JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Article

Guanidinophosphazenes: Design, Synthesis,
and Basicity in THF and in the Gas Phase

Alexander A. Kolomeitsev, limar A. Koppel, Toomas Rodima, Jan Barten, Enno Lork,
Gerd-Volker Rschenthaler, Ivari Kaljurand, Agnes Kitt, lvar Koppel, Vahur Memets, and Ivo Leito

J. Am. Chem. Soc., 2005, 127 (50), 17656-17666¢ DOI: 10.1021/ja053543n « Publication Date (Web): 25 November 2005
Downloaded from http://pubs.acs.org on March 25, 2009

—N \N*
~, ~n \

N \ W -
A U A
)q_?szh —_— /N IID—NPh —_— /N—|i>=NPh-——> \N%N_E:Nph
N
AN N-f N —N
/ / I T

N
P /N-\ AN

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 12 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja053543n

A\C\S

ARTICLES

Published on Web 11/25/2005

Guanidinophosphazenes: Design, Synthesis, and Basicity in
THF and in the Gas Phase

Alexander A. Kolomeitsev,* T llmar A. Koppel,** Toomas Rodima,* Jan Barten,$
Enno Lork,™ Gerd-Volker Roschenthaler,t Ivari Kaljurand,* Agnes Kiitt,* lvar Koppel,*
Vahur Maemets,* and Ivo Leito*#

Contribution from the Institute of Inorganic & Physical Chemistry, Lbrsity of Bremen,
Leobener Strasse, D-28334 Bremen, Germany, Department of Chemistrgrdityi of Tartu,

Jakobi 2 str, 51014 Tartu, Estonia, and Hansa Fine Chemicals GmbH, Leobener Strasse,
NW2 C, D-28359 Bremen, Germany

Received May 31, 2005; E-mail: kolomeit@chemie.uni-bremen.de; iimar.koppel@ut.ee; ivo.leito@ut.ee

Abstract: A principle for creating a new generation of nonionic superbases is presented. It is based on
attachment of tetraalkylguanidino, 1,3-dimethylimidazolidine-2-imino, or bis(tetraalkylguanidino)carbimino
groups to the phosphorus atom of the iminophosphorane group using tetramethylguanidine or easily available
1,3-dimethylimidazolidine-2-imine. Seven new nonionic superbasic phosphazene bases, tetramethylguani-
dino-substituted at the P atom, have been synthesized. Their base strengths are established in
tetrahydrofuran (THF) solution by means of spectrophotometric titration and compared with those of eight
reference superbases designed specially for this study, P,- and Ps-iminophosphoranes. The gas-phase
basicities of several guanidino- and N',N',N'',N''-tetramethylguanidino (tmg)-substituted phosphazenes and
their cyclic analogues are calculated, and the crystal structures of (tmg)sP=N-t-Bu and (tmg)sP=N-t-Bu-
HBF, are determined. The enormous basicity-increasing effect of this principle is experimentally verified
for the tetramethylguanidino groups in the THF medium: the basicity increase when moving from (dma)sP=
N-Bu (pKy = 18.9) to (tmg)sP=N-t-Bu (pK, = 29.1) is 10 orders of magnitude. A significantly larger basicity
increase (up to 20 powers of 10) is expected (based on the high-level density functional theory calculations)
to accompany the similar gas-phase transfer between the (dma);P=NH and (tmg)sP=NH bases. Far stronger
basicities still are expected when, in the latter two compounds, all three dimethylamino (or tetrameth-
ylguanidino) fragments are replaced by methylated triguanide fragments, (tmg),C=N—. The gas-phase
basicity (around 300—310 kcal/mol) of the resulting base, [(tmg).C=N—]sP=NH, having only one phosphorus
atom, is predicted to exceed the basicity of (dma)sP=NH by more than 40 powers of 10 and to surpass
also the basicity of the widely used commercial [(dma)sP=N]sP=N-t-Bu (-BuP,) superbase.

Introduction nonionic systems, allowing the deprotonation of a wide range

o h N f h | bl ; of weak acids, to give highly reactive weakly coordinated
rganic chemists routinely face the crucial problem of . . 4 anions.

selecting the appropriate base for the reaction to be performed. . . .
Although uncharged organic bases are usually weaker than their In this respect, the strong and hindered bases of the families
of cyclic amidines, phosphatranesand phosphazenes are of

inorganic counterparts, i.e., alkali-metal hydroxides, oxides, and
alkoxides, they have become widely used standard reagents in speC|aI interest for general and synthetic organic chemistry.
organic synthesis. They offer several advantages over the ionic 1 "€ first representative of a phosphazer!e base was prepared
bases, such as milder reaction conditions, better solubility, and by Issleib in the 1970% Subsequently, a simple, molar-scale
absence of a coordinating metal ibrin the past decade,
particular attention has been focused on the computational &) @KO,aevic B Hakst 2. %r?rgz'b%%%%oﬁéﬁzlff) (b) Makele
ovaeVvic, g em C OVHEVIC,

design and preparation of neutral organic superbases and proton( ) ?) Ban% C; MaIT(sm Z g Nﬁw Jd Chem2%04 58 zské?jee

4 . 4) (a) Raab, V.; Kipke, J.; Gschwind, R. M.; Sundermeye m. Eur. J
sponges:“ The cation-free strong neutral bases are strong 2002 1682-1692. (b) Raab, V. Harms, K.. Sundermeyer, J.. Kexit

B.; Maksig Z. J. Org. Chem2003 68, 8790-8797.
(5) Isobe, T.; Fukuda, K.; Yamaguchi, K.; Seki, H.; Tokunaga, T.; Ishikawa,

lUn!vers!ty of Bremen. T.J. Org. Chem200Q 65, 7779-7785 and references therein.
University of Tartu. (6) (a) Tang, J. S.; Dopke, J.; Verkade, J. 5Am. Chem. Sot993 115,
§Hansa Fine Chemicals GmbH. 5015-5020. (b) Kisanga, P. B.; Verkade, J.; Schwesinged, ®rg. Chem.
(1) (a) For comprehensive reviews on the application of phosphazene bases, 200Q 65, 5431-5432. (c) Verkade, J. GTop. Curr. Chem2003 223
see: Strong and Hindered Bases in Organic Synthesisvw.sigma- 1-44 and references therein.
aldrich.com/chemfiles, 2003, V. 3, No. 1. (b) Bensa, D.; Constantieux, T.;  (7) (a) Schwesinger, R.; Schlemper, Ahgew. Chem1987 99, 1212-1214
Rodriguez, JSynthesi§2004 923r927. and references therein. (b) Schwesinger, R.; Willaredt, J.; Schlemper, H.;
(2) Koppel, I. A.; Schwesinger, R.; Breuer, T.; Burk, P.; Herodes, K.; Koppel, Keller, M.; Schmitt, D.; Fritz, HChem. Ber1994 127, 2435-2454 and
I.; Leito, I.; Mishima, M. J. Phys. Chem. 001, 105 9575-9586 and references therein. (c) Schwesinger, R.; etLabigs Ann 1996 1055—
references therein. 1081.
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Scheme 1. Designations of the Substituents?@
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a|JUPAC names of the substituents: dma, dimethylamino; pyrr, tetra-
methyleneamino; ¢, (diaminomethylene)amino; tmg, [bis(dimethyl-
amino)methylene]amino; im, imidazolidin-2-ylideneamino; imen, 1,3-
dihydro-H-imidazol-2-ylideneamino; imme, (1,3-dimethylimidazolidin-2-
ylidene)amino.

imen imme

synthesis of tris(dialkylamino)iminophosphoranes and tris-
(dialkylamino)N-alkyliminophosphoranes (thg Bhosphazene
bases (dmaP=N-R, see Scheme 1 for substituent designations)
was developed by Marchenko et®l.Furthermore, the ho-
mologization principle— the use of a (dmgP=N— ligand on
phosphorus for synthesizing highly nucleophilic tris[tris(di-
methylamino)phosphinimino]phosphine and -phosphine oxide
was introducetland later usefor construction of a big family

of extremely strong noncharged organic bases:-Hg phosp-

However, the high cost and possible toxicity of the tris-
(dimethylamino)iminophosphorane bases derived from the
cytotoxic hexamethylphosphoramide (HMPTA) restrict the
broad application of polyphosphazene bases. Also, as shown
by Schwesingef,the progressive increase of the basicity of
phosphazene bases with increasing number of phosphorus atoms
levels out ath > 5.

In this paper we report a novel family of phosphazene bases
guanidinophosphazenesdesigned by introduction of guani-
dino or substituted guanidino (cyclic or acyclic) fragments into
the phosphazene structure (vide infra for detailed presentation
of this approach). The structures of the studied guanidinophos-
phazenes are presented in Scheme 2 (see Scheme 3 for related
bases and Scheme 1 for designations of substituents).

The tetramethylguanidino-substituted phosphine oxides, in-
cluding the [(dma)C=N]sP=0, which was prepared from
POCE and tetramethylguanidine (TMG), were synthesized by
Terry and Borkoveé? In contrast to HMPTA, the tmg-
substituted phosphine oxides showed no insect chemosterilizing
power. This led us to expect also the lower cytotoxicity for the
tetraalkylguanidinophosphazenes, especially for imme deriva-
tives.

Altogether 15 new superbasic phosphazene compounds (8
of them with tetraalkylguanidino substituents) and their HBF
or HBPh, salts were synthesized. Their basic strength in THF
(and the basicity of the (tmgEt,N)P=N-Ph in MeCN) was

hazene bases or iminophosphoranes, which are stronger baset§1easured. The basicity of some related compounds in THF was

than the well-known diazabicycloundecene (DBU) or triaza-
bicyclodecene (TBD) baség?1!

also measured. The gas-phase basicities of several “classical’
P1—P, aminophosphazenes, open-chain acyclic guanidino- or

These hydrolytically stable phosphazophosphazene basestetramethylguanidino-substituted &nd B phosphazenes, and

especially [(dmaP=N]sP=N-t-Bu (t-BuP;), immediately be-

their cyclic counterparts, substituted by the im, imen, and imme

came rather usefgl orgar_ﬂc reage_r_1ts: Besides the enhance?;roups (see Scheme 1), were predicted computationally using
basicity, theY combine (i) h'gh solubility In apolar to moderately the density functional theory (DFT) B3LYP approach with the
polar organic solvents, (i) easy handling and easier workup g 3111 G pasis set. We also report the crystal structure data

through cleaner reactions, (iii) low sensitivity to moisture and

oxygen, and (iv) the possibility to operate at lower temperature

for the 8c free base an@c-HBF,.

and higher selectivity. There are many examples demonstratingThe Principle of Design of the New Family of

the superiority of the polyaminophosphazenasd polymer-
supported polyaminophosphazene readéAtever common

Superbases
The main idea for construction of the new family of

inorganic and organic nitrogen bases in laboratory and industrial superstrong uncharged bases of the guanidinophosphazene type

organic syntheses.
A relative self-consistent basicity scale in tetrahydrofuran

(Scheme 2) is to apply, instead of the cytotoxic dialkylamine
and tris(dimethylamino)phosphazene, the strongly electron-

(THF) medium has been created, now spanning 24 orders ofdonating and presumably less to®idetramethylguanidirfo

magnitudet13 On going from phosphazenes with alkyl sub-
stituents, e.g., M#=N-R, to amino-substituted phosphazenes,
e.g., (dmagP=N-R, and especially to the phosphazo-substituted
phosphazenes, e.g., [(drsRFN]sP=N-R, a significant en-
hancement in the gas-phase basicity has been pretliatet
observed?

(8) (a) Issleib, K.; Lischewski, MSynth. Inorg. Met. Org. Chen1973 3,
255-264. (b) Marchenko, A. P.; Koidan, G. N.; Kudrjavtsev, A. Zh.
Obsch. Khim198Q 50, 679-680. (c) Koidan, G. N.; Marchenko, A. P.;
Kudrjavtsev, A. A.; Pinchuk, A. MZh. Obsch. Khim1982 52, 2001~
2011. (d) Appel, R.; Halstenberg, Mingew. Chem., Int. Ed. Endl977,
16, 263—-264.

(9) (a) Marchenko, A. P.; Koidan, G. N.; Pinchuk, A. M.; Kirsanov, A.Zh.
Obsch. Khim.1984 54, 1774-1782. (b) Koidan, G. N.; Marchenko, A.
P.; Pinchuk, A. M. A. V.Zh. Obsch. Khim1985 55, 1633-1634.

(10) Kaljurand I.; Kiit, A.; Soovdi, L.; Rodima, T.; Mamets, V.; Leito, I.;
Koppel, I. A.J. Org. Chem2005 70, 1019-1028.

(11) Kaljurand, I.; Rodima, T.; Pihl, A.; Memets, V.; Leito, I.; Koppel, I. A,;
Mishima, M. J. Org. Chem2003 68, 9988-9993.

(12) Taggi, A. E.; Hafez, A. M.; Wack, H.; Young, B.; Ferrarsi, D.; Lestka, T.
J. Am. Chem. So®002 124, 6626-6635.

(13) Rodima, T.; Kaljurand, I.; Pihl, A.; Mamets, V.; Leito, |.; Koppel, 1J.
Org. Chem.2002 67, 1873-1881.

(tmg) and (1,3-dimethylimidazolidin-2-ylidene)amino (imme)
fragments (see Scheme 1) as the building units and furthermore
to synthesize acyclic and cyclic bis(tetraalkylguanidino)car-
bimines (triguanides) [(AKN),C=N],C=NH for use as ligands
on phosphorus.

TMG combines strong basic Kp(THF) = 17.0, K(THF)
= 15.5)* and nucleophilic properties. Therefore, it is advanta-
geous to apply this compound and its easily available cyclic
analogue, 1,3-dimethylimidazolidine-2-imine (derived from
nontoxic 1,3-dimethyl-2-imidazolidone), as building blocks for
designing new cheap organic superbases for common use in
organic synthesis.

To be synthetically useful, the organic superbase (along with
having high intrinsic basicity) has to be a hydrolytically stable

(14) Terry, P. H.; Borkovec, A. BJ. Med. Chem1967, 10, 118-119.

(15) (a) Raczyska, E. D.; Cyranski, M. K.; Gutowski, M.; Rak, J.; Gal, J. F.;
Maria, P. C.; Darowska, M.; Duczmal, K. Phys. Org. Chem2003 16,
91-106. (b) Raczyska, E. D.; Maria, P. C.; Gal, J. F.; Decouzon, 34.
Phys. Org. Cheml994 7, 725-733.
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Scheme 2. Representative Structures of the Novel Guanidinophosphazenes

N\ AN
NH, < <N
HzN\k N/ " /N’&N \ N* .,
H,N X H,N N - ] ) —N N
1 P >,=N_P_N R X—P=N S N X
>§ —P= —P=N- =N- —P=N-R —P=N-| "
i S N—P=NH HN N E N-R _N\ ) \N 1 >N N E N-R EN>§N—|I°=NH
H,N N H
2 / —
\( T /\( X,
NH, U\ AN
(9)XX;P=NH (9);P=N-R (tmg)(X),P=N-R (tmg),(X)P=N-R (tmg);P=N-R (im)X,X,P=NH
X;=NH, X,=NH, 1 R=H 3a X=NH, R=H 6  X=NH, R=H 7 R=H 8a X1 =NH; X, =NH, 12
g NH, 2 Me 3b dma  Ph 9 dma  Ph 10 Et 8b im NH, 13
dma dma 4 +Bu 3¢ NEt, #Bu 11 tBu 8c im im 14
g dma 5 Ph  3d Ph 8d g g 22
NH
HzN\g 2 H.N
/ X 2
N X N X HzN\A\ \ / HNT=N X
O T g S 1
N N—B=NH N NTP=NH H,N ! \x H2N>¢N N=P=NH
H,N X
H % \ % 2 H,N
H,N
(imen)X,X,P=NH (imme)X, X,P=NH (9)sP=N-(X),P=NH (9),C=N-(X),P=NH
X; = NH, X2=:H2 15 X;=NH, X,=NH, 18 X=NH, 23 X=NH, 25
!men . H, 16 !mme .NHZ 19 g 24 (9),C=N 26
imen imen 17 imme imme 20
] g 21
Scheme 3. Structures of Some Related Bases
C ) N N\,
NH2 \N/ NH f;l NH2 NH2 \ N N
' Nl k: N—P=NR N e N—p=
HN=P=N-R NR=NR CN_F:NH , HN=P=N—P=NH Nh=N=p=neh
| N
NH, N NH, < 7 NH, NH, AN
(H,N);P=N-R (Me,N);P=N-R  (H,N),(Pyrr)P=N-R 29 (Pyrm)P=N-R (HN);P=NP(NH,),(=NH) 31  [(NMe,),P=N](NMe,),P=NPh 32c
R=H 27a R=H 28a R=H 30a I \
Me 27b Me 28b CgHy-4-NO, 30b N Nw—
Ph 27c Ph 28c ’;‘Hz /‘P: .
HzN_ﬁ—NHz \\N/ N/ rl\‘
I I
NH,  NH, NH NH NH N N—P=N—P=NR
H,N—P=N—P=NH \H: - NH, - NH, H,N—P=N—P=NH /oA N
! | H,N—P=N—P=N—P=NH ! ! N NN
NH, N 20 I I NH, N MARRN
HN— NH, NH, NH, i ~N" ‘W—
N—P—NH, HN=P—NH, \ /
NH, NH

[(H,N);P=N-,P(NH,)(=NH) 34 [(H,N);P=N]P(NH,),=N-P(NH,),(=NH) 37 [(H,N);P=N],P=NH 38 [(Me,N),P=N],P=NR

R=H 39a
t-Bu 39b
I | NH Ph 39¢c
N N 1 2 C,H,-4-OMe 39d
HZNYNHQ - Y ~ H,N~p—NH, ol
I [ i
N N l;l
! | P | P
~P< N N7 SNa N H,N_ N~ “Ng _NH
H,N 2N Ny NH, e Y Qr ~ 2 :F‘” N
Y \|/ N N HN \NH H N, ‘NH2
NH, NH, NN PR T2
[(H,N),C=N-],P 48 [(Me,N),C=N-],P 49 [(HN);P=N],P 50

compound. This requirement also applies to its protonated assumption is supported by our previous results on the use of
form — the respective salt with a highly reactive “naked” anion TMG for synthesizing a new generation of robust phase-transfer
(counterion). We assume that significant delocalization of the (PT) catalysts with delocalized lipophilic cations (DLG%).he
positive charge over the tmg groups due to the conjugation of introduction of one electron-donating tmg group into carbonium
guanidino moieties with either a phosphorus atom of guanidi-

nophosphazene or a phosphonium center will reduce the (16) For recent results in the intensely studied DLCs presently used for selective
electrophilic character of phosphorus, providing the respective ~ freatment of cancer, see: (a) Shedden, K.; Rosania, GAdk. Pharm.

X i X ? ™ X 2004 1, 267-280. (b) Modica-Napolitano, J. S.; Nalbandian, R.; Kidd,
bases and phosphonium salts with high hydrolytic stability. This M. E.; Nalbandian, A.; Nguyen, C. Cancer Lett2003 198 59-68.
17658 J. AM. CHEM. SOC. = VOL. 127, NO. 50, 2005
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or phosphonium centers and three tmg substituents to a The free base was prepared according to the general procedure
sulfonium center provided cations with enhanced stability under described below. To 15.9 g (33.4 mmol) &&HBF, was added 33.4
extreme conditions (e.g., high temperature, strongly basic media,ML of & 1 M solution oft-BuOK. The raw product-a yellow oil —

powerful nucleophiles)”18 This led us to expect similar
hydrolytic stability also for the tmg-substituted carbimines and
phosphazenes.

Incorporation of amino groups into rings (e.g., pyrrolidinyl)

was recrystallized from hexane at30 °C to give 11.3 g (87%) of
colorless crystals, mp 161102 °C (in a sealed capillary).

31p NMR (81.00 MHz CeDe): & 7.4. 'H NMR (200.13 MHz,
CeDg): 0 2.74 (s, 36H), 1.42 (1H}*C NMR (50.32 MHz, GDg): 6
40.2, 157.7. HRMS (EI): calcd for €Hs/N1oP, 388.29404; found,

has been demonstrated to enhance the basicity of phosphazenggg 29273.

bases® Thus, the guanidinophosphazenes derived from imida-

zolidine-2-imine (e.g.12, 13, 14, and 22, see Scheme 2) or
1,3-dimethylimidazolidine-2-imine (e.dL8—20) could be even

more potent (bases) compared to acyclic guanidinophos-

General Procedure for the Liberation of Phosphazene Bases from
Their HBF 4 or HBPh, Salts. The corresponding salts &d, 9, 10,
and31-33 bases were dissolved in as small an amount as possible of
dry MeOH (or in a mixture of MeOH with MeCN or THF), and the

phazenes. The second reason for introduction of these subunit§alculated amount of 30% MeOK in MeOH was added. In the cases of

into the phosphazene structure is the low toxicity of 1,3-
dimethylimidazolidinone, which is a potential final product of
hydrolysis of 1,3-dimethylimidazolidine-2-imine or may be
derived from guanidinophosphazenes.

Experimental Section

8a, 8b, 8c, and 11, the corresponding salts were dissolved in
dimethoxyethane (DME) or suspended in THF and the calculated
amount oft-BuOK in DME was added at reduced temperature. The
mixture was stirred, and the temperature was allowed to rise to room
temperature. The solid (KBFr KBPh, respectively) was filtered off

in a glovebox or by use of a Schlenk-type filter. The volatile
components were removed under reduced pressure, and the residue was

Synthesis.The Kirsanov and Staudinger reaction schemes were used &xtracted with dry hexane. The extract was filtered, hexane was removed
for the synthesis of the guanidinophosphazene bases. A representativd? Vacuo, and the residue was dried under high vacuum.

synthesis procedure is presented for (sRg)NH (8a). The syntheses

Spectra.The NMR spectra were recorded on a Bruker AC-200 NMR

of the rest of the new compounds are described in the Supporting SPectrometer. Standard 5-mm NMR tubes were used for the measure-

Information.

(tmg)sP=NH (8a). In a 1- L three-neck flask, equipped with a
mechanical stirrer, a dropping funnel with a, Nutlet, and a

thermometer, were placed 40.1 g (192.8 mmol) of phosphorus penta-

chloride and 400 mL of dried chlorobenzene. The mixture was cooled
to —30 °C and vigorously stirred. Then 135.0 g (1173.9 mmol) of

tetramethylguanidine was added dropwise during 0.5 h at such a rate

as to prevent the temperature from rising abevi® °C. The resulting
slurry was kept at=30 °C for 1 h, allowed to warm to ambient
temperature during 1 h, and then stirred for an additidnh at this

ments, except for those of the samples of the free phosphazene bases,
which were prepared in the glovebox under an Ar atmosphere in special
NMR tubes with screwable stoppers. TMS was added as the internal
standard.

The mass spectra were recorded on an Agilent 1100 Series LC-
MSD Trap-XCT instrument.

X-ray Crystallography. X-ray-quality crystals oBc and8c-HBF,
were grown from hexane at30 °C and from water, respectively. They
were mounted on a glass fiber with KEL-F oil, and data were collected
on a Siemens P4 diffractometer at a temperature of 173 K. Structures

temperature. The dropping funnel was replaced with a gas inlet, the Were determined using direct methods with the SHELX program

mixture was cooled te-30 °C again, and an excess of NKLO g,
588.2 mmol) was added into the mixture with vigorous stirring at a
rate that kept the temperature of the solution-&0 to —10 °C. The
mixture was kept at this temperature for an additional 4 h. The solid
(tetramethylguanidine hydrochloride and ammonium chloride) was
filtered off and washed two times with chlorobenzenex(50 mL),
and the solvent was evaporated at reduced pressuré {Idr) to
dryness to leave a light yellow solid (imino-tris(tetramethylguanidino)-
phosphonium chloride). This solid was dissolved in water (200 mL),
and a solution of 23.0 g (209.1 mmol) of NaBWwas added in one
portion. The resulting (tmglP=NH-HBF, (8a-HBF,) was extracted with
methylene chloride (X 100 mL). The solvent was removed in vacuo
to give 90.1 g (98.2%) of colorless solid, mp #15 °C (from
acetone/water).

H NMR (200.13 MHz, CDGJ): 6 2.88 (s, 36H), 3.0 (s, 36H), 4.18
(s, 2H).3P NMR (81.00 MHz CDClg): ¢ —8.7 (s).*3C NMR (50.32
MHz, THF-dg): 6 40.5, 160.5°F NMR (188.31 MHz, CDGJ): ¢
—151.1. HRMS (FABr): calcd for GsHsgN1oP, 389.30185; found,
389.30028.

Anal. Calcd for GsBFsH3gN1gP: C, 37.83; H, 8.04; N, 29.41.
Found: C, 37.38; H, 7.93; N, 28.62.

(17) Tris(tetramethylguanidino)sulfonium chloride, [(da@N]sSTCl—, was
synthesized straightforwardly from sulfur tetrachloride and tetrameth-
ylguanidine, pregenerated at78 °C: Henrich, M.; Marhold, M.; Kolo-
meitsev, A. A.; Kalinovich, N.; Rechenthaler, G.-VTetrahedron Lett
2003 44, 5795-5798.

(18) For application of TMG-derived phase-transfer catalysts, see: (a) Marhold,
M.; Pleschke, A.; Schneider, M.; Kolomeitsev, A. A.; fhenthaler, G.-

V. J. Fluorine Chem2004 125, 1031-1038. (b) Henrich, M.; Marhold,
A.; Kolomeitsev, A. A.; Rechenthaler, G.-V. (to Bayer AG). Patents DE
10129057/EP 1266904/US 2003036667, December 18, 2002.

package. The full crystallographic tables are included in the Supporting
Information. The most important pieces of evidence for the increasing
extent of delocalization of tmg groups with phosphorus atom on going
from 8c to 8c:HBF, are given below.

(tmg)sP=N-t-Bu (8c). All three guanidine centers, C(1), C(6), and
C(11), are almost trigonal plana¥ (< 36C°). The average PN—C—N
torsion angle (30.9 for the evaluation of planarity at the-€N double
bond indicates a deviation of the-® double bond from the expected
planar geometry. In agreement with this trend are the angle\R+
C1, 134.8, P1-N7—-C11, 127.8, and P:-N10-C16, 129.13 (average
P—N—C angle of 130.%), which are greater than the angle expected
for sp-hybridized nitrogen. Meanwhile, there is still a distinct difference
in bond lengths between guanidine-@ double bonds on one hand
and the distances from carbon atoms of the guanidine imino group,
C(1), C(6), and C(11), to the nitrogen atoms on the periphery, N(2),
N(3), N(5), N(6), N(8), and N(9) (average 138.3 pm), on the other
hand. An ORTEP diagram of the molecular structure8ofs shown
in Figure 1.

(tmg)sP=N-t-Bu-HBF, (8c:HBF,). The position of the proton was
taken from the difference Fourier map and refined isotropically. Its
location on the former phosphoimino nitrogen is in accordance with
the observation of théJpy constant in théH and 3P NMR spectra.

For the protonatedBc, only a slight deviation from tetrahedral
arrangement of the phosphorus atom was revealed. On protonation of
the free basec, the bonds between C1, C6, C11 and N1, N4, N7,
respectively, of the imino groups became elongated. In contrast to the
neutral form, the average-€N guanidine double bond lengths (131.2
pm) in the protonated form became more similar to the average bond
length (136.5 pm) between the C1, C6, and C11 carbons and the
nitrogens of the NMggroups. These observations imply significant
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fully dissociated even at very low concentrations, and both solvent-
separated (eq 1) and contact (eq 2) ion pairs are formed:

HB" + A" =HB A~ (1)

S
HB" + A~ =[HBA], )

In the framework of our method, the following equilibrium between
two bases Band B is studied:

. KdHBlJfA’ 4 K
B,+HB,’/A =——B,+HB, +A =
. LK B TAT .
HB,"+B;+A =——HB,"A" +B; (3)
TheK4's are the dissociation constants of the respective ion pairs. The
directly measured quantity is the relative ion-pair basieit\pKi, —
of bases Band B. It is expressed as follows:

ApKj, = pKip(HBZ+A_) - pKip(HBl+A_)
Figure 1. Molecular structure of [(dmaf=N]sP=N-Bu-t (8c) with 50% B A Lo
thermal ellipsoids. KKy a(HB,"A") a(B,)

=lo J =lo 4
’ Kyt A ga(HBf’A‘) a(B,) @

TheKq4 values were estimated using the Fuoss equation as described in
refs 13 and 19. lonic radii are given in Table S1 in the Supporting
Information.

Using theKq values, the K, (an estimate of thel,) can be found
as follows:

HB; A~
d
APK, = PKo(HB,") — PK,(HB; ) = ApK;, — 0g “ora
d

The preparation of solutions and measurements were carried out in a
professional glovebox under an argon atmosphere, where the contents
of O, and HO were less than 1 ppm. Individual concentrations of bases
in the mixtures were (1:74.9) x 10-°>M, and the overall concentration

of bases never exceeded 85105 M.

Solutions of methanesulfonic acid and [(dai&yN](dmayP=N-Et
or [(dma}P=N]sP=N-t-Bu were used as acidic and basic titrants,
respectively. The measurements were carried out in an external cell
compartment, situated in the glovebox. The cell compartment was
connected to the U¥vis spectrophotometer by means of two quartz
fiber-optic cables. Further details of the measurement method can be
found in the Supporting Information.

NMR pKi, Determination. The standard 1D'H and proton-
decoupled®C NMR spectra were recorded on a Bruker AC-200 NMR
spectrometer at 200.13 and 50.34 MHz, respectively. Solutiefsl(

M) were prepared and sealed in 5-mm NMR tubes. Chemical shifts
Figure 2. Molecular structure of [(dmaF—=N]sP*—N(H)Bu+t BF.~ were determined relative to TMS as an internal standarq. T_he NMR'
(8¢-HBF,) with 50% thermal ellipsoids. spectra of phosphazenes and the method used for determination of their
ApKi, in THF were analogous to the corresponding NMR spectra and
ApKj calculations applied for phosphazenes in acetonitilhe ApKip
values of phosphazenes were determined using an approximately
equimolar mixture of phosphazene and indicator in THF. There is a
fast (on the NMR time scale) exchange between phosphazene and the
indicator base and their acid forms, leading to the coalescence of NMR
lines in thel®C and'H NMR spectra. Correspondingly, the chemical

delocalization of positive charge in the protonagmlover the three
tmg groups due to conjugation of guanidino moieties with the
phosphonium center. Therefore, the IR bonds to guanidine groups
[P1-N1 163.3(2), P+N4 162.0(2), P£N7 161.9(2) pm, average 162.4
pm] reveal partial double bond character. An ORTEP diagram of the

molecular structure oBc-HBF4 is shown in Figure 2. shifts of these forms were determined separately from the single-
pKip Measurements.The spectrophotometric titration method and component THF solutions of these species. TpK;, values were

calculation methods used in this work are the same as those describeq g jjated as was done previously wikipK, values?

earlierl®i.e., the simultaneous titration of two free bases of comparable

basicity in THF solution and mathematical treatment of the spectral (19) Abdur-Rashid, K.; Fong, T. P.; Greaves, B.; Gusev, D. G.; Hinman, J. G.;

data. The measurements are relative, i.e., the basicity difference lééllggfg,l% E.; Lough, A. J.; Morris, R. H. Am. Chem. So@00Q 122,
(expressed either @K, or ApK,) between the two bases is obtained. 50y Rodima, T.: Mamets, V.; Koppel, 13. Chem. Soc., Perkin Trans200Q

In THF — a moderately polar solvenD(= 7.47)— the ions are not 2637-2644.
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The indicator ratios were calculated (eqs 6 and 7) from chemical
shifts of the individual species (both neutral and protonated forms of

salt is a key precursor for preparation of the HCI or HBEIts
of (tmg)sP=NH and (tmg)}P=N-Et, which were synthesized

forms:

aHB,'A") 95,9
aB,)

S 0- éHBZJrA*

aB) 970
a(HB,"A™)  Onga- — 0

1

)

In the case of alkylphosphazenes, the differences if*tbehemical

shifts for the alkyl substituents between the free phosphazene base an

the protonated form were markedly lower than the corresponding
differences for the arylic carbons of arylphosphazéhasd were in
the range of 36 ppm for the ones measured. In the case of

arylphosphazenes, this difference was up to 14.5 ppm for the C1 carbon

of the substituent.

Computations. The quantum-chemical computations reported in this
work were carried out using the Gaussian 03 series of progtadfsT
calculations were performed using the B3LYP hybrid functional. Full

(2:1 mixture) to the chlorobenzene (methylene chloride) solution
of (tmgkPCITCI~, respectively (monitored by means &P
NMR, eq 10):

RNH
PCL " (tmg),PCI' Cl” ——— (tmg), P=N—R-HCI
(10)

Thetert-butylimino-tris(tetramethylguanidino)phosphazét€l

galt, a precursor ttert-butylimino-tris(tetramethylguanidino)-

phosphazene, was synthesized by the Kirsanov méthed
11):

t-BuN=PCL ", (tmg),P=N-t-Bu-HCl (11)
The following inorganic bases were tried for the liberation

of the free organic bases (tmB=N—R (R = H, t-Bu) from

geometry optimizations and vibrational analyses were performed using their HBF, salts: (a) pregenerated Naklfih liquid NHg; (b)
the 6-311-G** basis set. This approach has been demonstrated by somepregenerated NaNHn liquid NHz/THF; (c) NaH/NH/THF and

of us to describe, with reasonable accuracy, the gas-phase baigities
and aciditie¥® of a wide variety of relatively simple molecules. All
stationary points were found to be true minini&; = 0). Unscaled

KH/NH3/THF; (d) KOMe in MeOH; (e) KOBuUt in HOBuU+;
and (f) KOBut in THF or monoglyme. The inorganic base of
choice for liberation of the guanidinophosphazenes proved to

B3LYP 6-311+G** frequencies were used to calculate the gas-phase pg potassiuntert-butylate/monoglyme.

basicities and proton affinities of the neutral bases, taking into account

the zero-point frequencies, the finite temperatur€08 K correction,
the pressurevolume work term, and the entropy term as appropriate.
The terms gas-phase basicity (GB) and proton affinity (PA) refer to
the following equilibrium:

AG,,AH
B+H' =——=BH"

(8)
GB and PA are defined as follows:
GB=—-AG,

PA= —AH, ©9)

Results and Discussion

Synthesis.The interaction of primary and secondary amines
with phosphorus pentachloride is a well-studied proéess.

The simplest purification method, also useful for obtaining
single crystals of guanidinophosphazenes, was low-temperature
recrystallization from petroleum ether.

The possibility of one-pot synthesis, cheap and available
starting compounds, good solubility in organic solvents, and,
as it will be shown below, especially the strong basicity of the
N-alkyl(tetramethylguanidino)phosphazenes should make these
compounds useful tools in organic synthesis.

The Staudinger reaction between phenyl azide and suitable
substituted chlorophosphines (followed by replacement of the
chlorine atoms with tmg groups) was used to synthesize tmg-
substituted phenyliminophosphorart 9, and 10.

Solution Basicity MeasurementsThe results of the basicity
measurements in THF medium made using the Wi

Depending on the ratio of the reactants and the steric hindrancespectrophotometric meth&d2and the'*C NMR method? are

of the amine, either tris(alkylamino)chlorophosphonium chloride
or tetrakis(alkylamino)phosphonium chloride was synthesized.
It has been shown that the reaction of P®@Ith tetramethyl-
N-trimethylsilylguanidine afforded bis(tetramethylguanido)-
dichlorophosphonium chloric®.In a more recent publication,

a possibility to generate tris(guanidino)chlorophosphonium
chloride in 60% yield from MgSi—TMG was mentioned, but
no characterization data for the compound were gifen.

We have found that P€teacts exothermically with an excess
of TMG in methylene chloride, toluene, or chlorobenzene at
—30 °C to give (tmg)PCICI~ (see also ref 23b) as the only
phosphorus-containing product® NMR: —17.1 ppm). This

(21) Frisch, M. J.; et alGaussian 03Revision C.02; Gaussian, Inc.: Walling-
ford, CT, 2004.

(22) (a) Burk, P.; Koppel, I. A.; Koppel, I.; Leito, I. Travnikova, @hem.
Phys. Lett.200Q 323 482-489. (b) Koppel, I. A.; Burk, P.; Koppel, |;
Leito, |.; Sonoda, T.; Mishima, MJ. Am. Chem. So00Q 122 5114~
5124,

(23) Munchenberg, J.; Thmessen, H.; Jones, P. G.; Schmutzlel?Rosphorus,
Sulphur, Silicon1997, 123 57—74.

(24) Freytag, M.; Plack, V.; Jones, P. G.; SchmutzlerZRNaturforsch2004
59h, 499-502.

presented in Table 1.

In the papers of Raab et &lit was found that in acetonitrile
solution the basicity of Alder’s “proton sponge” increased by
ca. 6.9 K, units when the 1,8-bis(dimethylamino) substituents
in the naphthalene ring were replaced with 1,8-bis(tetrameth-
ylguanidino) groups. As evidenced in this work, in THF solution
a similar change of the substituents in the naphthalene ring
results in a somewhat more modest (by 5@ pnits) increase
in the basicity of the “proton sponge”. In THF, changing all
three dimethylamino groups in (dm&=N-t-Bu, (dma}P=N-

Ph, and (dmaP=NH phosphazenes (see refs 11 and 13 for
the K, values in THF) to tetramethylguanidino groups increases
the basicity enormously: by 10.2, 9.0, and 8.9 powers of 10,
respectively. The basicity increase in the pyrrolidinyl phos-
phazenes- (pyrr)sP=N-t-Bu, (pyrrsP=N-Ph, and (pyrr-
P=NH — initially somewhat stronger, is 8.9, 8.3, and 718,p
units, respectively.

(25) Zhmurova, I. N.; Kirsanov, A. VJ. Gen. Chem. USSR (Engl. Transl.)
196Q 30, 3018.
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Table 1. Results of Basicity Measurements of Guanidinophosphazenes and Related Compounds in THF

No Compound Measurement Results® PKo(THF)® pK (THF)"
8b (tmg);P=N-Et x— 29.0 °¢ 29.7 %4
8c (tmg);P=N-t-Bu T 58 28.4° 29.1°¢
8a (tmg);P=N-H x 0.6 27.9 28.6
40b [(PyM)sP=N-];P=N-CqH,-4-OMe oot X 278 28.9
40a [(pyrr)sP=N-];P=N-Ph 0;75 $ 27.1 28.1
38d [(dma)sP=N-,P=N-CeH,-4-OMe o8 0,170 10 270 277
11 (tmg)o(NEto)P=N-t-Bu !’ O4T67-2643 26.8
39¢ [(dma);P=N-];P=N-Ph +1.17 0':02 ¥ %3 27.0
33a (pym)sP=N-(pyrm),P=N-Et 0.77 e 25.9 266
40c [(pyrm)sP=N-];P=N-C¢H,-4-Br 1 25.8 26.9
[(pyrr)sP=N-J;P=N-CeHs-2-Cl oz 105 Xomser o0
36b [(PYM)sP=N-1(pymP=N-CeH-4-OMe !  _ouisc 570
36a [(pyrr)sP=N-J5(pyrr)P=N-Ph = 242° 25.0°
8d (tmg);P=N-Ph 3 x 237 243
35b [(dma)sP=N-;(cma)P=N-CgHy-4-OMe oo — 0" 236°  240°
35a [(dma),P=N-](dma)P=N-Ph 4 23.0¢ 23.5°
[(pyrr)sP=N-]o(pyrr)P=N-CgH,-4-CF3 T 22.3° 23.2°
[(dma)sP=N-],(dma)P=N-C¢H,-4-CF;  =1.20 S 21.2°¢ 21.7°¢
10 (tmg),(dma)P=N-Ph’ ] g‘:;z 211 215
(pyrn)sP=N-(pyrr);P=N-CgH,-4-OMe . 20.9° 21.5°
(dma);P=N-(dma),P=N-Ph T 19.4° 19.9°
[(Pym)sP=N-]o(NEt;)P=N-C¢H;-2,5-Cl, 0.13 19.3° 20.2°
33b (pyrr)sP=N-(pyrr),P=N-C¢H4-4-Br - 19.3 20.0
MTBD? -1.08 v A 18.7° 18.0°
DBUY 1 T 18.1° 16.9°
9 (tmg)(dma),P=N-Ph e x 18.1 18.4
(pyrn)sP=N-C¢H,-4-OMe ¥ o 16.8° 16.8°
TMGN? T o x 16.5 16.8
(pyrr)sP=N-Ph A 0.166 520 16.0° 16.0°
32d (dma),P=N-(dma),P=N-C¢H,-2-Cl | ] 15.8 16.3
(Me)(dma),P=N-Ph o0 15.4° 15.4°
30b (pyrr)sP=N-C¢Hy-4-NO, T o 13.2 13.3
(pyrr)aP=N-C¢H,-2-Cl 0.80 x 13.2° 13.2°
(dma)sP=N-CgH,2:Cl $ 125°  125°

aThe numbers on the arrows are the direct experimeffi{;, values, obtained from UVvis spectrophotometric titration of neutral bases with
methanesulfonic acid unless indicated otherwise. The part of the scale starting from the codpoisnah extension to the previously published basicity
scale!! Below 40¢ only new measurements are shown. The results of the earlier measurements making up the continuous scale can be found in ref 11.
b Absolute [Kip(THF) and K«(THF) values estimated for conjugate acids of the respective bases; see Experimental SApfooximate values?! NMR
data; BR~ was used as the counterion; measurements performed as in 1&¥adlBies from ref 11; some are slightly correcté@he K, in CHzCN is
determined to be 29.08 using the method from refd&bbreviations: MTBD, 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene; DBU, 1,8-diazabicyclo[5.4.0Jundec-
7-ene; TMGN,N",N"""-naphthalene-1,8-diylbisN,N',N'-tetramethylguanidine).

The following pattern of basicity change is observed in the The comparison of differences (ca. 2B punits) in K, values
THF solution: between two pairs of compounds with sterically more demand-
ing t-Bu groups on the imino nitrogedc and11 on one hand

|\N/ |\N/ and8d and10on the other hand, indicates that the introduction
~ —N \\N* of the first two tmg groups accounts for ca.-780% of the
SN N \ 0 /N>§ N overall basicity increase when going from the (dgRagN-t-
\N—F"=Nph N=h=Nen NTPSNPR N ASN-P=NP Bu and (dmaP=N-Ph to their double tmg-substituted ana-
7 A \/N—(N \/N N ///N\(N logues. N | |
PLN N N Gas-Phase Basicity CalculationsThe results of calculation
ApK, 31 31 28 of the basicities of the model compounds of phosphazene
PK, 183 — = 184 ———= 25 /= 243 superbases described in this work are summarized in Table 2.

Detailed results of the calculations and the Cartesian coordinates
The basicity increase is nearly additive: the consecutive of the calculated species are available in the Supporting
replacements of dma groups by tmg fragments contribute 34.4,Information.
34.4, and 31.2%, respectively, to the total basicity increase of Ab initio and DFT methods have been used previously for
9 pKa units. This is in contrast to the findings in the gas phase, quantum-chemical studies of gas-phase basicities of some
where the consecutive introduction of guanidino and tetra- phosphazene base% In particular, it could be demonstrated
methylguanidino fragments seems to be nonadditive (vide infra). that the calculated DFT B3LYP/6-335G** gas-phase basicities
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Table 2. Results of Basicity Calculations of
Guanidinophosphazenes and Related Bases at the DFT B3LYP
6-311+G** Leveld

no. base GB PA
Guanidinophosphazenes
1 (HaN)o[(H2N),C=N]P=NH® 2531  259.1
2 HoN[(H,N),C=N],P=NH 261.7  267.7
3a  [(HaN),C=N]sP=NH? 266.5  272.6
3b  [(H:N),C=N]sP=N—Me 271.7  278.0
3¢ [(HaN),C=N]sP=N—t-Bu 273.0 2786
3d [(H2N)2C=N]sP=N—Ph 264.3 269.6
4 (dma}[(H2N),C=N]P=NH 260.1  264.8
5 (dma)[(HeN),C=N],P=NH 265.0 270.4
6 [(dma)C=N](H,N),P=NH 258.4  266.1
7 [(dma)C=N]2(H:N)P=NH 269.7 278.1
8a  [(dmakC=N]sP=NH 276.1  283.9
12 [im](H,N),P=NH 2543 2614
13 [im]o(H2N)P=NH 2615  267.9
14 [im]sP=NH 270.5 277.6
15 (HoN)o(imen)P=NH 253.8 2614
16 (H.N)(imenpP=NH 260.2 2675
17 (imenkP=NH 271.5 279.2
18 (HoN)Jimme]P=NH 257.9  265.7
19  (immey(H.N)P=NH 267.9  275.0
20  (immejP=NH 280.8  287.0
21 (imen)[(H:N),C=N].P=NH 266.8  273.1
22 (im)[(H2N),C=N],P=NH 267.7 2736
23 [((HaN),C=N)sP=N](H2N),P=NH 276.2 2819
24 [(HaN),C=N]sP=N—P[(H:N),C=N],=NH 290.8  296.7
25  (HaN)o[((H2N)2,C=N),C=N]P=NH 2726 2783
26 [((HsN),C=N),C=N]sP=NH 296.2  302.3
Other Bases
Phosphazenes
27a  (H2N)sP=NH 241.7 249.7
27b  (HaN)sP=N—Me* 2456  253.8
27¢  (H2N)sP=N—Ph 238.9 246.9
28a  (dmajP=NH° 249.6 256.3
28b  (dmajP=N—Me° 252.3 260.3
28c (dmajP=N—Ph 245.3 252.7
29 (HaN)y(pyr)P=NH 246.8  254.9
30a  (pyrr)sP=NH 255.0 262.8
31 (HaN)sP=NP(NH,),(=NH) 257.0 2629
32¢  [(dma)jP=N](dma)P=N—Ph 259.2 266.9
34 [(HaN)sP=N—],P(NH,)(=NH) 269.3  276.2
37  [(H2N)sP=N]P(NH,);=N—P(NH,)(=NH) 2648  271.9
38  [(HaN)sP=N]sP=NH 2732 2791
39a  [(dmajP=N]sP=NH ~290
Guanidines
41 guanidiné 230.6 237.5
42 H 234.3 241.2
[ D=NH
N
H
43 H 235.5 242.4
|: D=NH
N
H
44 / 239.6  -246.2
N
|: D=NH
N
\
45 tetramethylguanidirfe 240.7 248.2
46 [(H2N);C=N],C=NH 248.4  255.1
47 [(dma)C=N].,C=NH 268.4 276.2
Phosphines
48  [(HoN),C=N—]sP" 258.9  263.7
49  [(dma)rC=N—]sP> 267.1  276.7
50  [(HoN)sP=N—]sP 2750  283.3

aData are given in kcal/mol. Basicity data are from this work, unless
indicated otherwise. All calculations were run using the DFT B3LYP
6-311G** method. ? The preferential protonation site is indicated in bold.
Protonation on the €N nitrogen will lead to the following GB and PA
values, respectivelyl, 227.4, 234.53a, 251.4, 257.348, 250.9, 256.9;

49, GB ca. 269°¢ Data from ref 2.

for (dmajP=NH,2 (dmajP=N-Me 2 and (pyrr}P=NH (this
work) match the experimentally measured intrinsic basiéties
of these bases withintl kcal/mol. In the following, the
calculations at the same level of theory are used for studying
the major trends in structurébasicity relationships of the
guanidinophosphazenes and related bases.

Effects of Substitution in Simple Model Amino-Substituted
Phosphazene Bases, e.g., {N)s;P=NH, (dma)sP=NH, etc.
Inspection of the data from Table 2 shows evidence that the
replacement of an amino group in4¥)sP=NH by a guanidino
group, (HN)C=N—, increases the GB of this relatively strong
base (GB= 241.7 kcal/mol) by 11.4 kcal/mol, whereas the
analogous introduction of the second and third guanidino groups
is predicted to result in further significant increases of the GB
by 8.6 and 4.8 kcal/mol, respectively. This leads to a total
basicity increase of 24.8 kcal/mol on going from,{HsP=
NH to 3a. The GB of3a is predicted to be 266.5 kcal/mbl,
which is ca. 11 kcal/mol higher than the GB directly experi-
mentally measuréfl for phosphazene superbase (pyerN-
CsH4-4-OMe (GB = 255.2 kcal/mol): Here the calculations
predict that the imino group at the phosphorus atom is clearly
the preferable protonation site (by ca. 15 kcal/mol) compared
to the imino nitrogen atom in the guanidino group attached to
the P atom (amino groups of the guanidino group are much
weaker basicity centers as compared with #&H group of
guanidiné®). Similar protonation of th@amolecule shows that,
in this case, the protonation at tséNH group is more favorable
by 20.5 kcal/mol than protonation on the imino nitrogen of the
tmg group.

The preferred protonation on the imino group is indirectly
supported by the geometry calculations, which show that, upon
protonation, the PNH bond length increases from ca. 1.55 to
1.6—1.7 A and approaches the length of theNPbonds between
P and amino groups. Similar conclusions follow from the X-ray
data for8c and its BR™ salt.

The effects of consecutive replacement of the amino groups
by guanidino groups in (bN)sP=NH are nonadditive, and the
individual contributions of introduction of the guanidino sub-
stituents are 46.0, 34.7, and 19.4%, respectively, of the total
basicity increase of 34.8 kcal/mol.

In a similar way, the consecutive replacement of the three
dimethylamino groups in (dmg=NH by guanidino fragments
is predicted to be nonadditive, where the contributions of the
first, second, and third guanidino substituents to the total basicity
increase of 16.9 kcal/mol are ca. 54, 37, and 9%, respectively.

Similar to the two previous cases of consecutive introduction
of guanidino fragments into @\)sP=NH and (dmajP=NH,
the stepwise replacement of three amino groups isNjkt
P=NH by tetramethylguanidino groups leads to the enormous
(34.4 kcal/mol) nonadditive basicity increase, where the shares
of the first, second, and third tmg substituents are 48.5, 32.8,
and 18.7%, respectively.

At the same time, and in contrast to the gas-phase data,
additivity is observed in THF solution for tH28c— 8d triple-
replacement transformation (see above).

Effect of Introduction of the Cyclic Guanidino Fragment.

The replacement of one amino fragment inkhsP=NH with
the cyclic 1,3-dihydro-B-imidazol-2-ylideneamino fragment

(26) Raczyska, E. D.; Decouzon, M.; Gal, J.-F.; Maria, P.-C.; Wiak, K.;
Kurg, R.; Carins, S. NTrends Org. Cheml998 7, 95—-103.

J. AM. CHEM. SOC. = VOL. 127, NO. 50, 2005 17663



ARTICLES Kolomeitsev et al.

(imen, see Scheme 1), yieldiigd, is expected to increase its  (H2N)3sP=NH, the introduction of three guanidino-groups into
basicity by ca. 12.1 kcal/mol, practically the same amount as (NH2)sP=N—Ph is expected to increase the basicity of the latter
the similar introduction of one guanidino fragment (11.4 kcal/ by around the same magnitude (24.8 kcal/mol) as in the case
mol). of (H2N)sP=NH.

Replacement in the same base of one amino group by the Effect of Replacement of the Guanidino Fragment with
imidazolidin-2-ylideneamino group (im, see Scheme 1), yielding an N',N’,N",N"-Tetramethylguanidino Substituent (tmg). The
12, is calculated to increase the basicity of the same model primary cause of the relatively high basicity of guanidine (GB
compound only slightly more- by 12.6 kcal/mol. The CNNN = 224.2 kcal/moB8is believed to be the strong resonance, often
fragment is predicted to be planar in both neutral and protonatedtermed as “Y-aromaticity” (see refs 2, 3, and 6 and references
forms, whereas the pyramidalization of the ring NH groups therein), and the polarizability stabilization of the guanidinium
decreases significantly on protonation, as evidenced by changeation.

in the respective average sums of angles attNél— fragments Naturally, the introduction of alkyl groups into the guanidine
from 349 in the neutral form to 356°8n the protonated base.  moiety also significantly increases the basicity of the resulting
The analogous replacement of a single amino group iny(= molecules (TMG, etc.) due to the polarizability increase and

NH by the (1,3-dimethylimidazolidin-2-ylidene)amino substitu- the change in charge delocalization effects 2étm the specific
ent (imme, Scheme 1), yielding8, is predicted to have a  case of comparison of the experimental gas-phase basicities of
somewhat stronger basicity-increasing effect (16.2 kcal/mol); guanidine and TMG, the basicity increase is 7.9 kcal/mol. Table
i.e., the effect of the twd-methyl groups in the imidazolidine 2 shows that similar basicity-increasing alkylation effects are
ring is ca. 3.6 kcal/mol. also present in the cases of transfer frompNHP=NH to
The replacement of a single amino group inXhsP=NH (dmayP=NH (7.9 kcal/mol) and from (bN)sP=N-Ph to
phosphazene by a tmg group is calculated to lead to only a(dmayP=N-Ph (6.4 kcal/mol). As it was mentioned before (vide
slightly larger basicity increase than the similar exchange of supra), alkylation of the nitrogen $ptoms of the imidazolidin-
one amino group in (bN)sP=NH for the cyclic imme fragment  2-ylideneamino substituent increases somewhat the basicity of
and to a ca. 4 kcal/mol larger basicity increase than in the caseshe derivatives of the latter by ca. 3.6 kcal/mol.
of similar replacements by the smaller and less polarizable  Similar rather significant (9.6 kcal/mol) basicity-increasing
guanidino, imen, and im fragments. alkylation effects (transfer from guanidino to tetramethylguani-
Similar to the consecutive replacement of amino groups in dino fragments) are expected to accompany the transfer from
(H2N)sP=NH and (dmaP=NH by guanidino or tetrameth- the tris-guanidino basga to the respective tris-tmg derivative
ylguanidino groups (vide supra), the analogous introduction of 8a.
first imen, im, imme, and tmg groups accounts for 40.6, 44.0, The imino N-alkylation effect on the basicity of the novel
and 41.0%, respectively, of the total effect of replacement of guanidino- and tmg-substituted phosphazenes is expected to be
all three amino groups in the reference base. The effect of not significantly different from the known cases of (dma)
introduction of the second substituent accounts for 21.4, 23.6, P=NH and (dmajP=N-Me (calulated, 2.7 kcal/mol; experi-
and 25.0%, respectively, and the replacement of the last aminomental, 2.2 kcal/mal): for the transfer fronBa to its imino-
group is responsible for 37.9, 32.6, and 33.0%, respectively, of methylated 8b) and t-Bu-substituted 3c) derivatives, the
the total calculated effects of the basicity increase. basicity increase is predicted to be 5.2 and 6.5 kcal/mol,
In the case of the open-chain guanidino and tetramethylguani- respectively. Similar increments have been fddrftbm gas-
dino derivatives, the calculated basicity is rather similar and phase experiments for the transfer from TMGuanethyl-TMG
telescopically decreases upon addition of an increasing number(4.3 kcal/mol) and N-Bu-TMG (7.8 kcal/mol).
of substituents. Quite unexpectedly, in the case of three Taking into account the probable basicity increase due to
considered cyclic guanidino derivatives, including imen, im, and N-alkylation as 5-8 kcal/mol, one can expect that the predicted
imme substituents, the effect of the introduction of the third basicity change for the transfer froéa to 8b, 8c, or its cyclic
substituent is somewhat more pronounced than the effect of theanalogues (immeP=N-Alk would result in phosphazene su-
introduction of the second substituent. perbases with only one phosphorus atom, having a GB value
From the practical viewpoint, it is important to notice that around 280 kcal/mol (see also refs 2 and 3b).
all these trisubstituted cyclic or open-chain guanidino phos- Even more so, our calculations indicate that the use of bis-
phazenes are expected to be extremely strong superbases whoggianidinocarbimine46 (GB = 248.4 kcal/mol) and7 (GB =
gas-phase basicity exceeds those of such widely used organi@68.4 kcal/mol) as building blocks will allow the construction
superbases as DBU, MTBD, BEMP, (drsRrFN-t-Bu, (dma}- of P; superbases whose gas-phase basicity can also easily reach
P=N-Et, the phosphatrane superbase of Verkade?’eit the (or even exceed) 280 kcal/mol. So, the replacement of only one
same time, (immeP=NH, which is predicted to be by 39.1  NH, group in (H:N)sP=NH with the [(H:N),C=N].C=N—
kcal/mol or 28.8 powers of 10 a stronger base than the simple fragment, yielding25, increases the basicity by 30.9 kcal/mol,
reference superbase {N)sP=NH, is expected to surpass by to 272.6 kcal/mol. Keeping in mind the relatively large basicity-
its basicity (ca. 280 kcal/mol) eveh increasing alkylation effect on going fro4® to its methylated
Replacement of the imino hydrogen atom in,KhsP=NH analogued47, it is evident that the basicity of the singly
with a phenyl group is expected to reduce its gas-phase basicitybistetraalkylguanidinocarbimine-substitutedghosphazene su-
slightly (compare with ref 3c) by 2.8 kcal/mol, to 238.9 kcal/ perbase would range between 280 and 290 kcal/mol. The above
mol. However, analogous to the situation in the case of statement is even more true for the respectiyetrijuani-

(27) Kaljurand, I.; Mishima, M.; Koppel, I. A.; Koppel, I.; Leito, I. Manuscript (28) Amekraz, B.; Tortajada, J.; Morizur, J.-P.; Gonzalez, A. |.; Mo, O~ ezan
in preparation. M.; Leito, I.; Maria, P.-C.; Gal, J.-ANew J. Chem1996 20, 1011-1021.
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dophosphazenes (derivatives2d). Indeed, our present calcula-  phosphatrane superbase N[{HH,N(CHjz)]sP of Verkade et &.
tions indicate that the gas-phase basicity of the non-alkylated by more than 12 kcal/méF. Even stronger phosphine superbases
triguanidophosphazer#6 already reaches 296.2 kcal/mol. This are expected to be designed by replacement of the tmg groups
could easily be significantly increased by alkylation of the imino in 49 by the (dmaP=N— groups to give [(dmaP=N—]sP,
nitrogen and the amino groups on the guanidino fragments, as suggested by Marchenko et?dh the present work, the
resulting in a gas-phase basicity value well beyond 300 kcal/ basicity of its simple NH analogues0 (GB = 275.0 kcal/mol)
mol! At the same time, various calculations and estimates put is calculated to be roughly equal to the predicted basicity of
the gas-phase basicity of the most widely known and used the respective imino basg8 (GB = 273.2 kcal/mol). Our
phosphazene superba@b into a rather narrow range around calculations allow us to estimate the gas-phase basicity of
285-290 kcal/mal; i.e., it is predicted to be a weaker base than [(dmalsP=N—]3P at around 280 kcal/mol, which is in reasonable
the just-described ;Rriguanidophosphazene. agreement with the above-given GB value 5@ This encour-

Another, more traditional” way to increase the basicity of ~ages us to assume that synthesis and basicity measurements of
phosphazenes is to use the homologization (“battery cell”) tris(triguanido)phosphineg[(NAIK 2),.C=N].C=N} 3P, having
principle: to increase the number of (substituestNPsubunits only one phosphorus atom, will verify our principle, leading to
incorporated in the respective superbase. the most basic and hindered phosphines to date.

According to the most conservative estimatéshe transfer Comparison of the Solution (THF) Basicities with the
from P, phosphazenes te Phosphazenes increases the intrinsic Calculated Gas-Phase Basicitieszor several tmg- and dma-
basicity of the latter by 1318 kcal/mol. Taking into account ~ Substituted phqsphazene base8a, 8b, 8c, 8d, 283 28D, _and
the above statements regarding N-alkylated tmg-substituted P 28¢— the solution-phaselfy values were correlated with the
phosphazene superbases (with estimated2@B < 285 kcal/ ~ CB values of the respective Nisubstituted (containing NH
mol) and their bis-guanidocarbimine-substituted analogues, this 9r0UPS instead of dma groups, guanidino groups instead of tmg
means that the gas-phase basicity of the novel guanidino- or9roups) model base3a, 3b, 3c, 3d, 27a 27b, and27c The
tmg-substituted Por P, phosphazenes is expected to be in the CcOrrelation

same range as or above the basicity of3Bb superbase, which _
is around 290 kcal/mol. Indeed, our calculations show that the GB(NH,) = 196.2+ 2.56 i (NMe,) (13)
replacement of three NHjroups with three guanidino groups R=0.962, SD= 4.4 kcal/mol

in the simple model Pphosphazendl at the phosphorus atom

that does not carry the basicity centeNH group produces extends over 34 kcal/mol on the GB scale and overk4uymits.

the superbas@3, whose basicity is 11.2 kcal/mol higher than  The slope of the correlation 2.56/R3 = 1.87 indicates that
that of the starting base. The replacement of the two remaining the substituent effects are strongly attenuated while going from
amino groups at the phosphorus atom carrying=héH basicity the gas phase into THF.

center, yielding24, increases the expected basicity of the  The correlation (13) improves significantliR & 0.995, SD
designed superbase even more significantlyy 14 kcal/mol. = 1.8 kcal/mol) when the polarizability effect (which is
This makes the overall basicity increase ca. 25 kcal/mol, whereaspronounced in the gas phase, differently from the solution phase)
the GB of24 s calculated to be 290 kcal/mol. Keeping in mind  is taken into account by using, instead of eq 13, a two-parameter
a rather realistic further 2620 kcal/mol basicity increase due ~ correlation, which besides tha pKa term includes also a

to the transfer from the guanidino to the imme or tmg polarizability termb o,, wherea andb are constants and, is
substituents and alkylation of thesNH basicity center, the Taft's substituent polarizability, characteristic of the respective
“magic” basicity range of 300 kcal/mol could be easily reached imino substituent?

using this approach, even for _the more “traditional” novel P~ usions

phosphazenes, as it was predicted for the 2&se

Triguanidinophosphines. Recently, Schmutzler et al. have A new principle for creating nonionic superpa_ses is pre;ented.
suggeste#t that the not-yet-synthesized tris-tmg phosphise It is based on attachment of tetraalkylguanidino, 1,3-dimeth-

should possess extraordinary basic properties. Unfortunately,y"midazondine'z'imino’ or bis(tgtraalkylguanidino)carbimino
all their attempts to liberate this compound from its HCI salt 9roUPS to the central tetracoordinated phosphorus atom of the
have failed iminophosphorane group using tetramethylguanidine or easily

Our calculations show that8 and49 are, indeed, expected available 1,3-dimethylimidazolidine-2-imine.

L Using this principle, several new nonionic superbasic phos-
o be rather strong superbases. The phosphorus basicity Centerhazene bases, tetramethylguanidino-substituted at the P atom
of the former is predicted to be 8 kcal/mol stronger (GR58.9 P ' Y'9 '

kcal/mol) than the nitrogen center (protonation on the N atom were synthesized. Eight new phenyl-substituted iminophospho-

A . ranes were also synthesized. The base strength of these
of guanidino group) but 7.6 kcal/mol weaker than the respective . : .
compounds was established in THF solution by means of
3a phosphazene.

o . spectrophotometric titration. The gas-phase basicities of numer-
The modification from48 to 49 results in a much stronger

) ous guanidino- andN',N',N",N"-tetramethylguanidino-sub-
base, with GB values around 270 kcal/mol, whereas the gir teq phosphazenes and their cyclic analogues have been
respective basicities due to protonation on the P atom or the

oS . - "®calculated, and the crystal structures of (tgRgjN-t-Bu and
N-imino atom of the tmg group are practically leveled out within (tmg)P=N-t-Bu-HBF, have been determined.
the uncertainty limits of the used DFT B3LYP 6-3t6™ The enormous basicity-increasing effect has been experimen-

approact” Still, 8ais, by its basicity, by 6 kcal/mol superior a1y verified in the case of the tetramethylguanidino groups in
to the phosphine superbad®. The latter, in turn, is expected

to exceed by its gas-phase basicity the landmark cyclic (29) Hansch, C.; Leo, A.; Taft, R. WChem. Re. 1991, 91, 165-195.
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the THF medium: the basicity increase when moving from guanidinophosphorus derivatives as auxiliary bases and ligands
(dma}P=N-t-Bu (pK, = 18.9) to (tmgjP=N-t-Bu (pK, = 29.1) in organic synthesis are in progress in our laboratories.

is almost 10 orders of magnitude. A significantly larger basicity  acknowledgment. The authors dedicate this work to Prof.
increase (up to 20 powers of 10) is expected (based on the highem pr, Reinhard Schmutzler on the occasion of his 70th
level DFT calculations) to accompany the similar transfer in birthday. This work was supported by the grants 5226, 5508,
the gas phase between (daegNH and (tmg)P=NH. A much and 5800 from the Estonian Science Foundation. The work of
larger t?asicit_y-increasing effect is expected when three methy-1 R was also supported by the DFG grant 436 EST 17/2/04.
lated triguanide fragments, namely [(dn@j=N].C=N -, are Supporting Information Available: Synthesis and liberation

attached to a single=PNH fragment. The gas-phase basicity ) S .
(around 300 kcal/mol) of this molecule is predicted to exceed procedures of phosphazene compounds; the ionic radii of the

e of e iy s commeril (G LB o L PR e e
(t-BuPy) superbase. u ; X-ray di i ysi -

The new superbases could be used as auxiliary bases irpounc_;lsBcandSc-HBH, in CIF format, fuII_de_taiIs of quantum
organic synthesis and as indicators to supplement and Sigmifi_chemlcal calculations (Table S2); full citations of refs 7 and

cantly extend the basicity scale in THF toward the more basic .21; an.d geometry data of thg calculated molecule.s. This material
. . . s . is available free of charge via the Internet at http://pubs.acs.org.
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