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A New Class of Chiral Phosphazene Bases: Synthesis and Characterization
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Chiral examples of phosphazene bases 2a-c¢ were synthe-
sized by treatment of (S)-2-(dialkylaminomethyl)pyrrolidine
la—c, derived from 5-o0xo-(S)-proline, with phosphorus penta-
chloride and subsequent addition of gaseous ammonia. The
phosphazenes 2a—c were isolated as HBF, salts in high yields
and fully characterized by 'H, 3C and 3'P NMR spec-
troscopy, various 1D and 2D NMR experiments and mass

spectrometry (EI). The molecular structure and the absolute
configuration of the salts 2a-c-HBF, were determined by X-
ray analysis. DFT calculations indicate that 2a is more basic
than the Schwesinger base P; by approximately nine pK,
units.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Uncharged organic bases have been found to be efficient
and irreplaceable reagents in base-mediated transforma-
tions. Several different families of strong neutral bases,
phosphazenes,™  guanidines,®  amidines,”  Proton-
Sponges® [1,8-bis(dimethylamino)naphthalenes]' and pro-
azaphosphatranes® have emerged. The phosphazene bases
developed by Schwesinger belong to the family of very
strong and non-metallated organic bases.’l In acetonitrile
these triaminoiminophosphoranes show extreme basicity
up to pKgy~+ values of 50 and have been used in various
selective deprotonation reactions.”>8!  Schwesinger-type
bases have a general structure of (R,N);P=N-R and their
basicity strength increases with the number of phosphazene
units. Thus, the high basicity, or rather the lower nucleophi-
licity, is based on the increased steric hindrance and the
participation of various donors to the conjugation in the
cation structure. Today, many of these bases are commer-
cially available and offered as monomeric (P,), dimeric (P,)
and tetrameric (P4) reagents (Figure 1).

Furthermore, phosphazene bases have broad applica-
tions in organic synthesis and can be used for Michael ad-
dition,P! alkylation,[' silylation!'!! and heterocumulenel'?!
reactions. Polyphosphazenes of the type [(RO),P=N] are
one of the most studied macromolecules due to both aca-
demic and industrial interest.['3] The development of new
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Figure 1. Phosphazene bases.

synthetic methods for polyphosphazene units has lead to
an increased activity in this field.' Applications of
Schwesinger bases in asymmetric synthesis are limited.['”!
For instance, the catalytic enantioselective synthesis of a-
amino acid derivatives by using BEMP (2-fert-butylimino-
2-diethylamino-1,3-dimethylperhydro-1,3,2-diazaphosphor-
ine) and a quaternary ammonium salt catalyst has been re-
ported by O’Donnell.['% In 1999, the first chiral iminophos-
phoranes of the type (R,N);P=N-R with a stereogenic
phosphorus centre were reported.[!”]

Our ongoing research is devoted to the development of
chiral organic bases containing a (5)-2-(dialkylami-
nomethyl)pyrrolidine unit and to their use in asymmetric
synthesis. Based on our previous studies on the preparation
and synthetic utility of chiral guanidines it is the aim of this
article to explore a new class of phosphazene bases starting
from chiral 1,2-diamines.

Results and Discussion

The synthesis of enantiomerically pure 1,2-diamines such
as la—c follows a route described by Amedjkouh,!'] starting
from the commercially available 5-oxo-(S)-proline by for-
mation of a diastereomerically pure oxazolidinone deriva-
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Scheme 1. Formation of the 1,2-diamines 1a—¢; 1a: R = pyrrolidin-1-yl, 1b: R = morpholin-4-yl and 1¢: R = piperidin-1-yl.
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Scheme 2. Synthesis of the HBF, salts of the chiral phosphazenes 2a—¢ (for R see Scheme 1).

tive (A). Opening of the oxazolidinone ring with the corre-
sponding secondary amine (B) and subsequent reduction of
the amide groups (C) provides the chiral 1,2-diamines la—c
(Scheme 1). For the formation of the chiral 1,2-diamines,
we obtained similar results for 1a and 1c as in the original
procedure and also applied this concept in order to prepare
1b in good yield.

The syntheses of chiral phosphazenes 2a-c¢ were ac-
complished as depicted in Scheme 2, according to Schwes-
inger’s procedure.”®! One-pot reactions of three equivalents
of la—c with PCls in dichloromethane and triethylamine
at —50 °C gave the chlorophosphonium salts 3, which were
used without further purification. Subsequently, com-
pounds 3 were converted into the chiral phosphazenes 2a—
¢ by saturation of the solution with NH; gas. After fil-
tration, to remove ammonium chloride, we decided to pu-
rify the viscous crude products 2a—¢ by formation of their
tetrafluoroborate salts. Treatment of the phosphazene bases
2a—c with aqueous NaBF, solution afforded the tetrafluo-
roborate salts 2a—c-HBF, as white solids in moderate to
good yields (Table 1). Due to their improved manageability
the resulting salts 2a—c-HBF,4 were isolated and fully char-
acterized (Scheme 2).

Table 1. Prepared HBF, salts of 2a—c.

HBF, salts 1,2-Diamine R Yield [%] [a]5:

2a la pyrrolidin-1-yl 87.4 -17.97
2b 1b morpholin-4-yl 53.0 -21.88
2c 1c piperidin-1-yl 87.4 —-14.55

In order to show that the phosphazene bases 2a-—c are
stable under aqueous conditions, we synthesized the corre-
sponding phosphoric acid triamide of 2a and compared the
3P NMR spectroscopy data with those of 2a-HBF, (5 =
29.8 ppm). The phosphoric acid triamide of 2a showed a
3P NMR resonance at § = 19.5 ppm in chloroform solu-
tion. This value compares well with results reported by
Hoeg-Jensen et al. for the 3'P NMR resonance of the P=0O
group in tripyrrolidinophosphane oxide (5 = 14.9 ppm).[2%

Eur. J. Org. Chem. 2006, 4128-4134

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Based upon these results we conclude that hydrolysis of the
phosphazene bases 2a—c¢ does not occur during aqueous
work up.

Release of the free bases 2a—¢ were conveniently achieved
by treatment of 2a-c-HBF, with KOMe in anhydrous
MeOHPY! followed by distillation in high vacuum. The re-
sulting phosphazene bases 2a—c are highly viscous.

The molecular structures of 2a—¢c-HBF, in solution were
established from their NMR ('H, 3C, 3'P, DEPT 135,
HMQC, HMBC and EXSY) spectroscopic data. As a con-
sequence of the chirality at the C2 stereo center, the geminal
protons of the methylene groups are anisochronous and the
'H spectra of 2a—c-HBF, show multiplets in the range 1.40
to 3.90 ppm. The '3C NMR spectra of 2a—c-HBF, display
the required number of signals for one ligand unit, thereby
indicating that all three ligands have the same chemical en-
vironment and thus, the HBF, salts of 2a—¢ have time-
averaged C; symmetry in solution (Figure 2). Furthermore,
the signals for methylene carbons C3, C4, C5 and C6 in
2a-HBF, split into two equivalent singlets due to coupling
with the phosphorus atom. The coupling constant (/) be-
tween P and C2 is 7.8 Hz.

The 3'P NMR spectrum of 2a-HBF, shows two sharp
signals at 0 = 29.8 ppm (major) and 32.7 ppm (minor) with
a 91:9 intensity ratio, indicating two detectable species of
2a-HBF, in chloroform solution (Figure 3). 3'P-3!P EXSY
NMR was recorded for 2a-HBF, in order to determine a
change in conformation between these species. No charac-
teristic cross peaks appeared in the corresponding part of
the EXSY NMR spectrum. This observation can be ex-
plained by the independent existence of both species in
solution. In addition to the standard 2D experiments, the
proton resonances of the major product can be assigned
using '"H-*'"P HMBC NMR due to the corresponding phos-
phorus atom, whereas the proton resonances of the major
product overlay those of the by-product.

The experiments performed allow us to conclude that
both species of 2a-HBF, have the same chemical environ-
ment. However, in solution the additional proton is at dif-
4129
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Figure 2. 1*C NMR spectrum of 2a-HBF, measured at 62.9 MHz in CDCl; at room temperature.
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Figure 3. 3'P NMR spectrum of 2a-HBF, measured in CDCl; at
room temperature.

ferent positions with respect to the phosphorus atom in
solution (Figure 3). In the *'P NMR spectra of the HBF,
salt of 2b and 2¢, a sharp major signal was also observed
at 0 = 29.5 ppm and 6 = 30.2 ppm with intensity ratios of
90:10 and 96:4, respectively.

The molecular weights and formulae of the prepared chi-
ral phosphazenium salts 2a—c-HBF, were determined by
mass spectroscopy as well as by elemental analysis. The
mass spectra of 2a—c:HBF, revealed molecular peaks at the
mlz value corresponding to [M—BF,]* and indicated the
loss of the tetrafluoroborate counterion. The base peaks at
the m/z = 84 [2a-HBF,], 100 [2b-HBF,] and 98 [2¢c-HBF,]
result from an a-cleavage relative to the side chain.

Single-crystal X-ray analysis of 2a-c:HBF, was per-
formed in order to confirm its molecular structure and in
particular to assign the absolute configurations of the three
chiral carbon atoms C(1), C(2) and C(3) present in the
molecule (2a-HBF,: Figure 4, Table 2. For the X-ray struc-
tures of 2b—c-HBF, cf. paragraph “Crystal Structure Deter-
mination”).
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Table 2. Selected bond lengths [A] and bond angles [°] for 2a-HBF,.

Bond lengths

Bond angles

P-N(1) 1.597(2) N(1)-P-N(2)  104.77(13)
P-N(2) 1.617(2) N(1)-P-N(3)  113.76(13)
P-N(3) 1.628(2) N(1) P-N@4)  111.78(13)
P-N(4) 1.637(2) N(2) P-N(3)  111.09(12)
C(2)-N(2) 1.494(3) NQ2)-P-N@)  112.77(12)
C(1)-N@3) 1.470(3) NG3)-P-N@)  102.93(12)

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 4. X-ray crystal structure of 2a-HBF,, the tetrafluoroborate
group and the non-relevant hydrogen atoms are omitted for clarity.

As shown in Figure 4, the X-ray analysis of 2a-HBF,
confirms the structural properties and gives evidence for the
expected (S)-configuration of the carbon atoms C(1), C(2)
and C(3). The local symmetry of the arrangement of the
three 1,2-diamine units around the phosphorus tends to be
C;. Compared to the situation in solution (benzene, room
temperature), in the 'H and '*C NMR spectra of 2a—

Eur. J. Org. Chem. 2006, 4128-4134
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c¢-HBF, only one set of signals is present for the major com-
pound, in which the possible conformers most likely coex-
ist. The interconversion of these conformers is too fast for
the NMR timescale and thus, in all recorded 'H and '3C
NMR spectra only averaged signals were observed. The up-
per part of the crystal structure forms a pocket similar to
an enzyme consisting of the four nitrogen atoms N(7), N(5),
N(6) and N(1). In addition to its high basicity, the phos-
phazene skeleton most likely has the possibility to complex
metals. Comparable results were also observed for the com-
pounds 2b-HBF, and 2¢-HBF,.

Finally, we estimated the pK, values or rather the relative
basicities of the new phosphazene bases 2a-c¢ by using
NMR tube experiments ('H, '3C, HSQC-DEPT). The reac-
tion between 2a and nitromethane in benzene formed an
equilibrium mixture that could be quenched with deuter-
ated methanol to confirm the formation of the nitrometh-
ane anion (Scheme 3, a).

a) CD;0D
b) CD3NO,

2a+ CH3N02 2a-H* + CH2N02_

Scheme 3. Equilibrium between the phosphazene 2a and nitro-
methane.

The '3C NMR spectrum displays an overlapped triplet
at § = 61.5 ppm with a coupling constant 'Jep = 22 Hz for
CH,DNO, and quintet at 6 = 61.3 ppm with a coupling
constant 'Jep = 22 Hz for CHD,NO,. The 'H NMR spec-
trum gave the corresponding triplet at § = 3.613 ppm (*Jup
= 1.9 Hz), overlapped by a quintet at § = 3.600 ppm (*Jup
= 2.0 Hz), indicating the presence of CH,DNO, and
CHD,NO,. A HSQC-DEPT NMR experiment performed
at 30 °C on the quenched equilibrium mixture confirmed
our assignment of the 'H and '3C NMR signals by the pres-
ence of the expected peak pattern. Additionally, we per-
formed a second NMR measurement to support the meth-
anol quenching experiment by using CD3NO, as the deute-
rium source (Scheme 3, b). Upon treatment of the benzene
solution with an excess of deuterated nitromethane, both
'H and '3C NMR spectra provided the aforementioned
overlapping peak pattern.

To further quantify the pK, value of 2a, we calculated
the free energy change for the following reaction in the gas
phase:

23+P]‘H+ —> 23‘H++P|

These calculations at the B98/G3MP2Large//B3LYP/6-
31+G(d) level of theory [for computational details see the
Supporting Information, P1 in his case: tert-butylimino-tri-
pyrrolidinophosphorane] revealed that the reaction is exer-
gonic with A,G = —50.7 kJmol™!. Using the relation ApK,
= A.G/[RT*In10] with T = 298.15 K, compound 2a is 8.9
pK, units more basic than Py.

We are intentionally not reporting DFT calculated abso-
lute pK, values at this point due to the fact that for reliable
calculations, one has to apply a more sophisticated theoreti-
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cal method which are not (yet) computationally feasible for
systems as large as those considered in this study.?®27 As
a result of fortuitous error cancellations, relative pK, calcu-
lations, also at lower levels such as those presented here, are
usually quite reliable.[*”)

The NMR experiments and DFT calculations clearly
indicate that the corresponding protonated form of 2a has
a pK, value of at least 28 in acetonitrile, since that repre-
sents the pK, value of nitromethane in acetonitrile.”®! In
comparison with the aforementioned commercially avail-
able P, bases (M“NpKpy+ = 26.5-28.4),2%18] the chiral
phosphazene base 2a should have a M*NpKp+ value of
approximately 35-37.

Conclusion

In order to produce chiral phosphazenes 2a—¢ we have
developed a synthesis for new phosphazene bases pos-
sessing three enantiomerically pure 1,2-diamines moieties
(S)-2-(dialkylaminomethyl)pyrrolidines 1la—-c. The latter
were synthesized in few steps starting from 5-oxo-(S)-pro-
line. After formation of the chiral 1,2-diamines la—c, treat-
ment with PCls followed by the addition of gaseous NHj
afforded 2a—¢, which were isolated as 2a—c-HBF, salts in
high yields. The molecular structures of 2a—c-HBF, in solu-
tion were characterized using correlated 2D NMR tech-
niques and the expected (S)-configuration of the three chi-
ral centers was confirmed by X-ray analysis.

The successful synthesis of the phosphazenes 2a—¢ pro-
vides a new type of chiral base, which will certainly be very
valuable for asymmetric synthesis.

Motivated by our deprotonation experiments and DFT
calculations, we are currently seeking to extend the chiral
phosphazene chemistry by investigating its application for
bases as enantioselective deprotonation reagents.

Experimental Section

General Remarks: All manipulations were carried out in an argon
atmosphere using standard Schlenk techniques. NMR spectra were
recorded on a Bruker AC 250 MHz and AC 400 MHz using the
residual solvent resonance as an internal standard. CDCl; (0 =
7.24, 6c = 77.0 ppm) and benzene (oy = 7.15, dc = 128.0 ppm) were
used as solvents. The geminal protons of the CH, groups were
listed as centered multiplets, 0 = X-Y ppm. Optical rotations were
recorded using a Polartronic E and are reported as [o]fy- values (¢
in g per 100 mL of solvent). Elemental analyses were conducted
by the microanalytical service in our department. IR spectra were
recorded using an ATR-BIORAD FTS-25 spectrometer. Mass
spectra were recorded using a Finnigan MAT SAQ 710 (EI) spec-
trometer. All compounds were fully characterized with microana-
lytical data (£0.4%). Anhydrous CH,Cl,, PCls, Ets;N and KOMe
solutions were commercially available and used without further pu-
rification. Chiral 1,2-diamines la—c¢ were prepared as described in
the literature.!'!

General Procedure for the Synthesis of 2a—cHBF,; 0.68g
(3.25 mmol) of PCls was dispersed in anhydrous CH,Cl, (20 mL)
in an argon atmosphere. To this suspension 1.5 g (9.75 mmol) of
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1a and then 0.99 g (9.75 mmol) of Et;N were added at —50 °C. Et;N
was used to eliminate the evolving HCI. The mixture was stirred
at —50 °C for 1 h and then the temperature was allowed to rise to
room temperature. Subsequently, the mixture was set aside over-
night. After cooling to —10 °C, the mixture was saturated with NH;
(25 min.) and stirred for 1 h. Precipitated NH4CI was filtered off
and the filtrate washed with CH,Cl, and the solvent removed at
reduced pressure. The brown oily crude product was dissolved in
water (10 mL) and 0.39 g (3.58 mmol) of aqueous NaBF, solution
was added. In the case of chiral diamine 1a, the precipitated residue
was filtered off and dried under high vacuum to give the phosphaz-
ene HBF, salt. In the cases of 1b and 1c, the resulting solution
was extracted with CH,Cl, (320 mL), the solvents were removed
under vacuum and the crude residue was stirred in diethyl ether to
afford the phosphazene HBF, salts as white solids.

General Procedure for the Liberation of the Phosphazene Bases from
HBF, Salts with KOMe:*" To a stirred solution of 1.0 g (1 equiv.)
of 2a-¢-HBF, in anhydrous MeOH (5 mL) a commercially available
KOMe (1 equiv.) solution was added. After stirring for 2 h, the
precipitated KBF, was filtered, the filtrate washed with anhydrous
MeOH and concentrated under vacuum. The crude residue was
purified by distillation in high vacuum to afford the free bases 2a—
¢ as highly viscous oils.

Tris[2-(pyrrolidin-1-ylmethyl)pyrrolidin-1-yl|phosphazenium Tetra-
fluoroborate (2a-HBF,): Yield 87.4%, m. p. = 126 °C. 'H NMR
(250 MHz, CDCl;, room temp.): 6 = 3.74 (m, 1 H, CH), 3.22 (m,
2 H, CH,), 2.68-2.32 (m, 2 H, CH,), 2.61-2.32 (m, 4 H, 2X CH,),
2.00-1.81 (m, 2 H, CH,), 1.98 (m, 2 H, CH,), 1.75 (m, 4 H,
2x CH,) ppm, NH protons not detected at room temperature. '*C
NMR (62.5 MHz, CDCl;, room temp.): 6 = 61.4 (CH,), 57.9 (CH),
54.2 (2%x CH,), 46.3 (CH,), 30.8 (CH,), 24.4 (CH,), 23.5 (2x CH,)
ppm. 3'P NMR (162 MHz, CDCl;, room temp.): 6 = 29.8 ppm. IR
(KBr): ¥ = 3277 (NH), 2966-2788 (CH), 1460, 1362, 1341, 1263,
1213, 1147, 1121, 1092, 1054, 877 cm™'. MS (DEI): m/z (%) = 506
(10) [M-HBF,]*, 84 (100) [M-C,,H43NgP]*. C,;Hs3N,PBF,
(593.54): caled. C 54.64, H 9.00, N 16.52; found C 54.40, H 8.84,
N 16.47. [a]) = -17.97 (¢ = 2.56, CH,Cl,).

Tris[2-(pyrrolidin-1-yl-methyl)pyrrolidin-1-yl|phosphazene (2a): 'H
NMR (250 MHz, [Dg]benzene, room temp.): 0 = 4.05 (m, 1 H, CH),
3.26-2.92 (m, 2 H, CH,), 2.65-2.47 (m, 2 H, CH,), 2.52 (m, 4 H,
2xCH,), 1.99-1.86 (m, 2 H, CH,), 1.69 (m, 2 H, CH,), 1.58 (m, 4
H, 2xCH,) 0.50 (s, 1 H, NH) ppm. 3C NMR (62.5 MHz, [Dg]-
benzene, room temp.): 6 = 61.5 (CH,), 57.7 (CH), 54.8 (2X CH,),
46.6 (CH,), 29.9 (CH,), 25.3 (CH,), 24.0 (2x CH,) ppm. 3'P NMR
(162 MHz, [Dg]benzene, room temp.): 6 = 34.0 ppm. C,;Hs5,N,P
(505.74): caled. C 64.12, H 10.36, N 19.39; found C 63.87, H 10.52,
N 19.30.

Tris[2-(morpholin-4-ylmethyl)pyrrolidin-1-yl]phosphazenium Tetra-
fluoroborate (2b-HBF,): Yield 36.4%, m. p. = 145°C. '"H NMR
(250 MHz, CDCl;, room temp.): 6 = 3.87 (m, 1 H, CH), 3.69 (m,
4 H, 2xCH,), 3.23 (m, 2 H, CH,), 2.63-2.52 (m, 4 H, 2xCH,),
2.58-2.23 (m, 2 H, CH,), 2.04-1.86 (m, 2 H, CH,), 1.96 (m, 2 H,
CH,) ppm, NH protons not detected at room temperature. '*C
NMR (62.5 MHz, CDCl;, room temp.): d = 66.6 (2xCH,), 63.8
(CH,), 56.0 (CH), 54.0 (2xCH,), 46.3 (CH,), 30.6 (CH,), 24.3
(CH,) ppm. 3'P NMR (162 MHz, CDCl;, room temp.): § =
29.5 ppm. IR (KBr): ¥ = 3352 (NH), 2959-2849 (CH), 1458, 1309,
1276, 1210, 1118 (COC), 1053 (COC), 995cm~'. MS (DEI):
mlz (%) = 553 (7) [M—HBF,]*, 100 (100) [M—CyH43NsO,P]".
C,;H53N;0;PBF, (641.54): calcd. C 50.55, H 8.33, N 15.28; found
C 50.18, H 8.32, N 15.14. [a]® = -21.88 (¢ = 2.59, CH,CL,).
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Tris[2-(morpholin-4-ylmethyl)pyrrolidin-1-yl]phosphazene (2b): 'H
NMR (250 MHz, [Dg]benzene, room temp.): 6 = 4.14 (m, 1 H, CH),
3.71 (m, 4 H, 2XCH,), 3.12-2.97 (m, 2 H, CH,), 2.66-2.19 (m, 2
H, CH,), 2.55-2.41 (m, 4 H, 2XCH,), 1.97 (m, 2 H, CH,), 1.77
(m, 2 H, CH,), 0.70 (s, 1 H, NH) ppm. *C NMR (62.5 MHz, [Dg]-
benzene, room temp.): 6 = 67.2 (2X CH,), 64.0 (CH,), 56.0 (CH),
54.9 (2x CH,), 46.4 (CH>), 29.9 (CH,), 25.2 (CH,) ppm. 3'P NMR
(162 MHz, [Dg]benzene, room temp.): 0 = 34.4 ppm. C,;Hs,N,05P
(553.73): caled. C 58.57, H 9.47, N 17.71; found C 58.17, H 9.58,
N 17.27.

Tris|2-(piperidin-1-ylmethyl)pyrrolidin-1-yl]phosphazenium  Tetra-
fluoroborate (2¢:HBF,): Yield 87.4%, m. p. = 164 °C. 'H NMR
(400 MHz, CDCls, room temp.): 6 = 7.51 (s, 2 H, NH), 3.78 (m, 1
H, CH), 3.28-3.19 (m, 2 H, CH,), 2.49-2.38 (m, 4 H, 2xCH,),
2.47-2.14 (m, 2 H, CH,), 2.00-1.80 (m, 2 H, CH,), 2.00-1.93 (m,
2 H, CH,), 1.54 (m, 4 H, 2xCH,), 1.49 (m, 2 H, CH,) ppm. *C
NMR (100 MHz, CDCls, room temp.): 0 = 64.4 (CH,), 56.4 (CH),
55.1 (2x CH,), 46.1 (CH,), 30.7 (CH,), 25.8 (2 x CH,), 24.4 (CH,),
24.0 (CH,) ppm. 3P NMR (162 MHz, CDCl;, room temp.): § =
30.2 ppm. IR (KBr): ¥ = 3375 (NH), 2934-2815 (CH), 1451, 1389,
1282, 1203, 1128, 1092, 1050 cm™'. MS (DEI): m/z (%) = 547 (5)
[M-HBF,]*, 98 (100) [M—C,4H47N¢P]*. C30Hs5oBF,N,P (635.46):
caled. C 56.69, H 9.36, N 15.43; found C 56.70, H 9.66, N 14.97.
[a]F) = -14.55 (¢ = 2.61, CH,Cl,).

Tris[2-(piperidin-1-ylmethyl)pyrrolidin-1-yl|phosphazene (2¢): 'H
NMR (400 MHz, [Dg]benzene, room temp.): 0 = 4.13 (m, | H, CH),
3.30-2.98 (m, 2 H, CH,), 2.63-2.18 (m, 2 H, CH,), 2.57-2.36 (m,
4 H, 2xXCH,), 1.98-1.88 (m, 2 H, CH,), 1.72 (m, 2%x4 H, CH,),
1.51 (m, 2 H, CH,), 1.31 (m, 2 H, CH,), 0.62 (s, 1 H, NH) ppm.
13C NMR (100 MHz, [D¢]benzene, room temp.): 6 = 64.5 (CH,),
56.6 (CH), 55.8 (2xCH,), 46.6 (CH,), 30.0 (CH,), 25.8 (2% CH,),
25.3 (CH»), 25.0 (CH,) ppm. 3'P NMR (162 MHz, [Dg]benzene,
room temp.): 0 = 34.3 ppm. C3oHsgN,P (547.82): caled. C 65.78, H
10.67, N 17.90; found C 65.53, H 10.40, N 17.72.

NMR Tube Experiments

2a (0.833 mmol) was dissolved in anhydrous deuterated benzene
(0.5 mL) and nitromethane (50 pL, 0.917 mmol) was added with a
syringe. The solution was left to stand for at least 24 h to allow
for equilibration (yellow solution). Finally, an excess of deuterated
methanol (200 pL, nitromethane) was added and the NMR experi-
ments were performed.

Crystal Structure Determination

The intensity data for the compounds was collected using a Nonius
Kappa CCD diffractometer, using graphite-monochromated Mo-
K, radiation. Data were corrected for Lorentz and polarization ef-
fects, but not for absorption effects.?!-2?]

The structures were solved by direct methods (SHELXS?3) and
refined by full-matrix least-squares techniques against F,2
(SHELXL-974). For the amine groups of 2a-HBF,, 2b-HBF, and
2¢-HBF,, the hydrogen atoms were located by difference Fourier
synthesis and refined isotropically. All other hydrogen atoms were
included at calculated positions with fixed thermal parameters. All
non-hydrogen atoms were refined anisotropically.?* XP (SIE-
MENS Analytical X-ray Instruments, Inc.) was used for structure
representations.

Crystal Data for 2a-HBF4P>! [C,,Hs;N,P]* [BF,, M, =
593.54 gmol™!, colorless prism, size 0.04 x0.04 x 0.04 mm?, ortho-
rhombic, space group P2,2,2,, a = 9.4780(2), b = 12.9628(2), ¢ =
25.4777(6) A, V = 3130.23(11) A3, T = -90°C, Z = 4, peyiea. =
1.259 gem 3, 1 (Mo-K,) = 1.41 cm™!, F(000) = 1280, 20441 reflec-
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tions in /(-12/10), k(-15/16), [(-31/33), measured in the range 2.24°
= 0 = 27.50°, completeness O, = 99.7%, 7170 independent re-
flections, R, = 0.045, 5742 reflections with F, > 4c(F,), 367 pa-
rameters, 0 restraints, Ryops = 0.057, wRsops = 0.142, Ry, = 0.077,
wR> = 0.156, GOOF = 1.025, Flack parameter 0.05(11), largest
difference peak and hole: 0.605/-0.445 ¢-A-3.

Crystal Data for 2b-(HBF4):>% [C,,Hs3N;O5P]* [BF4, M, =
641.54 gmol !, colorless prism, size 0.06%0.05>%0.05 mm?, mono-
clinic, space group P2,, a = 10.4725(3), b = 11.1231(5), ¢ =
14.9360(7) A, = 104.598(3)°, V = 1683.68(12) A3, T'=-90°C, Z
=2, peaed. = 1.265 gem™, u (Mo-K,) = 1.43 cm™!, F(000) = 688,
11509 reflections in A(—13/13), k(-13/14), I(~19/15), measured in the
range 3.85° = O = 27.49°, completeness O, = 98.7%, 7187 inde-
pendent reflections, Ry, = 0.063, 6059 reflections with F, > 4c(F,),
386 parameters, 1 restraints, R ops = 0.066, WRyops = 0.172, Ry =
0.081, wR,,; = 0.186, GOOF = 1.028, Flack parameter 0.12(12),
largest difference peak and hole: 0.522/-0.622 e-A 3.

Crystal Data for 2¢-(HBF4):>3 [C30HsoN,P]* [BF4*H,0, M, =
653.64 gmol ™!, colorless prism, size 0.06%0.06x0.04 mm?, ortho-
rhombic, space group C222,, a = 10.3975(4), b = 17.9047(6), ¢ =
38.3944(12) A, V = 7147.714) A3, T = -90°C, Z = 8, peaiea. =
1.215gem™3, 1 (Mo-K,) = 1.32 cm™!, F(000) = 2832, 17100 reflec-
tions in i(-13/13), k(-23/23), [(-49/46), measured in the range 2.27°
= 0 = 27.51°, completeness O, = 98%, 7763 independent reflec-
tions, Ry, = 0.057, 6099 reflections with F, > 4c(F,), 404 param-
eters, 0 restraints, Rjops = 0.066, wR,ons = 0.153, Ry, = 0.090,
WR-, = 0.167, GOOF = 1.046, Flack parameter —0.03(13), largest
difference peak and hole: 0.479/-0.347 ¢-A 3.

Supporting Information (see footnote on the first page of this arti-
cle): Computational details, absolute energies and Cartesian coor-
dinates of the calculated structures.
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