NMe, NMe, Me,N N NMe, N\b 85°C. The oily residue had the
F MezN_é_NMez O/ approximate theoretical weight,
,l,Mez - - but 'HNMR analysis revealed
considerable hydrolysis of 1%
1F 2F 3F forming the diphosphazene
oxide 8“1 and 1FHF

.
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Figure 1. Phosphazenium fluorides described in this paper.

Generation of the fluoride salts: Stability of organic cations
towards OH " and F~ must not necessarily correlate close-
ly. For example, with phosphazenium ions hydrolysis is only
feasible with OH™, not with anhydrous F~. In tetraalkylam-
monium ions Hofmann degradation becomes dominant over
nucleophilic dealkylation in turning from OH™ to F~; anhy-
drous tetraalkylammonium fluorides capable of Hofmann
degradation are highly unstable,®™ whereas anhydrous
Me,NF is quite stable and well characterized.®®*!

Permethylated P, fluoride 1-F: The relative stability of
Me,NF prompted us to utilize the permethylated cation 1*F%
as counterion for “naked fluoride”, in a first attempt. For its
generation by metathesis, critical decisions had to be made
concerning the choice of the F~ ion source, the solvent, and
the reaction conditions. We first tried to generate the F~ salt
by reaction of 1-I with AgF in MeCN, analogous to a proto-
col described by Richman for peralkylated tetraaminophos-
phonium iodides.'” The resulting dark solution deprotonat-
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(Scheme 1). H,O was thus not
considered a suitable solvent.

A corresponding metathesis

in MeOH (H,O content less

F than 50 ppm) left, after filtra-

tion from precipitated KBF,, a

6F solution that was subsequently

was concentrated in vacuo. At-

tempts to dry the residual mate-

rial, directly or azeotropically,

led to partial decomposition.

Following the Christe proce-

dure for anhydrous Me,NF,®’

we then displaced MeOH by

iPrOH before drying in high

vacuum. Depending on the

batch size, this improved the

ITlMe2 l}lMe2 l}lMe2

NMe, NMe, NMe,

H,0 l}lMe2 l}lMe2
2x1F  ———= MeN-P=N-P=0 + 1-FHF
— Me,NH
2 NMe, NMe,

8

Scheme 1. Degradation of 1-F in presence of H,O.

yield to reproducible 70-90 % after washing with THF. The
crystalline material thus obtained contains 98-99% active
fluoride according to a titration with 9 (9-phenylxanthene!®!
as indicator).

It can be further purified by dissolving in benzene, filtering
off a small amount of insoluble material, presumably KBF,,
and concentrating in vacuo. Eventually it can be recrystal-
lized from anhydrous THF, but mostly the activity of the
product suffered thereby owing to contamination with traces
of H,O during the recrystallization process. If an excess of
KF was used for the metathesis, the amount of insoluble ma-
terial, probably largely a double salt 1-F-KF, was substantial.
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Salt 1'F is extremely hygroscopic and melts at 151 °C with
decomposition. A sample kept at 160 °C for 2 min was large-
ly (ca. 70%) decomposed. Salt 1-F is easily soluble in ben-
zene,™! but surprisingly not in toluene; it is also soluble in
trifluoromethylbenzene, fluorobenzene, chlorobenzene,
furan, 2-methylfuran, or primary and secondary amines;
however, these solvents deactivate to some extent. Salt 1-F
is sparingly soluble in ether solvents such as THF or diethyl
ether. In benzene it deprotonates triphenylmethane
(PMSOpK, =30.6")) to a visible extent, but not 10 (Figure 2,
extrapolated PMSOpK, =32.847).

Figure 2. Acid source 9 and indicator 10 for titration of “naked” fluo-
rides.

The X-ray crystal structure of the benzene-soluble crystal-
line material revealed that it was in fact the desired “unsol-
vated” fluoride salt 1-F.¥” The cubic symmetry of the lattice
excludes the possibility that any solvent, ordered or disor-
dered, might be present. The F—C distances (332 and
349 pm) are approximately 20-35 pm shorter than the sum
of the van der Waal’s radii of H and F plus one normal C—
H bond length, indicating weak C—H-F hydrogen bridges.
The linear P-N-P bridge of the cation is most probably dic-
tated by the symmetry of the lattice and by the geometrical
requirements for the maximum number of hydrogen bridges.
In 1-PF,, in which the cation is more likely to occupy an
energy-minimum conformation due to reduced interionic
forces, the P-N-P bridge is bent (142°1%1),

There are limitations concerning the production and ap-
plication of 1-F:

1) The batch size for the desolvation of 1-F is limited to
about 20 g.

2) Salt 1-F is stable only up to temperatures of about
120°C.

3) There is no non-deactivating solvent for 1-F at tempera-
tures below 5°C.

4) Half molar amounts of H,O quite rapidly destroy the ac-
tivity of 1-F irreversibly by hydrolysis of the cation.

There were good reasons to believe that larger phospha-
zenium cations would overcome at least part of these limita-
tions.

Permethylated Ps fluoride 2-F: Salt 2-F was synthesized from
2-BF,* by the protocol utilized for the synthesis of 1-F, but
in line with the expected enhanced “nakedness” taking off
last traces of iPrOH required higher temperatures and
longer reaction times. A colorless to light gray microcrystal-
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line powder was obtained, containing at least 90 % “naked”
fluoride by titration with 9 (triphenylmethane as indicator);
recrystallization from 2-methyltetrahydrofuran/2,5-dimethyl-
tetrahydrofuran enhances the titer, but proved unnecessary
for most applications. Again approximately 1% of insoluble
material could be removed by filtration of the benzene (or
THF) solution.

Salt 2-FP") melts above 260°C. After heating to 250°C for
30 min 90% of the original titer of basic fluoride was re-
tained. Again contamination with H,O has to be excluded,
dehydration at 140°C causes partial hydrolysis, presumably
(as observed by '"H NMR spectroscopy) to the least basic
possible primary hydrolysis products 117 and 128
(Scheme 2).

H.O Mezl\ll C“) l}lMez I}IMe2
2
2x 2F Me2N—}I3=N—|I3—N=Ii’—NMe2 + MezN—li—NMe2
Me,N N NMe, NH
I 12
MezN—IT’—NMe2
NMe, " + 2FHF

Scheme 2. Suspected degradation of 2-F in presence of H,O.

Salt 2-F is easily soluble in benzene!*! and THF—in THF
to a 0.3™ solution at room temperature and to a 0.1 M solu-
tion even at —30°C. Like 1'F, 2-F is extremely hygroscopic.
In THF 2-F deprotonates 10 substantially and 4-phenylto-
luene (extrapolated "MS°pK,=37.6"") to a visible extent;
thus its basicity exceeds even that of the strongest phospha-
zene bases."!! An X-ray crystal structure reveals the “naked-
ness” of 2-F.P!

Other phosphazenium fluorides: Salt 3-F could not be ob-
tained by utilizing /PrOH as entraining agent. Before all
iPrOH was released, a colorless distillate was formed that
did not show olefinic signals in the '"H NMR spectrum. Our
interpretation is that /PrOH attacks at the phosphorus atom
and releases propene by f-elimination forming the corre-
sponding phosphoric acid triamide 13 (Scheme 3). In line
with this interpretation is the fact that by exchanging iPrOH

2x 3F
+iPrOH | -3-FHF
H Q Q\r;r :
NTP-0O —_— NH + N—P=0O =+ {
/ /o
4 (j/ ~N
13

Scheme 3. Suspected degradation of 3-F in presence of iPrOH.
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for neopentanol, the reaction of 3-BF,*® provided 3-F with a
content of “naked fluoride” of more than 95 %.

Fluoride salts 4-F, §'F, 6-F, and 7-F were generated by pro-
tocols similar to those for 1-F and 2-F from the correspond-
ing BF, salts.”*!

Salt 4F could only be obtained in a very impure form
with, at most, 49 % of the “naked fluoride”. Hofmann deg-
radation leading to the formation of 14 was the dominant
problem (Scheme 4); no attempts were made to obtain pure
4F

nye

2x 4F — CN—F:’=N—F:’=N\_> + 4-FHF
OO

4

Scheme 4. Suspected thermal degradation of 4-F.

1

Unlike the behavior under aqueous base phase-transfer
conditions,* the impeded Hofmann degradation in 5+
made it more resistant than 4" under anhydrous conditions;
crude 5-F had a “naked fluoride” content of about 60 %.

Surprisingly 6* proved less resistant than 17 under these
conditions. Although the conditions were believed to be es-
sentially anhydrous, considerable amounts of a distillate was
formed, which according to '"H NMR spectroscopy was most
probably the triphosphazene oxide 15! (Scheme 5). Ac-

e lTlMez ITlMe2 NMe,
2
6F ——= MeN-P=N—P=N-P=0 +
I I 1
— Me,NH NMe, NMe, NMe,
15

6-FHF

Scheme 5. Suspected degradation of 6-F in presence of H,O.
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iodides (Scheme 6). This reaction has the advantage of tell-
ing us something not only about reactivity, but also about
selectivity with respect to substitution versus elimination.

N S VN NN

fluoride

SN

I Ve S Ve

Scheme 6. Reaction of fluoride sources with 1-iodoundecane.

Table 1 includes literature values (entries 2-4) and shows
that fluoride sources differ extremely in both respects. It did
not make sense to derive absolute rate constants, as most of
the systems are heterogeneous (the heterogenity does of
course not influence the elimination/substitution balance).
Nevertheless there is a fair correlation of absolute reactivity
and E2 selectivity; the more reactive and thus “naked” the
fluoride source, the more E2 is favored over S\2.
Bu,N-Ph;SnF,?" (entry 1) is an excellent source of nucleo-
philic fluoride under somewhat enforcing conditions, more
S\2 selective than Bu,N-FHF?"! and Bu,N-Ph;SiF,*” (en-
tries 2,3). Complex [Co(Cp),]'F (entry4) is considerably
more reactive, but the claimed “nakedness”™* is not support-
ed by the E2 selectivity, the value being even considerably
lower than for KF/[18]crown-6 (entries 5,7). Uncomplexed
CsF (entry 8) is more selective than KF/[18]crown-6, indicat-
ing that the effect of the crown ether is a solubilizing one
rather than an effect of cation/anion separation.”? This is

Table 1. Conditions, half lives, and selectivities of the reaction of 1-iodoundecane with various fluoride sour-

cording to titration the crude ces.

product contained only 38% Fluoride source/solvent t1, [n)/T [°C] conditions E2:S\2
“naked fluoride”, thus no at- 1 3 equiv Bu,N-Ph,SnF,/MeCN 3.6/81 0.03:1
tempts were made to obtain 2 3 equiv Buy,N-FHF/MeCN 4/811 0.17:1
pure 6-F. 3 4 equiv Bu,N-Ph;SiF,/MeCN —/31F‘]J 0.35:1
. 4 [Co(Cp),]-F/THF <6/25 0.38:1
Drying of 7F proved even 3 equiv KF/0.24 equiv [18]crown-6/MeCN 41/81 0.61:1
more difficult than drying of ¢ 2.5 equiv BaNMe,F-H,0/MeCN 72025 0.91:1
2-F; complete release of iPrOH 7 3 equiv KF/3 equiv [18]crown-6/MeCN 0.9/81 0.96:1
required 48 h heating at 120°C. 8 3 equiv CsF/MeCN 108/81 2.1:1
The product contained 87% 9 3 equiv KF/0.24 equiv[2.2.2]-crypt/MeCN 47/81 2.2:1
« S 1 . 10 5 equiv Me,NF/THF 9/0 7.7:1
.“ak?d fluoride” according to 3 equiv KF/3 equiv[2.2.2]-crypt/MeCN 03/0 78:1
titration. 12 10 equiv Bu,NF-3 H,O/THF <0.08/0 8.5:1
13 3 equiv (Me,N);S-Me,SiF,/THF 16/0 10:1
Reactivity and selectivity of 14 10 eq“iY “Bu,NF/T HF 1.7/-40 11:1
fluoride sources—“nakedness”: 15 2.5 equiv 1.F + 2.75 equiv SiEt,/THF 0.04/0 24:1
i ‘ 16 3 equiv Bu,NF (2.F + Bu,N-O,SC,F,)/THF 6.3/-78 43:1
We decided to establish a prac- 17 3 equiv 1-F/THF 1/—78 90:1
tical scale of “nakedness” based 18 3 equiv 2-F/THF 0.004/—78 166:1

on the rate of reaction of fluo-
ride sources with primary alkyl

Chem. Eur. J. 2006, 12, 438 -445
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[a] Reaction with 1-iodooctadecane.”!! [b] Reaction with 1-iodooctane.”? [c] Reaction with 1-iododecane.!
[d] By drying Bu,NF-3H,O in high vacuum following literature procedures.

[10,24]
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also indicated by the moderate effect on selectivity by in-
creasing the amount of [18]crown-6 from catalytic to equi-
molar. Cryptands have a much more pronounced effect on
both reactivity and selectivity; KF/[2.2.2]cryptand!”! (en-
tries 9,11) resembles Me,NF (entry 10) or tris(dimethylami-
no)sulfonium difluorotrimethylsilicate (TASF)™! (entry 13)
in reacting already at 0°C with strong preference for the E2
reaction. It is noteworthy that Bu,NF-3H,O (entry 12) is
comparable, even in selectivity. The product of thermal de-
hydration of this trihydrate reacts already at —40°C, though
surprisingly only with slightly enhanced selectivity
(entry 14). From diverse titration experiments there is
strong evidence that the active component (about 45% of
the material) corresponds to Bu,NF-0.5H,0. Anhydrous
Bu,NF! obtained in THF by metathesis of 2-F with Bu,N
-0;SC,Fy" (entry 16) has a half life of decay of only 4 h at
room temperature and is considerably more reactive and se-
lective. Thus it seems that hydration reduces selectivity,
until every F~ ion can form a hydrogen bridge to a H,O
molecule and that further hydration has little influence. In
line with calculations and despite the very low solubility in
THF at —78°C, 1.F (entry 17) is clearly more reactive than
tetraalkylammonium fluorides.>*! Salt 2-F (entry 18) is
only slightly more selective than 1'‘F and in homogeneous
solutions only slightly more reactive (see Table 2). However,

Table 2. Conditions, reaction times, and yields of the reaction of 16 with
bases.

Fluoride source  Solvent t[h)/T [°C]  Yield

KOBu DMSO/THF 1:1 96/70 75 %!
Me,NF THF 96/65 <5% conversionl®!
1F PhH 0.08/25 99 %!

2F PhH 0.03/25 quantitativel®
3F PhH 24/25 quantitativel®
3F PhH/PhF 1:1 1.5/25 quantitative!®!
5F PhH 0.08/25 quantitativel®
5F PhCF; 0.11/25 quantitativel®
5F THF 15/25 quantitative!®!
7F PhH 0.05/25 quantitativel®
7F THF 0.5/25 quantitative®!

[a] According to TLC. [b] Isolated yield.

under the conditions of limited solubility at —78°C, salt 2-F
is about 350 times more reactive than 1-F, thus contradicting
the prognosis that enhancing the radius of the F~ counterion
beyond the radius of 1* would have only marginal influence
on reactivity.””

The potential of 1-F as F~ donor is shown by the interac-
tion with SiEt, (entry 15), which reduces both reactivity and
selectivity, presumably through the formation of FSiEt,” in
equilibrium, to date, an unknown species.™

For comparison of all five phosphazenium fluorides, pri-
mary alkyl iodides are not suitable substrates; due to the ex-
treme reactivity of these fluorides half lives of the reactions
can only be determined at very low temperatures at which
2'F and particularly 1-F are only sparingly soluble; the far
lower solubility of 5-F, 7-F, and 3-F would further obscure a
direct comparison.
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In 16 (Scheme 7) trans-diaxial elimination is only possible
in a twisted ring A; due to this unfavorable conformational
preequilibrium elimination is considerably slower than in

Me CsHir Me CsHir

PhS0,07 7
Me Me 16

Scheme 7. Fluoride-induced elimination in 16.

the primary iodides, allowing estimation of reaction rates at
temperatures in which solubility of the fluorides is reasona-
ble. The crystallinity and low volatility of the product would
help to follow the reaction by TLC and to determine reac-
tion yields. The utilization of the benzene sulfonate instead
of the tosylate or mesylate avoids problems with deprotona-
tion of the acidic methyl groups in the sulfonates. Complete
conversion of 16 with KOrBu as base takes four days at
70°C and leads to 75% elimination and 25% S—O bond
scission to afford lanostenol. Me,NF is even much less reac-
tive. With 1'F, 2'F, §-F, and 7-F elimination is complete
within 2-30 min at room temperature without any detecta-
ble side reaction; the reaction with 3-F is considerably
slower but equally selective.

Conclusion

Due to their high solubility, their ease of synthesis, and the
simplicity (transparency) of their NMR spectra,™ 1-F and
2'F are the most convenient fluoride sources among the
phosphazenium fluorides. Salts 1-F and 2-F are extremely re-
active and selective elimination bases, 2-F even at very low
temperature; with this combination of properties they are
certainly unprecedented. Often these fluorides provide the
exclusive solution for difficult E2 elimination reactions."
Aliphatic epoxides are rearranged to allylic alcohols by anti-
elimination.””* Unactivated aromatic halides are converted
to fluoroaromatics by means of an aryne mechanism.”*®
“Naked hydride”™®®! or highly reactive carbanions like
naked allyl,””**% benzyl®™ or cyclopropenyl® anions or
ester enolates®®! are easily generated by anhydrous Si—
(H,C,0) bond cleavage; various other applications have
been reported.[”) Concerning solution chemistry, salt 2-F is
by far the best approximation to “naked fluoride” and prob-
ably the strongest stable metal-free base known to date. Salt
3-F is considerably less reactive and might be of interest as a
very easily available, somewhat less reactive fluoride source.

Chem. Eur. J. 2006, 12, 438 —445
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Experimental Section

General: Melting points (m.p.; uncorrected): Apparatus Dr. Tottoli and
Bock Monoscop M; IR: Perkin-Elmer 457 and Philips PU 9706 spec-
trometers; elemental analyses: Perkin—-Elmer Elemental Analyzer 240;
'H NMR [internal standards TMS = tetramethylsilane, DSS =sodium 4,4-
dimethyl-4-silapentanesulfonate, TSP =sodium 2,2,3,3-tetradeutero-3-tri-
methylsilylpropionate; in sealed NMR tubes the signals of C¢DsH
(7.15 ppm) and of [D,]THF (3.70 ppm) served as references]: 90 MHz
Varian CM 390, 250 MHz Bruker AC 250, and 400 MHz Bruker AM 400
spectrometers; °C NMR (internal standard TMS): 25.2 MHz Bruker WP
80 and 100.6 MHz Bruker AM 400 spectrometers; *'P NMR (external
standard 85% H;PO,): Bruker AM 400 spectrometer; ’F NMR (external
standard fluorobenzene, d=—116 ppm and trifluoromethylbenzene, 6=
—64 ppm): 188.3 MHz Bruker AC 200, 282.0 MHz Bruker MSL 300,
470.3 MHz, Bruker AMX 500 spectrometers; analytical TLC, Merck
silica gel plates with F,s, indicator. All work with the crystalline fluoride
salts was performed in a glove box under Ar (Labmaster, M. Braun
GmbH). The H,O values were below 1 ppm. Solvents were removed
from the atmosphere by a special charcoal filter. Glassware was dried for
at least 30 min at 100°C and immediately transferred to the glove box via
the vacuum chamber. All reactions involving anhydrous fluoride salts
were performed under N, with rigorous exclusion of moisture.

Benzene was purchased from Fluka-Chemie AG (Switzerland), H,O con-
tent <0.005%. MeOH was purchased from Fluka-Chemie AG (Switzer-
land) and kept over molecular sieves 3 A, H,O content <0.01%. iPrOH
was purchased from Fluka-Chemie AG (Switzerland) and kept over mo-
lecular sieves 3 A, H,O content <0.005%.

Na,O, NaHCO;, Na,SO,, MgSO,, BaO, Bu,NF-3 H,O, Bu,N-Ph,;SnF,,
EtOH, EtOAc, iPrOAc, Me,CO, benzenesulfonyl chloride, 1-undecanol,
[18]crown-6, [2.2.2]cryptand, (Me,N);S-Me;SiF,, and 1,8-bis(dimethylami-
no)naphthalene were used as purchased from Fluka-Chemie AG (Swit-
zerland). 1-Undecene, triphenylmethane, and 4-phenyltoluene were used
as purchased from Aldrich. Pentane was used as purchased from Riedel-
deHaén. PhCl was distilled over P,Os and stored over molecular sieves
3 A; l-iodoundecane was used as purchased from Lancaster. PhF was
stirred with BaO, filtered, and distilled under Ar; PhCF; was distilled, a
forerun amounting to half of it was discarded, the remainder was distilled
and stored over molecular sieves 3 A; THEF, 2-methyltetrahydrofuran, 2,5-
dimethyltetrahydrofuran, and toluene were distilled from K/Na-alloy/an-
thracene; neopentanol was dried by reaction with sodium metal at 60°C,
distilled, refluxed over BaO for 5Sh and fractionally distilled under N,;
EtCN was stirred over KMnO, until a persistent violet color appeared,
filtered, and distilled over P,Os; other solvents were purified by simple
distillation; pyridine was distilled and stored over molecular sieves 4 A;
KF (Riedel-deHaén) was dried for 12 h in high vacuum at 240°C. Com-
mercial lanosterol (Sigma-Aldrich Chemical Company) was purified and
hydrogenated as described in literature.*!

General procedure for the conversion of tetrafluoroborates to fluorides:
A solution of the appropriate BF,” salt in anhydrous MeOH (20 mL for
30 mmol if not otherwise indicated) was stirred vigorously with a solution
of KF (1.05 equiv) in anhydrous MeOH (25 mL for 30 mmol) under N,
for 10 min. After suction from precipitated KBF, into a 100 mL-round-
bottomed flask and washing with iPrOH (5 mL) the solution was concen-
trated on a rotary evaporator in vacuo at maximum 40°C bath tempera-
ture. The clear residue was taken up in anhydrous ;PrOH (3x5 mL) and
successively evaporated until the pressure in the rotary evaporator drop-
ped to 20 mbar (the rotary evaporator was purged with Ar to keep out
H,0 and CO,). iPrOH (5 mL) was added before transferring the flask,
equipped with a glass-covered stirring bar, to the vacuum apparatus
(10 mm cross flow section, directly connected to an oil diffusion pump).
The flask was then fitted to the cold trap of the vacuum apparatus. The
solution was carefully concentrated in vacuo with stirring and then
heated at the conditions indicated. For all operations following the first
heating in vacuo rigorous exclusion of moisture (glove box) was absolute-
ly essential.

1,1,1,3,3,3-Hexakis(dimethylamino)-14°,34°-diphosphazenium fluoride
(1-F): The mixture obtained from 1-BF, (12.8 g, 30 mmol) according to
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the general procedure was heated by raising the bath temperature to
80°C within 1h and the temperature was then kept at 80°C for 1h
(during which time first crystals of solvent-free fluoride salt began to
form) and at 100°C for 1h. The completely solidified product was
scratched from the surface of the flask and dried for 1h at 120°C. A
slurry of the product in THF (20 mL) was prepared; larger lumps were
crushed with a pestle and the crystals were filtered off with a D4 glass
suction filter, washed with THF (15 mL) and dried in a high vacuum, pro-
viding 9.7 g (90 %) of colorless crystals, containing 98-99 % “naked” fluo-
ride by titration. M.p. 151 °C (partial decomp); ca. 1 % of inorganic mate-
rial was removed by filtration of the benzene solution. Spectroscopic
data have already been reported.”)

Tetrakis{[tris(dimethylamino)phosphoranyliden]amino}phosphonium
fluoride (2-F): The mixture obtained from 2-BF,/*” (10.0 g, 12.1 mmol) ac-
cording to the general procedure was heated by raising the bath tempera-
ture to 80°C over a period of 6 h. The material then contained 1 equiv of
iPrOH; for the removal of this residual PrOH the batch was divided
into 5 g portions (glove box) and further dried at 100°C and 120°C for
4 h each, and at 130-135°C for 6 h with efficient stirring until no iPrOH
could be detected by '"H NMR spectroscopy (D,O; ca. 14 h). The materi-
al was recrystallized from 2-methyltetrahydrofuran/2,5-dimethyltetrahy-
drofuran 1:1. '"HNMR (250 MHz, C,Dg, 30°C, TMS): 6=2.52 (d, *J
(PH)=10Hz), 18.10ppm (t, 'J(FH)=118Hz, FHF"); “FNMR
(188.3 MHz, C,Dg, 30°C, 100 mg in 0.4mL): 6=-72.0 (d, J(PF)=
710 Hz, PF,7), —=99.9 (s, F), —151.9 (s, BF,"), —155.5 ppm (d, 'J(H,F)=
118 Hz, FHF"); according to the integration the product contained F~
(90.3 mol %), FHF ™ (8.5 mol %), BF,” (0.4 mol %), and PF,;~ (0.7 mol %);
elemental analysis calcd (%) for C,,H,,N;;FPs (758.8): (for 2-F+1.5H,0;
weighing of the sample was performed without exclusion of moisture): C
36.68, H 9.62, N 28.52; found: C 36.92, H 9.39, N 28.36.

Tetrakis| cyclohexyl(methyl)amino ]Jphosphonium fluoride (3-F): The solu-
tion obtained from 3-BF, (9.46 g, 16.7 mmol) in absolute MeOH (15 mL)
according to the general procedure was dried until at 35°C and 20 mbar
no further solvent distilled. Then 2,2-dimethyl-1-propanol/toluene 3:1
(5 mL, instead of iPrOH) was added five times; after each addition the
solvent was evaporated as described above. Before transferring the flask
to the vacuum apparatus more of the solvent mixture (5 mL) was added.
The temperature was raised to 120°C over a period of 6 h and kept at
this temperature with efficient stirring for 36 h. The resulting colorless
crystalline material (7.91 g, 95%), m.p. 248°C, was analyzed and shown
to contain 98 % “naked” fluoride, according to a titration in THF with 9
and triphenylmethane as indicator. '"H NMR (250 MHz, D,0, CD;CN,
30°C, TSP): 6=0.90-1.85 (m, 40H; CH,), 2.68 (d, *J(P,H)=10 Hz, 12H;
NCHj), 3.06 ppm (m, 4H; NCH); "’F NMR (100 MHz, C¢Ds, 30°C): 6=
-96.8 (s, F7), —154ppm (d, J(HF)=125Hz, FHF"); *PNMR
(100 MHz, CDCl;, 30°C): 0=45.3 ppm (s); elemental analysis calcd (%)
for C,sHsN,PF (498.8): (for 3-F+2.5H,0; weighing of the sample was
performed without exclusion of moisture): C 61.85, H 11.30, N 10.30;
found: C 61.69, H 10.88, N 10.89.

Tetrakis[ (tri-1-pyrrolidinylphosphoranyliden)amino Jphosphonium  fluo-
ride (7-F): The mixture obtained from 7-BF, (6.55 g, 5.76 mmol) accord-
ing to the general procedure was dried (attention, vigorous bumping may
occur!) for 5 h at room temperature. Then the temperature was raised to
80°C over a period of 1 h and kept at this temperature with efficient stir-
ring until the product had completely solidified (ca. 2 h). According to
"HNMR spectroscopy the material contained more than one equivalent
of iPrOH. To guarantee a thorough mixing, the material was scratched
from the wall of the flask and finely grounded under N, (dry box). The
flask with the powdered material was then again connected to the high
vacuum apparatus and heated at 80°C for 6 h, at 100°C for 13 h, and at
120°C for 22 h. To avoid the formation of lumps, the bath was repeatedly
replaced by an ultrasonic bath for 30 min. The resulting colorless crystal-
line material (5.67 g, 92%), m.p. 235°C (decomp), was analyzed and
found to contain 87+5% “naked” fluoride, according to a titration in
THF with 9 (triphenylmethane as indicator). '"H NMR (250 MHz, D,0,
CD;CN, 30°C, TSP): 6=1.75 (m, 48H; NCH,CH,), 3.18 ppm (m, 48H;
NCH,CH,); “F NMR (188 MHz, chlorobenzene/C¢Ds, 30°C): 6 =—104.8
(s, F7), —153.9 (s, BF,), —1588ppm (d, J(H,F)=113 Hz, FHF");
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S'PNMR (100 MHz, chlorobenzene/CeDs, 30°C): 6=-33.4 (quint,
2J(P,P)=48.3 Hz, 1P), —9.2 ppm (d, 4P); elemental analysis calcd (%)
for CysHyN,(FPs (1071.3): (for 2-F+3.5H,0; weighing of the sample was
performed without exclusion of moisture): C 50.83, H 9.15, N 19.76;
found: C 50.74, H 8.44, N 19.55.

General procedure for the reaction of 1-iodoundecane with fluoride sour-
ces: The indicated number of equivalents (amount) of the fluoride source
formed a slurry or was dissolved in the corresponding solvent
(4 mLmmol ™" of fluoride source), the appropriate number of equivalents
of additives were added, and the mixture was stirred for 5 min. The mix-
ture was brought to the indicated temperature and 1l-iodoundecane
(36.8 pL., 45.2 mg, 0.160 mmol) was added all at once with efficient stir-
ring. After the indicated time at the indicated temperature, the mixture
was either quenched with MeOH (250 uL) (reactions run below 0°C) or
a sample (250 pL) was taken from the reaction mixture (reactions run
above 0°C); H,O (1 mL or the indicated amount) and pentane (1 mL or
the indicated amount) were added to the reaction mixture (or the 250 pL.
sample), the mixture was shaken, and a sample of the pentane phase was
directly subjected to GC injection. GC (analyt., Varian 3700, quartz
column SE 30/25 m, integrator Varian CDS 111; column temperature
60°C, temperature Program 10°Cmin " till 150°C, injector temperature
170°C, detector temperature 170°C): 8.73-9.62 min: 1-undecene; 10.43—
11.21 min: 1-fluoroundecane (identified by 'H NMR spectroscopy);
13.31-13.35 min: unidentified; 14.16 min: 1-undecanol; 21.34-23.88 min:
1-iodoundecane.

Lanosta-2,8-diene!*™*”! from 16: A slurry of 1-F (720 mg, 2.00 mmol) in
THF (3 mL) was prepared, and a solution of 16 (378 mg, 0.660 mmol)
dissolved in THF (2 mL) was added. The mixture was stirred for 30 min
at room temperature. After addition of H,O (10 mL) the mixture was ex-
tracted with Et,0 (3x10 mL), the combined ethereal phases were dried
over Na,SO,, and the solvent was removed in vacuo. After filtration over
a short column (silica, PE 30/50), the product was recrystallized from
EtOH, affording colorless crystals (271 mg, 99%). M.p. 86°C (lit.[! 83—
84°C), R;=0.64 (silica/cyclohexane); "H NMR in accord with literature
values; BCNMR (100.6 MHz, CDCl,, 30°C, TMS): 6=138.2 (C-2),
135.1 (C-8), 133.1 (C-9), 121.9 (C-3), 50.6 (C-17), 50.1 (C-14), 48.4 (C-5),
44.5 (C-13), 39.6 (C-24), 37.9 (C-1), 36.5 (C-20,C-22), 36.4 (C-4), 35.0 (C-
10), 31.8 (C-29), 31.2 (C-12), 31.1 (C-15), 28.2 (C-16), 28.0 (C-25), 26.3
(C-7), 24.3 (C-28), 24.2 (C-23), 22.8 (C-7), 22.7 (C-26), 28.0 (C-25), 26.3
(C-7), 24.3 (C-28), 24.2 (C-23), 22.8 (C-27), 22.7 (C-26), 22.6 (C-19), 20.8
(C-11), 19.4 (C-6), 18.8 (C-21,C-30), 15.9 ppm (C-18); elemental analysis
caled (%) for CyHs, (410.7): C 87.73, H 12.27; found: C 87.65, H 12.22.
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