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The reactions of hexachloro-2,6-bis(alkylamino)cyclotetraphosphazenes, N,P,Cls(NHR), (R = Me, Et, #-Pr, #n-Bu, CH,Ph),
and the mixed amino derivative N,P,Cls(NH-z-Bu)(NHEt) with an excess of dimethylamine in chloroform or methyl cyanide
give the novel “bicyclic” phosphazenes N,P,(NMe,)s(NHR)(NR) and N,P,(NMe,)s(NH-#-Bu)(NEt), respectively. The
fully aminolyzed cyclotetraphosphazene derivatives N,P4(NMey)(NHR), are also formed. In most cases, the yields of
the two types of products have been estimated by 'P NMR spectroscopy. “Bicyclic” phosphazenes are not formed when
R is an a-branched group (z-Bu, i-Pr, Ph). The 'H and *'P NMR and IR spectra of the “bicyclic” phosphazenes are discussed.
A proton abstraction mechanism has been proposed for the trans-annular nucleophilic substitution reaction leading to the

formation of “bicyclic” phosphazenes.

The reaction of hexachloro-2-trans-6-bis(ethylamino)-
cyclotetraphosphazatetraene, N,P,Cls(NHELt); (I), with an
excess of dimethylamine in chloroform gives the cyclo-
tetraphosphazene derivative N4P4(NMe,)((NHEt), (II), its
dihydrochloride adduct N,P,(NMe,)((NHELt),.2HCI (I1I),
and the trans-annular-bridged “bicyclic” cyclotetraphos-
phazatetraene N P,(NMe,)s(NHEt)(NEt) (IV). An anal-
ogous reaction in diethyl ether yields only compound II%°
(Figure 1). “Bicyclic” phosphazenes, N,P,(NHR),(NR) (R
= Me, Et), are also formed in the reactions of the octachloride,
N,P,Cl;, with methylamine and ethylamine in chloroform.!#
In this paper, we describe the reactions of other hexa-
chlorobis(amino)cyclotetraphosphazenes, N,P,Cls(NHR), (R
= Me, n-Pr, i-Pr, n-Bu, t-Bu, CH,Ph, and Ph), with di-
methylamine with a view to establishing the effect of the
substituent (R) on the formation of “bicyclic” phosphazenes.
We also report the reactions of compound I with dimethyl-
amine in other organic solvents.

Experimental Section

The bis(alkylamino) derivatives N4P,Cls(NHR), (R = Me, Et,
n-Pr, i-Pr, n-Bu, t-Bu, CH,Ph, and Ph) and the mixed amino derivative
N,P,Cls(NH-t-Bu)(NHE) were prepared by standard procedures.””
Dimethylamine, triethylamine, and organic solvents were purified by
conventional methods.

Reaction of N,P,Cl;(NHMe), with an Excess of Dimethylamine
in Chloroform. Dimethylamine (22.5 g, 500 mmol) was added to a
stirred solution of N,P,Cls(NHMe), (4.5 g, 10 mmol) in chloroform
(200 cm®) at 0 °C. After 1 h, the temperature was raised slowly to
ca. 58 °C and the reaction mixture was heated under reflux for 3 h
(condenser cooled at ca. ~70 °C). Dimethylamine hydrochloride was
filtered off and evaporation of the solvent gave a viscous oil. The oil
was digested with hot petroleum ether (bp 60-80 °C) and the extract
was filtered to remove traces of dimethylamine hydrochloride. The
filtrate was concentrated to ~20 cm® and cooled to 0 °C. Three crude
crops of crystals were obtained (72 h) which on recrystallization from
2,4,4,8,8-pentakis(dimethylamino)-6-(methylamino)-9-methyl-
2,6-epiminocyclotetraphosphazatetraene, N,P,(NMe,)s(NHMe)-
(NMe) (V), mp 116 °C (1.4 g, 30%). Anal. Calcd for C;;H3; NPy
C, 31.4; H, 8.1; N, 33.5, Found: C, 31.1; H, 8.0; N, 32.8. Further
crops of crystals were obtained from the mother liquor (240 h) which
were identified as 2,4,4,6,8,8-hexakis(dimethylamino)bis(methyl-
amino)cyclotetraphosphazatetraene, N,P,(NMe,)s(NHMe),, mp
41-43 °C (2.3 g, 46%). Anal. Calcd for Ci4HyyN Py C, 32.6; H,
8.7; N, 32.6. Found: C, 33.6; H, 8.8; N, 33.2,

Reactions of N,P,Cls(NHR), with an Excess of Dimethylamine in
Chloroform or Methyl Cyanide. These reactions were carried out by
utilizing the procedure indicated above. In general, the reactions gave
a mixture of products.® In most cases, a hydrochloride adduct of the
fully aminolyzed cyclotetraphosphazene, N4P4(NMe,)s(NHR)»xHCI
(Table I), could be isolated by fractional crystallization from CHCl,
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Table I. Yields of Products Formed in the Reaction of
N,P,Cl,(NHR), with Dimethylamine in CHCl, (ca. 58 °C) and
CH,CN (ca. 80 °C)®

% N,P,- % N,P,- %N,P,-
(NMe,), - (NMe,), - (NMe,),-
(NHR),b (NHR),xHCI®  (NHR)NR
R CHCl, CH,CN CHCl, CH,CN CHCl, CH,CN
Me 46¢ 30¢
Et 3364 30 3ed  35¢ 536d 14
n-Pr 36 108 68 54 108
i-Pr 20 20° 52¢  66° 0 0
n-Bu 65 9 64 22 8
t-Bu 13 46of  g5¢ 27¢f 0 0
CH,Ph 40 70¢ 40 108
Ph 66 0
Et,¢-Bu 31 45

@ On the basis of N,P,Cl,(NHR),; estimated by *'P NMR (z2%).

These derivatives have been characterized by elemental analyses,
'H and *'P NMR spectroscopic data.” For the hydrochloride ad-
ducts, x = 2, when R = NHEt;* x = 1 in other cases.” ¢ Yields of
product isolated. @ Data from ref 4. @ Approximate value (+5%)
estimated visually from TLC. f Data from ref 6.

or CH,Cl,. Attempts to separate the components of the residual
reaction mixtures were unsuccessful’ The mixtures were treated with
triethylamine in boiling benzene to convert any remaining hydro-
chloride adduct to its free base, N,P,(NMe,)s(NHR),. The yields
of the latter and of the “bicyclic” phosphazene N,P,(NMe,)s-
(NHR)(NR) present in the reaction mixture were conveniently
estimated by *'P NMR spectroscopy and are shown in Table I. Signals
at low field (ca. 8 17.0-22.0) are assigned to the “bicyclic” phos-
phazenes; those at high field (ca. § 6.0-10.0) are assigned to the fully
aminolyzed cyclotetraphosphazenes (see Discussion). The *'P {'H}
NMR spectrum of a typical mixture! is shown in Figure 2.

The reactions of N,P,Cls(NHEt);, (I) with an excess of di-
methylamine in diethyl ether, methylene chloride, and carbon tet-
rachloride were also carried out (Table IT). This table includes the
result of an analogous reaction in chloroform with a stoichiometric
amount of dimethylamine (5-6 mol/mol of I) and a twofold excess
of triethylamine as hydrogen chloride acceptor.

The 'H NMR spectra (CDC, solution, Me,Si internal standard)
were recorded with Jeol MH 100 and Varian HR 100 and HR 220
spectrometers. The 3P {{H} NMR spectra were obtained with a Bruker
WH 90 spectrometer by using CDCl; solutions and 85% phosphoric
acid as external standard. Chemical shifts are expressed on the & scale
with upfield shifts negative. The IR spectra were obtained in Nujol
mulls by using a Perkin-Elmer 457 spectrometer.

Results and Discussion

We have previously isolated and characterized the “bicyclic”
phosphazene N,P4(NMe,)s(NHEt)(NEt) (IV)* and X-ray
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Figure 1. Reactions of N,P,CIs(NHEt), (I) with dimethylamine in
Et,0 and CHCI; (yields in parentheses).

Table II.  Yields of N,P,(NMe,),(NHEt)(NEt) (IV) and
N,P,(NMe,),(NHE), (II) in the Reaction of N,P,Cl,(NHEt),
(I) with Dimethylamine in Different Solvents

yield,® %
N4P4‘ N4P4'
(NMe,),- (NMe,),-
(NHEt)(NEt)  (NHEt),
solvent av) an
CHCL® 45 49
CHCL,%¢ 52 03
CHCl /Et NP 74 18
CH, c1 38 55
CH CNe 13 65¢
001 c 76"
Et, ov 80f

% On the basis of starting material (I); estimated from P NMR.

Reaction carned out at ca. 25 °C. € Reaction carried out in
boiling solvent. ¢ Data from ref 4. ¢ Inciudes 35% of N, P,-
(NMe, ), (NHEt),-2HCI* (IID). f Yield of pure product 1solated

crystallography confirms the proposed structure.!! The proton
and 3P NMR spectra of compound IV have several unusual
features which are relevant to an understanding of the NMR
spectra of the new bicyclic phosphazenes reported here. The
'H NMR spectrum of compound IV reveals three distinct
NMe, environments. The methyl protons of the NMe, group
attached to the junction phosphorus atom P(2) are consid-
erably deshielded compared to those of the NMe, groups
attached to P(4) and P(8). The two NMe, groups at both P(4)
and P(8) are nonequivalent. The protons of the NMe, group
directed toward the bridgehead nitrogen atom N(9) resonate
at higher field.# The NCH,CH, protons at the junction
phosphorus atom P(6) are deshielded compared to those at
the bridgehead nitrogen N(9). Two NCH,CH, triplets are
also observed (see Figure 3 for data.and numbering of atoms).
The phosphorus chemical shifts for this “bicyclic” phosphazene
(IV) (6 22,5, 19.7, 18.9)* are very different from those of the
related msonocyclic derivative N,P,(NMe,)s(NHELt), (IT) (6
9.2, 6.8).

The 220-MHz 'H NMR spectrum of the derivative
NP,(NMe,)s(NHMe)(NMe) (V) is shown in Figure 4 and
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Figure 2. The *'P {{H} FT NMR spectrum (36.43 MHz) of a mixture
of (A) N,P,(NMe,)(NH-n-Pr)(N-n-Pr) (VI) and (B) NP,

(NMez)ﬁ(NH n- Pl')2

MegN
260

NMe,

154
NHCH, CHaMe  Me,
308 092 267

(4x)

Figure 3. 'H NMR assignments (3) for “bicyclic” phosphazenes; 3J*
(P-H) values (NCH,, 9.0-11.0 Hz; NCHj,, 10.0-11.5 Hz) are
unexceptional. The corners of the square represent the phosphorus
atoms; ring nitrogen atoms are not shown; substituents pointing toward
the bridgehead, N(9), are denoted by shaded lines.

is best interpreted on the basis of a “bicyclic” structure. Four
doublets are observed at & 2.87, 2.71, 2.66, and 2.60 with
relative intensities 2:1:4:4; a triplet at 6 2.49 (relative intensity
1) is also observed. The assignments of these resonances follow
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Figure 4. The 'H NMR spectrum (220 MHz) of N,P,(NMe,)s-
(NHMe)(NMe) (V) in CDCl;/D,0.

from the guidelines summarized above and are shown in Figure
3. The *'P {{H} NMR spectrum is a complex, asymmetric
multiplet centered at 6 21.4 and is clearly characteristic of a
“bicyclic” phosphazene,'* The 220-MHz proton spectrum of
the propylamino “bicyclic” derivative (VI) can also be readily
analyzed. Its 3'P {{H} NMR spectrum approximates to an
A,B, pattern (Figure 2A) owing to the accidental coincidence
of the chemical shifts of P(Z) and P(6) [61)(4) ®) = 22. 4 6p(2)
~ Op@y = 19.5, 2J(P-P) = 43.0 Hz].

The formatlon of the “bicyclic” phosphazenes N P,-
(NMe,)s(NHR)(NR) [R = #-Bu (VII) and CH,Ph (VIII)]
is conclusively established by P NMR spectroscopy. The
spectrum of the n-butyl compound (VII) is very similar to that
of the n-propyl analogue (VI) in both its position and ap-
pearance. The spectrum of the benzyl compound (VIII) is an
asymmetric A,BC pattern (8 24-15). It has not been possible
to separate these “bicyclic” phosphazenes from their respective
monocyclic compounds, N,P,(NMe,)((NHR),. The 'H NMR
assignments shown (Figure 3) for the benzyl derivative (VIII)
have been made by comparing the spectrum of the mixture
with that of the pure cyclotetraphosphazene derivative.'?

The bicyclic phosphazene (IX) formed in the reaction of
N,P,Cls(NH-#-Bu)(NHEt) with an excess of dimethylamine
in chloroform can have two possible structures (1 and 2). The

MejNa, _-NMejp MeoN a /NMEZ
P

TP-NHBU!  MeyN-P

P
MeaN? “NMe;p MeN? \NMez

1 2

3P {IH} NMR spectrum of this bicyclic compound is of an
A,BC type consisting of two groups of lines at § 21.6~19.2 and
8 17.4-14.3 (relative intensities 3:1). As the 3!P shifts of a
=P(NH-t-Bu) group in cyclotri- and cyclotetraphosphazenes
occur upfield to the shifts of phosphorus nuclei bearing other
alkylamino substituents,®7!3 it is reasonable to assign the
signals at & 17.4-14.3 to the =P(6)NH-z-Bu group!* (structure
1). This structure is also supported by 'H NMR data. The
—C(CH,), signal occurs at § 1.38 (Figure 3) which is downfield
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Table III. Selected IR Data for Bicyclic Phosphazenes®

P(2)-N-P(6)
v(P=N) vibrations,
Compound ring, cm™? cm?
N,P,(NMe,),(NHMe)(NMe) (V) 1190 vs 790 m, 828 s,
840 s, sh
N,P,(NMe,), (NHEt)}(NEt) IV) 1195 vs 790 m, 830 s,
838 s, sh
N,P,(NMe,), (NH-n-Pr)(N-n-Px) (VI) 1190 vs 795 m, 822 s,
838 m, sh
N,P,(NMe,),(NH-n-Bu)(N-n Bu) (VII) 1190 vs 800 m, 8305
N,P,(NMe, ), (NHCH,Ph)- 1195 vs 800 m, 830 s
(NCH,Ph) (VIII)
N,P,(NMe,), (NH-t-Bu)(NEt) (1X) 1185 vs 795 m, 825 m,
840 m

@ ys = very strong, s = strong, m = medium, sh = shoulder.
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Figure 5. Possible mechanisms for the formation of “bicyclic”
phosphazenes. For simplicity, the exocyclic groups in structures (iii)
and (iv) are not shown: the stage of chlorine replacement at which
the bridge formation occurs has not been determined (see text).

to that observed (6 1.23) for the corresponding cyclotetra-
phosphazene derivative N P,(NMe,)s(NH-z-Bu)(NHEt).”

The infrared spectra of fully aminolyzed cyclotetraphos-
phazenes, N,P,(NRR’)g, show a strong vibration, »(P=N),
at 1250-1270 ¢m .75 1In the IR spectra of “bicyclic”
phosphazenes, N,P4(NMe,)s(NHR)(NR), a strong band
occurs at ca. 1190 em™ which may be assigned to »(P=N).
The spectra of “bicyclic” phosphazenes also contain strong
bands at 790-840 cm™! which are absent in the spectra of the
corresponding aminocyclotetraphosphazenes. The vibrations
in the 800-cm™ region Table III) are clearly associated with
the P(2)-N-P(6) bridging unit.! The above features permit
a ready distinction between “bicyclic” phosphazenes and the
cyclotetraphosphazenes, N,P,(NMe,)s(NHR),.

Formation of “bicyclic” phosphazenes takes place when
cyclotetraphosphazenes bearing primary amino substituents
at the 2,6-positions react with a strong nucleophile (Me,NH,
MeNH,,! EtNH,*%. The “bicyclic” phosphazene must be
formed in an intramolecular trans-annular nucleophilic
substitution which probably involves a proton abstraction step
(Figure 5). Two limiting cases may be envisaged: (a) re-
versible proton abstraction at P(2) followed by addition of
P(6)NHR across P(2)==N [Figure 5(iii)] and (b) a double
proton abstraction at P(2) and P(6) followed by intramolecular
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attack [Figure 5(iv)]. The observation that addition of a strong
base (triethylamine) considerably enhances the yield of
NP, (NMe,)s(NHEt)(NEt) (IV) provides supporting evidence
for a proton abstraction mechanism.!® Goldschmidt and
Gabay have observed that the yield of geminal N;P,Cly-
(NHDMe), relative to that of the nongeminal isomers increases
as the concentration of triethylamine in the reaction mixture
increases.!? It is generally accepted that a proton abstraction
mechanism is involved in the formation of geminal derivatives
during the reactions of N,P,Clg with primary amines.!>!® This
type of mechanism is rendered plausible by the isolation and
characterization of three-coordinate phosphorus(V) com-
pounds.!® A proton abstraction mechanism is also probably
involved in other cyclization reactions of linear P(III) and P(V)
species containing primary amino substituents to give phos-
phorus—nitrogen ring compounds.?

A “bicyclic” compound is not obtained from either the
reaction of the monoderivative N4P,Cl;(NHEt) with di-
methylamine in chloroform?? (even in the presence of Et;N)
or the reaction of 2-trans-6-N,P,Cl,(NMe,)¢ with ethylamine
in chloroform.?* These observations suggest that a mechanism
involving a direct attack by P(2)-NHR [or P(2)*-NR"] on
P(6) with expulsion of Cl~ is unlikely and that proton ab-
straction at both phosphorus sites may be significant. The
electrophilicity of the phosphazene substrate also appears to
be important. The 2,6-bis(ethylamino) derivative (I) does not
give any “bicyclic” product when heated with triethylamine
in boiling chloroform and is recovered unchanged (*'P NMR
evidence). Therefore, it seems probable that the trans-annular
attack only takes place after (or with synchronous) re-
placement of some of the residual chlorine atoms by di-
methylamine. Further studies are needed to establish the stage
of chlorine replacement at which the P-N(R)-P bridge is
formed.

The formation of “bicyclic” phosphazenes is markedly
influenced by the reaction solvent. In carbon tetrachloride
or diethyl ether, only the cyclotetraphosphazene derivative,
N P,(NMe,)¢(NHEL), (II), has been isolated. Among the
other solvents investigated, the yield of the bicyclic product
increases in the order CH;CN « CH,Cl, < CHCl;. The
acidic character of the protons of these solvents increases in
the same order. These acidic protons may facilitate the
solvation of the =PCI(NHR) group and thus promote the
heterolysis of the P-Cl bond. In addition, these solvents may
stabilize the species formed after proton abstraction by hy-
drogen bonding to the electron-rich nitrogen atom involved
in the intramolecular attack. Diethyl ether, a donor solvent,
and carbon tetrachloride, a nonpolar solvent, probably do not
favor the formation of such species.

The formation of “bicyclic” phosphazenes is also influenced
by both electronic and steric factors associated with the
primary amino substituents in the cyclotetraphesphazene
substrate. The yield of N,P4(INMe,)s(NHR)(NR) increases
in the order R = Me < CH,Ph < Et < #-Pr.”* The yield of
the “bicyclic” phosphazene VII (R = n-Bu) is very low and
there is no evidence that such compounds form when R = i-Pr,
t-Bu, or Ph (Table I). Branching at the a-carbon atom clearly
inhibits the formation of the “bicyclic” system, and the steric
effect of a longer alkyl chain decreases the yield substantially.
The “bicyclic” phosphazene N P,(NMe,)s(NH-7-Bu)(NEt)
(IX) contains an ethyl group (and not a tert-butyl group)
attached to the bridgehead nitrogen N(9) which again
demonstrates a steric effect. The absence of the phenyl
“bicyclic” compound may be attributed largely to an electronic
effect, although « branching could also be a contributory
factor.
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In conclusion, three major types of reaction occur in the
aminolysis reactions of the octachloride, N,P,Clg, and its
bis(alkylamino) derivatives, N P,Cl((NHR),: (a) “normal”
stepwise replacement of chlorine atoms to give partially and
fully substituted cyclotetraphosphazene derivatives,>%%627 (b)
an intramolecular nucleophilic reaction leading to the for-
mation of “bicyclic” phosphazenes, and (¢) intermolecular
condensation processes resulting in the formation of resins.**
The competition between these three reactions depends on the
reaction medium, the nucleophile, and the substituent present
on the phosphazene substrate.
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In this paper we present a theoretical study of the extraordinarily slow electron-exchange reaction Co®*(NH,)s + Co?* (NH,),
E Co™(NH,)s + Co™(NH,)s. With the utilization of multiphonon theory for nonadiabatic electron-transfer reactions,
k, was expressed as a product of a two-center electron-exchange term, |V;?, and a nuclear Franck-Condon factor, G. |V
was evaluated by invoking the effects of spin—orbit coupling, while G was calculated by incorporating the effects of
configurational changes and of frequency changes in the first coordination layer, as well as the Marcus-Levich solvent
reorganization energy. We demonstrate that both electronic spin multiplicity restrictions and the nuclear reorganization
energy contribute significantly to the retardation of the rate of this reaction. The mechanism considered herein is more
efficient than the alternative reaction paths which involve thermally excited electronic states.

I. Introduction

There have been extensive experimental'~ and theoretical®?
studies of electron-transfer reactions between coordination
complexes in solution. An unsolved problem in this area
pertains to the enormous difference between the rates of the
symmetric electron-exchange reactions®® (1) and (2), where

k
Co(NHj;)¢** + Co(NH;)¢** —
Co(NH,)¢** + Co(NH,)¢** (1)
k; <109 M1s!t at65°C

k
Ru(NH,)¢** + Ru(NH,)e* —»
Ru(NH,)2* + Ru(NH,)6*  (2)
ky = 10° Mg at 25°C

at room temperature (25 °C) k;/k, =~ 1073-107"%, The
extraordinarily slow rate of some electron-exchange reactions
has been attributed by Libby® about 25 years ago to small
Franck—Condon vibrational overlap, originating from large
configurational changes in the first coordination layer.
However, recent classical calculations of this activation
barrier!? result in a contribution of 6.8 kcal mol™ to the
activation energy, which is too low to account for the small
value of k. Alternatively, spin multiplicity restrictions have
been introduced to account for the slow exchange rate k;.!°
These two effects are interrelated. As was pointed out by
Orgel,!! high spin—low spin exchange results in large con-
figurational changes in the first coordination layer.

In this paper we report a quantum mechanical calculation
of the relative exchange rate k;/k,. We show that both the
electronic spin multiplicity restriction and the Franck-Condon
reorganization energy contribute significantly to the retar-
dation of the electron exchange reaction (eq 1). Both effects
should be incorporated in a quantitative theory of electron
transfer in this system. We shall utilize a quantum mechanical
rate equation developed for nonadiabatic outer-sphere elec-

tron-exchange reaction. It incorporates the following con-
tributions: (1) the electronic-exchange matrix element, (2)
the Marcus—Levich reorganization energy of the classical polar
solvent outside the first coordination layer, (3) the Franck—
Condon overlap factors originating from configurational
changes in the first coordination layer,

The transition probability, W, for the reaction

A7 + BV — A 4 Bl 3)

can be expressed in the form!2
W= TV RGAEEMMeM) @

The factor Vi is the two-center electron-exchange term be-
tween the two ions

Vie = (¥ N (%)

with ¥; and ¥, corresponding to the electronic wave functions
of the initial state (A% + B”) and in the final state (A**! +
B"Y), respectively. The interaction ¥ may be approximated
as a sum of one-electron Coulomb interactions between the
two ions. The function G(AE,E{Ad }{w, }lw,”}) appearing
in eq 4 is the equilibrium-averaged Franck-Condon factor,
which takes into account the solvent and the vibrations of the
first coordination layer. It is characterized by the set of its
arguments: AF is the energy gap between the initial and final
electronic states, E, is the Marcus—Levich solvent reorgani-
zation energy, {Ad,} is the set of reduced displacements in the
first coordination layer, {w,} and {w,”} are the sets of vibrational
frequencies in the initial and final states. All the electronic
and nuclear terms appearing in eq 4 are evaluated at a fixed
interionic separation.

In the next section we discuss and evaluate the electron-
ic-exchange matrix element. Section III is devoted to the
evaluation of the factor G and the overall rate constant. The
results are presented in section IV, and alternative schemes
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